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ABSTRACT

 
 
 
 
 

The commission of technical geology is to apply geological knowledge to the 
field of constructional engineering, mining technology, environmental protection, 
architecture etc. The sector of infrastructure is highly dependent on the production 
of crushed rock materials as the main constituent of e.g. road and railway 
constructions. The functional properties of crushed rock materials used are of 
major importance concerning the durability of the construction and they are 
strongly connected to economic and environmental consequences. The quality of 
the aggregates is the crucial agent to reach the optimal performance of the 
infrastructural network. Due to the geological, geographic and climatologic 
preconditions of Northern Scandinavia, the quality of crushed rock materials is 
even more important. The Fennoscandian bedrock is dominated by igneous and 
metamorphic rocks. The access to qualitative rocks for production of aggregates 
displays considerable regional variation. The oblong geographical extension of the 
North Scandinavian countries, the fairly low population and the frequent traffic 
require the widespread infrastructure. The temperate climate characterized by 
freeze-thaw cycles combined with usage of studded tyres requires a long lasting 
construction of high sustainability. 
 

In spite of available international standards dealing with the aggregates’ quality, 
the deterioration of the road constructions is noted in Sweden; it is mostly caused 
by use of mica-rich, heterogeneous rocks. The utilization of these kinds of rock 
materials as base courses and bituminous wearing courses results in economic 
losses and negative environmental consequences.  
 

The aim of the present thesis was to study technological properties of aggregates 
in a challenge to connect them with the petrographic characteristics of rock 
materials. The study includes an investigation of enrichment of free mica particles 
in fine fractions originating from crushed rock aggregates and the development of 
a scientifically based method for estimation of free mica particles in aggregate fine 
fractions. The second part of the thesis deals with the influence of petrographic 
parameters on the mechanical (functional) properties of aggregates. Finally, an 
interlinking method of drill cuttings analysis is applied as a tool for estimation of 
rock aggregates’ quality and usability. 
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The studies of mica confirmed the enrichment of free mica particles in fine 
fractions of the crushed rock compared with initial mica content in the rock. The 
primary grain size of mica in the host rock is suggested to influence the process of 
enrichment. The evaluation of the developed method for estimation of free mica 
particles confirms its certainty and repeatability. The petrographic analyses of drill 
cuttings indicated the compatibility between the content of free mica in fine 
fractions originating from crushed rock and drill cuttings respectively. 
 

The literature review concerning the correlations between petrographic and 
mechanical properties of rock materials indicated the necessity to intensify the 
research on this field. Mineralogical composition, micro-cracks, porosity, grain 
size, grain shape and the degree of foliation were found to be the most important 
petrographic parameters influencing the mechanical and technical properties of 
igneous, metamorphic and sedimentary rocks. The study of the petrographic 
characteristics of granitoid and gabbroid intrusive rocks as a tool for evaluation of 
mechanical properties confirmed that grain size, content of mica and frequency of 
micro-cracks are the main petrographic variables influencing mechanical 
properties of granitoids. In the case of gabbroid rock types, the mechanical 
properties generally respond to the mica content and frequency of micro-cracks. 
 

The results of the study of the petrographic and mechanical properties of the 
rock materials point to the possibility to develop a system for estimation of the 
mechanical properties of rock materials using their petrographic characteristics. 
 
 
 
 
 
 
Keywords: crushed rock aggregates, free mica, monomineralic grain, fine fraction, image 

analysis, point count method, drill cuttings, mechanical properties, road 
constructions, rock fabrics, granitoids, gabbroids, intrusive rocks 
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SAMMANFATTNING

 
 
 
 
 

Den tekniska geologins viktigaste uppgift är att tillämpa geologisk kunskap 
inom samhällsbyggnadsteknik, gruvteknik, miljö- och naturvård, arkitektur m.m. 
Infrastruktursektorn är i hög grad beroende av produktion av ballast som är det 
viktigaste materialet vid byggande av vägar, järnvägar etc. Krossbergets 
funktionella egenskaper är en avgörande faktor för konstruktionens varaktighet och 
har därför stor ekonomisk och miljömässig betydelse. Norra Skandinaviens 
geologiska, geografiska och klimatologiska förutsättningar ställer större 
kvalitetskrav på bergmaterial jämfört med övriga Europa. Eftersom fennoskandiska 
berggrunden domineras av djupmagmatiska och metamorfa bergarter, uppvisar 
tillgången på bergmaterial av lämplig kvalitet stora regionala variationer. De 
nordskandinaviska ländernas långsträckta geografiska utbredning kräver, i 
kombination med gles befolkning och tät trafik, ett extensivt infrastrukturnät. 
Tempererat klimat, karaktäriserat av upprepade frys-/töcykler och användning av 
dubbdäck, ställer stora krav på infrastrukturens uthållighet och varaktighet. 
 

Trots tillgång till europeiska produktstandarder beträffande kvalitet på ballast, 
konstaterades förekommande skador på vägkonstruktioner, mestadels orsakade 
genom användning av glimmerrika, heterogena bergarter i Sverige. Användning av 
dessa bergmaterial föranleder stora samhällsekonomiska förluster och medför även 
negativa miljökonsekvenser. 
 

Det föreliggande projektets mål var att studera ballastmaterialens teknologiska 
egenskaper och försöka sammanföra dessa med bergarternas petrografiska 
egenskaper. Studiens första del innefattar undersökning av fri glimmers anrikning i 
finfraktion hos olika typer av glimmerförande krossade bergarter samt utveckling 
av en vetenskapligt baserad metod för bestämning av andel fri glimmer i 
finfraktion. Avhandlingens andra del behandlar inverkan av bergarternas 
petrografiska karaktäristik på mekaniska och funktionella egenskaper för deras 
krossprodukter. 
 

Resultaten från undersökningen av fri glimmer bekräftade anrikning av fria 
glimmerpartiklar i finfraktioner jämfört med bergartens ursprungliga glimmerhalt. 
Anrikningsprocessen påverkas av glimmers ursprungliga kornstorlek i 
originalbergarten. Petrografiska analyser av borrkax indikerade jämförbara halter 
av fri glimmer i borrkaxens finfraktion och i finfraktion hos krossat berg. 
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Litteraturstudien avseende samband mellan bergmaterialens petrografiska och 
mekaniska egenskaper pekar på nödvändigheten att intensifiera forskning inom 
området. Från litteraturstudien framgår att mineralsammansättning, 
mikrosprickfrekvens, kornstorlek, kornform och foliationsgrad är de viktigaste 
petrografiska parametrar som påverkar magmatiska, metamorfa och sedimentära 
bergarters mekaniska egenskaper. Avhandlingens avslutande studie av 
petrografiska egenskaper hos granitoida och gabbroida intrusivbergarter som 
verktyg för bedömning av deras mekaniska egenskaper bekräftade att kornstorlek, 
glimmerhalt och mikrosprickfrekvens är de styrande faktorerna hos granitoida 
bergarter. Gabbroida bergarters mekaniska egenskaper påverkas huvudsakligen av 
bergartens glimmerhalt och mikrosprickfrekvens. 
 

Resultat från jämförelser mellan bergmaterialens petrografiska och mekaniska 
egenskaper visar möjlighet att i framtiden utveckla ett system för bedömning av 
bergmaterialens mekaniska egenskaper baserat på bergartens petrografiska 
karaktäristik. 
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CHAPTER 1 
 
 
INTRODUCTION

 
 
 
 
 
1.1 BACKGROUND
 

The commission of technical geology is to apply geological knowledge to the 
field of constructional engineering, mining technology, environmental protection, 
architecture etc. The sector of infrastructure is highly dependent on the production 
of crushed rock materials, as the main constituent of e.g. road and railway 
constructions is aggregates. The functional properties of crushed rock materials 
used are of major importance concerning the durability of the construction and 
they are strongly connected to economic and environmental consequences 
(e.g. Heiniö, 1999; Johansson et al., 2009; Primel and Tourenq, 2000). Hence, the 
quality of the aggregates is the crucial agent to reach the optimal performance of 
the infrastructural network.  
 

Rock materials have to meet the constructional, economic and environmental 
requirements that assume adequate information regarding their petrographic and 
mechanical properties. The relationships between these properties therefore play an 
important role concerning sustainable usage of natural resources, appropriate 
extraction of hard rock and material balance (e.g. Primel and Tourenq, 2000; Smith 
and Collis, 2001). It is desirable that the matters of extraction should be based on 
genuine knowledge of different rock materials and their mechanical properties in 
an effort to reach a rational level of rock material exploitation. 
 

Due to geological, geographical and climatologic preconditions of the Northern 
Scandinavia, the quality of crushed rock materials is even more important. The 
Fennoscandian bedrock is dominated by igneous and metamorphic rocks of low to 
high metamorphoses. The access to qualitative rocks for production of aggregates 
displays considerable regional variation. The oblong geographical extension of the 
North Scandinavian countries, the fairly low population and the frequent traffic 
demand the widespread infrastructure. The temperate climate characterized by 
freeze-thaw cycles combined with usage of studded tyres requires a long lasting 
construction of high sustainability. 
 

Despite available international standards dealing with the aggregates’ quality 
(e.g. the European Committee for Standardization, 1996b; 2002a; 2002b; 2002c; 
2002d; 2003), the deterioration of the road constructions is noted in Sweden; it is  
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mostly caused by use of mica-rich, heterogeneous meta-sedimentary rocks, 
i.e. mica-schists, meta-greywackes and sedimentary gneisses. The utilization of 
these kinds of rock materials as base courses and bituminous wearing courses 
results in economic losses and negative environmental consequences 
(e.g. Kondelchuk, 2008; Novikov, 2008).  

 
Smith and Collis (2001) confirm that free mica particles in crushed rock 

aggregates intended for constructional purposes affect the quality of the end 
product. The negative influence of free mica arises in both bounded (e.g. Hakim 
and Said, 2003) and unbounded (e.g. Nieminen and Uusinoka, 1986) layers of the 
road. The deterioration of the construction originates from the tendency of mica 
particles to be released during crushing and to concentrate in the aggregate fine 
fractions (e.g. Loorents et al., 2007; Loorents and Kondelchuk, 2009; 
Miškovský, 2004).  
 

Due to high content of free mica in the aggregates, the unbounded base course 
becomes susceptible to frost weathering, and consequently inclined to crumbling 
(Nieminen and Uusinoka, 1986), as the free mica particles absorb and hold liquid 
such as bitumen and water (Miškovský, 2004; Novikov and Miškovský, 2009). 
Hakim and Said (2003) and Miškovský (2004) show a significant deterioration of 
the quality of bituminous mixtures related to an increasing amount of free mica in 
aggregate fine fractions.  
 

In an effort to verify the content of free mica particles in crushed rock aggregates 
and to limit damage to road constructions related to the mica content, the Swedish 
Transport Administration established a standard method in 2002 concerning the 
content of free mica in fine fractions of aggregate products (the Swedish Transport 
Administration, 2002). The method is based on particle counting (stereoscopic 
microscope) and provides an approximation of the free mica content. It is mainly 
suited as an indicative tool, as sample selection and counting may introduce a 
statistical bias and reproducibility is questionable within the same sample. Thus, 
the introduction of the standard method demands the development of an effective 
and scientifically satisfactory method for estimation of free mica particles in fine 
fractions (Johansson et al., 2008).  
 
 
1.2 AIM
 

The aim of the present thesis was to study technological properties of aggregates 
in an effort to connect them with the intrinsic characteristics of rock materials. The 
study includes an investigation of enrichment of free mica particles in fine 
fractions originating from crushed rock aggregates (Paper I) and the development 
of a scientifically based method for estimation of free mica particles in aggregate 
fine fractions (Paper II). Finally, the thesis work deals with the influence of 
petrographic parameters on the mechanical (functional) properties of aggregates  
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(Paper IV and V). In an interlinking purpose, analyses of drill cuttings are applied 
as a tool for estimation of rock aggregates’ quality and usability (Paper III). The 
method of drill cuttings deals with the occurrence of free mica particles as a quality 
parameter. The present research focuses on both the free and bounded micas’ 
influence on the quality of road and railway constructions. The initial mica content 
in the host rock is one main parameter influencing the mechanical properties of 
aggregates (Paper V). 
 
 
1.3 ASSUMPTIONS AND APPROACH
 

The petrographic properties of rock materials influence the aggregates’ technical 
properties and their usability as construction materials (e.g. Lindqvist et al., 2007; 
Ramsay et al., 1974). 
 

Free mica particles tend to be enriched in the fine fractions of crushed rock 
aggregates. Free mica affects the aggregates’ end products and causes deterioration 
of the constructions (e.g. Lagerblad, 2005; Miškovský, 2004; Nieminen and 
Uusinoka, 1986; Smith and Collis, 2001). Furthermore, it is expected that the 
content of free mica is proportional to the initial mica content in the host rock. In 
an effort to support the previous research on enrichment of free mica by e.g. 
Lagerblad (2005) and Miškovský (2004), an investigation concerning the ability of 
mica to be enriched in fine fractions of crushed rock aggregates was carried out 
(Paper I). 
 

The increased demand for a reliable method to quantify the content of free mica 
particles in aggregate fine fractions initiated the development of a robust method 
(Johansson et al., 2008). The complete description of the method proposed is 
appended as Paper II. 
 

Geological parameters and mechanical properties are strongly connected 
(e.g. Brattli, 1992; Räisänen, 2004; Räisänen and Torppa, 2005; Tu rul and Zarif, 
1999; Åkesson et al., 2001; 2003). If sufficient petrographic data is acquired, it 
may be possible to estimate the mechanical properties of the rock materials. With 
the aim to summarize the current state of the literature concerning rock materials’ 
petrographic properties and their influences on the mechanical properties, a 
literature review was carried out (Paper IV). The mechanical properties’ 
dependence on petrographic variables was evaluated for granitoid and gabbroid 
intrusive rock types. The selected sample suites were analysed for numerous 
petrographic and mechanical properties. The intention was to increase the 
understanding of the performance of rock materials used as aggregates and to 
initiate an attempt to unify geology and engineering in a common approach to 
evaluation of rock aggregates’ mechanical properties using petrographic 
characteristics as key parameters. Paper V deals with the complete study. 
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When the petrographic qualities of the rock material are known, it is possible to 
estimate the mechanical properties of the rock type and its usability as aggregates 
in various constructions and parts of constructions. The concept of a method for 
rock aggregates’ quality identification in early constructing stages was developed. 
The practical implementation of this method was tested by using drill cuttings for 
estimation of the quality and the usability of rock materials as well as the content 
of free mica particles in fine fractions (Johansson et al., 2009). Paper III encloses 
the accomplished study.  
 
 
1.4 DESCRIPTION OF THE TEST METHODS USED FOR TESTING OF ROCK 

AGGREGATES
 
1.4.1 THE LOS ANGELES TEST METHODS 
 

The Los Angeles test measures the aggregates’ resistance to fragmentation 
expressed by the LA or the LARB value. The different termed values deal with the 
aggregate size fractions 10/14 mm or 31.5/50 mm respectively. The Los Angeles 
test methods are described in accordance with the European Committee for 
Standardization (2010). 
 

The amount of the fraction 10/14 mm sample is 5,000±5 g, sieved, washed and 
reduced aggregates. The test apparatus (Figure 1.1) is a steel drum with an inner 
diameter of 711±5 mm, a length of 508±5 mm and supplied with a lifting beam 
along the drum. The drum is placed on a machine body directly anchored to a 
horizontal concrete floor. The aggregates rotate together with 11 steel balls, each 
with a diameter of 45-49 mm, a weight between 400 and 445 g and a total weight 
of 4,690-4,860 g. The drum rotates 500 revolutions at a constant velocity of 
31-33 min-1. After the test the material is sieved on a 1.6 mm sieve. The amount of 
material remaining on the 1.6 mm sieve is weighed. The Los Angeles value, LA, is 
calculated according to the formula: 

5,000
50

mLA  (Equation 1.1) 

where: 
m is the weight of the material remaining on the 1.6 mm sieve, in grams (g) 
The LA value is reported to the nearest integer in %. 
 

The principle of testing the 31.5/50 mm fraction is similar to the one testing the 
fraction 10/14 mm with a few exceptions. The steel balls are 12 in number and 
with a total weight of 5,210±90 g. The total weight of the sample is 10,000±100 g 
and the drum rotates 1,000 revolutions instead of 500. The Los Angeles value, 
LARB, is determined as stated in Equation 1.2. 

10,000
100RB

mLA  (Equation 1.2) 
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where: 
m is the weight of the material remaining on the 1.6 mm sieve, in grams (g) 
The LARB value is reported to the nearest integer in %. 
 

 
Figure 1.1 An example of a Los Angeles apparatus 

 
1.4.2 THE MICRO-DEVAL TEST METHODS 
 

The micro-Deval test measures the aggregates’ resistance to wear expressed by 
the MDE or the MDERB value. Analogous to the Los Angeles methods, the two 
different terms deal with the size fractions 10/14 mm or 31.5/50 mm respectively. 
The micro-Deval test methods are described in accordance with the European 
Committee for Standardization (2011). 
 

The amount of the fraction 10/14 mm sample is 500±2 g, sieved, washed and 
reduced aggregates. The analysis is performed in a water- and dustproof steel drum 
with an inner diameter of 200±1 mm and a length of 154±1 mm. The micro-Deval 
apparatus can consist of 1-4 drums (Figure 1.2). The aggregates rotate together 
with 5,000±5 g steel balls, 10.0±0.5 mm in diameter, and 2,500±50 ml water 
added. The drum rotates 12,000±10 revolutions at a velocity of 100±5 min-1. After 
the test the material is sieved on a 1.6 mm sieve. The amount of material remaining 
on the 1.6 mm sieve is weighed. Two analyses of the same sample are required. 
The micro-Deval value, MDE, is calculated with one decimal according to the 
formula: 

500100
500DE

mM  (Equation 1.3) 

Lifting beam

Opening 
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where: 
m is the weight of the material remaining on the 1.6 mm sieve, in grams (g) 
The result is the mean value of the two analyses performed. The MDE value is 
reported rounded to the nearest integer in %. 
 

The principle of testing the 31.5/50 mm fraction is similar to the one testing the 
fraction 10/14 mm with a few exceptions. The length of the drum is 400±2 m, the 
total weight of the sample is 10,000±100 g and the drum rotates 14,000±10 
revolutions. The quantity of water is 2,000±50 ml. No steel balls are used. The 
micro-Deval value, MDERB, is determined as stated in Equation 1.4. 

10,000
100DE

mM RB  (Equation 1.4) 

where: 
m is the weight of the material remaining on the 1.6 mm sieve, in grams (g) 
The result is the mean value of the two analyses performed. The MDERB value is 
reported rounded to the nearest integer in %. 
 

 
Figure 1.2 A typical micro-Deval apparatus with four drums 

 
1.4.3 THE STUDDED TYRE TEST METHOD 
 

The Studded tyre test value is a measure of the aggregates’ resistance to wear by 
abrasion from studded tyres, expressed by the AN value. The test method is 
regularly used in the Nordic countries due to the temperate climate characterized 
by repeated freeze-thaw cycles, hence the common naming Nordic test. The 
Studded tyre test method is described in accordance with the European Committee 
for Standardization (1998). 
 

The analysis is performed in a waterproof, tubular drum, closed in one of the 
ends and supplied with a water- and dustproof cover in the other (Figure 1.3). The 
inner diameter of the drum is 206.5±2.0 mm and the length is 335±1 mm. Three 
ribs, each 333±1 mm long, are regularly distributed around the inner cylinder wall. 
The size fraction used is 11.2/16 mm, sieved, washed and reduced aggregates to an 
amount of approximately 1,000 g, dependent on the density of rock. Together with 
the aggregates 7,000±10 g steel balls (around 500 balls with a diameter of 
15.0+0.1/-0.5 mm) and 2,000±10 ml water are added. The drum rotates 5,400±10  
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revolutions at a velocity of 90±3 min-1. After the tumbling the material is sieved on 
the 14.0, 8.0 and 2.0 mm sieves. The amount of material remaining on the sieves is 
weighed. The procedure has to be repeated for a second sample. The Studded tyre 
test value, AN, is calculated by the formula: 

2( )100 i
N

i

m mA
m

 (Equation 1.5) 

where: 
mi is the dry weight of the sample prior to the analysis, in grams (g) 
m2 is the sum of the dry weights of the fractions remaining on the sieves 14.0, 8.0 

and 2.0 mm, in grams (g) 
The result is the mean value of the two analyses performed if the deviation is less 
or equal to 7% of their mean value. If the deviation is higher, it is necessary to 
analyse two more samples. The AN value is reported with one decimal. 
 

 
Figure 1.3 A typical apparatus used for the Studded tyre test 

 
1.4.4 THE IMPACT TEST METHOD 
 

The Impact test method measures the aggregates’ resistance to fragmentation by 
impact expressed by the SZ value. The method described and used for the present 
study is a Swedish modification (the Swedish Transport Administration, 2001) of 
the European standardized method for determination of resistance to fragmentation 
by impact (the European Committee for Standardization, 2010). 
 

The testing machine is an apparatus with a drop hammer, pestle and mortar 
rigged on a concrete foot with a mass of >100 kg (Figure 1.4). The weight of the 
drop hammer is 14±0.1 kg and of the pestle 3.7±0.05 kg. The inner diameter of the 
mortar is 100±0.2 mm and the outside diameter of the pestle’s lower part is 
98±0.2 mm. The impact test admits testing of fractions 5.6/8, 8/11.2 or 
11.2/16 mm. The preferred size fraction is 11.2/16 mm, sieved, washed and 
reduced aggregates to an amount of approximately 500 g, dependent on the density 
of rock. The drop hammer has to be dropped, from a height of 250 mm, 20 times in  
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an interval of two seconds. After the test the sample is sieved through the sieve 
corresponding to the smallest grain size of the sample fraction, in the current study 
11.2 mm. The remaining and passed amounts of materials on the sieve are 
weighed. Two analyses of the same sample are required. The Impact value, SZ, is 
calculated as formulated in Equation 1.6. 

100 p

i

m
SZ

m
 (Equation 1.6) 

where: 
mi is the sample weight, in grams (g) with one decimal 
mp is the amount of the sample passing the sieve for the smallest grain size of the 

sample, in grams (g) with one decimal 
The SZ value is reported as a mean value of two analyses, rounded to the nearest 
integer in wt%. 
 

 
Figure 1.4 An example of a drop hammer apparatus 
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1.5 DISPOSITION OF THE THESIS
 

The structure of the thesis is based on the chronological order of the obtained 
results and the published papers. The main features are briefly described in 
Chapters 2 and 3 respectively. The major results are summarized in Chapter 4 and 
in Chapter 5 there is a general discussion. The conclusions are presented in 
Chapter 6. The papers are appended at the end of the thesis. 
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CHAPTER 2 
 
 
FREE MICA IN ROCK AGGREGATES

 
 
 
 
 

The first part of the study of technological properties of rock aggregates dealt 
with free mica content in aggregate fine fractions. Summarily, the research 
comprised the enrichment of free mica in fine fractions, the development of a 
robust method for estimation of free mica, the possibility to use drill cuttings for 
early information on free mica and the content of free mica compared to the initial 
mica content in host rock. 
 
 
2.1 ENRICHMENT OF FREE MICA PARTICLES IN AGGREGATE FINE FRACTIONS
 

The samples used in this study (Paper I) are representative of the common 
crushed rock aggregates. They were prepared according to the standard laboratory 
routines and they were analysed for their petrography and the content of free mica 
particles. 
 
2.1.1 SAMPLES 
 

Rock samples were collected from two areas of the Svecofennian Province 
granitoids. Samples 1 and 2 were obtained from the same quarry and sample 3 was 
selected from a road cutting. The samples were all more or less undeformed. Rock 
samples of comparable microstructural characteristics were preferred to reduce 
factors that could influence the breakage of the rock (e.g. the release of mica 
during crushing). The microstructural difference was mainly indicated by the grain 
size. Samples 1 and 2 had a similar mineralogical composition (Table 2.1), 
whereas sample 3 was enriched in mica compared with the other samples studied.  
 

Sample 1 was a grey to red, weakly foliated, medium-grained (Gillespie and 
Styles, 1999) granite (Figure 2.1). As shown in Table 2.1, sample 2 (Figure 2.2) 
was in general similar to sample 1, although with some differences in 
mineralogical composition and to a lesser extent in grain size distribution. 
Sample 3 (Figure 2.3) was a white and black, massive, coarse-grained (Gillespie 
and Styles, 1999) monzogranite. 
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Figure 2.1 Sample 1 Figure 2.2 Sample 2 Figure 2.3 Sample 3 
 
Table 2.1 Mineralogical composition1 (vol.%) and grain size of the main minerals 

2 Qtz Plg K-fsp Bt Cl Ms Opq Acc 

Sample 1 40 14 36 3 3 4 0.2 0.2 
Grain size (mm) 0.6-1.5 1.4-2.9 1.2-3.7 0.4-0.8 - 0.6-1.6 - - 

Sample 2 37 14 37 4 1 7 Trace 1.0 
Grain size (mm) 0.7-1.6 1.4-3.2 1.4-2.5 0.6-1.3 - 0.9-1.6 - - 

Sample 3 28 25 27 19 - - Trace 1.4 
Grain size (mm) 0.9-2.3 1.5-3.2 1.7-2.9 0.9-2.5 - - - - 

1 The mineral mode is based on point-counting using a polarization microscope 
2 Qtz=quartz; Plg=plagioclase; K-fsp=K-feldspar; Bt=biotite; Cl=chlorite; Ms=muscovite; Opq=opaque; 

Acc=accessory 
 
2.1.2 SAMPLE PREPARATION 
 

The breakage of the samples was performed using a primary and a secondary 
laboratory jaw crusher. For each type of rock a sample similar in shape was used 
for crushing. The grain size distribution for each crushed sample was obtained by 
dry sieving (Figure 2.4) in accordance with the European Committee for 
Standardization (1997; 1999). Additional sieving was made for grains <63 m 
(Table 2.2). Sieves were weighed before and after the sieving to measure the 
amount of material that remained on the sieve. Compressed air was used to clean 
the sieves after each sieving cycle. The following grain size fractions were 
collected from sieving: <24, 24/42, 42/63 m, 0.063/0.125, 0.125/0.25, 0.25/0.5 
and 0.5/1 mm. 
 
Table 2.2 Sieving of materials <63 m 

Sieve ( m) Passing material (%)  Fasten material (g) 
 Sample 1 Sample 2 Sample 3  Sample 1 Sample 2 Sample 3 

63 99.6 99.2 99.7  0.07 0.07 0.06 
42 72.4 80.6 71.4  0.04 0.03 0.03 
24 32.7 40.6 37.1  0.04 0.04 0.05 
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Figure 2.4 Grain size distributions of the three samples after crushing into two steps 

 
2.1.3 CONTENT OF FREE MICA PARTICLES 
 

The content of free mica particles was estimated generally following 
RILEM AAR-1 (Sims and Nixon, 2003). For size fractions 0.125/0.25, 0.25/0.5 
and 0.5/1 mm grains were grouped and counted (stereoscopic microscope, 
Technique 1) on the basis of mineralogy into muscovite, biotite and others where 
appropriate. All grains in the sample were counted (Table 2.3). With Technique 2, 
a polarizing microscope and the point-count method were used for all fractions 
collected (Table 2.3). Thin sections were prepared as grain mounts (Nesse, 2004). 
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Table 2.3 Mica content, in particle and vol.%, of sample according to analysed grading 
fractions together with total number of grains counted 

Grain size Bt Ms % mica Count 1 Bt Ms % mica Count 
 Technique 1  Technique 2 

Sample 1          
0.5/1 (mm) 1 7 8 215  2.8 7.3 10.2 1,704 
0.25/0.5 7 5 12 526  5.6 7.6 13.2 1,787 
0.125/0.25 8 8 16 571  6.6 7.6 14.1 1,999 
0.063/0.125      5.2 8 13.3 2,157 
42/63 m      6 9 15 583 
24/42      10 14 24 567 
<24      14 19 33 525 
Sample 2          
0.5/1 (mm) 1 6 7 299  4.2 7.1 11.2 1,659 
0.25/0.5 3 6 9 467  3.8 8.3 12.0 1,695 
0.125/0.25 8 9 17 773  6.4 8.7 15.1 1,925 
0.063/0.125      6.9 8.2 15.0 2,022 
42/63 m      6 8 14 539 
24/42      13 13 26 558 
<24      17 17 34 508 
Sample 3          
0.5/1 (mm) 24  24 368  18.8  18.8 1,834 
0.25/0.5 31  31 420  21.8  21.8 1,704 
0.125/0.25 22  22 699  19.0  19.0 1,971 
0.063/0.125        14.2 2,085 
42/63 m      17  17 557 
24/42      20  20 568 
<24      36  36 536 

1 Bt=biotite; Ms=muscovite; % mica=total % mica in sample; Count=total number of grains/points counted 
 
2.1.4 EVALUATION 
 

The three samples used in this study provide a somewhat sparse basis for 
discussion and a review of literature information on free mica in rock aggregates is 
justified. However, the current section concerning evaluation is strongly restricted 
and deals with the data obtained entirely from this study. In Paper I previous 
research is thoroughly discussed. 
 

The investigation comprised three igneous rock types. Samples 1 and 2 have 
similar mineralogical compositions and grain sizes, while sample 3 differs mainly 
in grain size. Samples 1 and 2 are medium-grained and sample 3 is coarse-grained. 
The trend line of sample 3 (Figure 2.5) generally shows higher amounts of free 
mica particles for coarser grain fractions, indicating that the amount of free mica 
depends on the initial mica content and grain size of the host rock. 
 

Figure 2.5 shows the free mica content of the samples. Using grain fraction 
0.063/0.125 mm as a divider and comparing the trend lines give quite different 
associations for the <0.063 and the >0.125 mm grain fractions. For grains 
>0.125 mm the relationship is less consistent, while for fractions <0.063 mm a  
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uniform tendency towards increase is displayed. The disparity corresponds to the 
grain size of the host rock and the content of mica. Due to exposure to mechanical 
breakage of the monomineral in the aggregate, it is presumably that coarser 
minerals more readily release mica from the mineral aggregate (e.g. >0.125 mm) 
than fine-grained ones. As the grain fraction gets smaller, the aggregate has to 
reach a “critical” grain fraction (e.g. <0.063 mm) before further breakage 
continues. 
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Figure 2.5 The content of free mica in the collected grain fractions 

 
Among the samples studied, sample 3 contains the highest initial content of 

mica minerals (Table 2.1). The relationship between mica content of the host rock 
and free mica particle content in the fine fractions correlates well for fractions 
>0.125 mm (Figure 2.5), while the influence of initial mica content no longer is 
apparent for grain fractions <0.063 mm.  
 
2.1.5 REMARKS 
 

The issue of the ability of free mica to be enriched in aggregate fine fractions 
was additionally investigated by Loorents and Kondelchuk (2009). The study dealt 
with metamorphic rock types and the authors reported that isotrophic source rock, 
called Type I, exhibits a general increase in the content of free mica towards the 
finer grain size fractions. Type A, i.e. anisotrophic source rock, shows an increase 
up to a certain grain fraction, after which the free mica content decreases. 
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2.2 A METHOD FOR ESTIMATION OF FREE MICA PARTICLES
 

The current study presents a method for estimation of free mica particles in 
aggregate fine fractions based on a modified point-count approach using micro 
photos of grain mounts and a software package for analysis and presentation. The 
method suggested is completely described in Paper II. 
 
2.2.1 BRIEF DESCRIPTION OF THE TESTING OF THE METHOD 
 
Samples 
 

The method for estimation of free mica content is applicable to any sample of 
fine fractions originating from e.g. crushed rock aggregate products or drill 
cuttings. For testing of the method eleven samples of aggregate products from 
three different quarries were collected.  
 
Preparation 
 

The samples were washed, dried and dry sieved. 5-10 g of each of the size 
fractions 0.125/0.25, 0.25/0.5 and 0.5/1 mm were collected. The procedure was 
performed as stated by standard laboratory routines (e.g. the European Committee 
for Standardization, 1997; 1999). The size fractions were prepared as grain mounts 
(Nesse, 2004; Sims and Nixon, 2003). A digital single-lens reflex camera (digital 
SLR) fitted with a macro lens was used for recording images and the image size of 
3072×2048 pixels was further reduced to 1810×1810 pixels to meet the 
requirements of the image analysis software package. 
 
Image analysis 
 

The software package, a Microsoft Office Excel add-in (compiled Excel Macro), 
was used for the image analysis performance. By manually marking grains 
according to mica minerals and others, the mineralogical composition of the 
samples was estimated. Identification of the common sheet silicate minerals 
biotite, muscovite and chlorite is feasible as they are readily distinguished from 
rock-forming minerals such as quartz and feldspar in polarized micro images. 
Optical identification of minerals is extensively discussed in the literature 
(e.g. Deer et al., 1992). Figure 2.6 shows an example of a processed image, in 
which counting lines and grains marked pursuant to its mineral category are 
displayed. The software calculates the input and presents the results in tables. 
 



 

17 

 
Figure 2.6 A segment of a processed image, where blue dots represent mica minerals and red 

dots other minerals 
 
Evaluation 
 

Estimates of free mica content obtained by image analyses were compared with 
results acquired by grain count analyses of grain mounts in a polarizing 
microscope. Eleven samples with various contents of mica were used and in each 
sample 400-600 grains were counted. No obvious differences between the results 
obtained by the two methods were observed (Figure 2.7). 
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Figure 2.7 Comparison of mica contents obtained by image analyses and by microscopic grain 

count analyses of grain mounts 
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The number of grains counted is crucial to the reliability of the estimates of free 
mica content in a sample. These problems are dealt with in power analysis, 
described in many statistics textbooks (e.g. Larsen et al., 1981). For this reason the 
reliability of 19 samples given by the confidence interval for the estimates of mean 
mica content was evaluated. The Spearman correlation analysis (e.g. Corder and 
Foreman, 2009) revealed n=19, r=0.77 and p=<0.005 with 99% confidence interval 
and significance level alpha=0.01.  
 
2.2.2 CONCLUDING REMARKS 
 

The main advantages of the developed method are: 
• The method is statistically satisfying from a scientific point of view. 
• The results are controllable due to the possibility to save the images of the 

statistical operation. 
• The sample can originate from any rock material (e.g. crushed rock, aggregate 

products, drill cuttings, natural gravel). 
 
 
2.3 ESTIMATION OF FREE MICA CONTENT USING ANALYSES OF DRILL CUTTINGS
 

The Swedish Transport Administration requires limitation of the free mica 
content in aggregate fine fractions used in unbound base courses and unbound 
wearing courses (the Swedish Transport Administration, 2009). The content of free 
mica is therefore a central quality parameter to consider and thus important to 
verify in early stages of the road project planning. 
 
2.3.1 APPROACH 
 

The development of the method for estimating the quality of rock aggregates 
using analysis of drill cuttings (Paper III) focused on the methods’ potential to be 
used for early estimation of the rock materials’ suitability as aggregates for 
construction purposes and its practical application and efficiency. In additional, it 
was desirable to observe whether the amount of free mica particles in drill cuttings 
is comparable to free micas’ occurrence in fine fractions originating from crushed 
aggregates, i.e. the mica minerals’ ability to be released from the rock by 
mechanical impact. The fine fractions from drill cuttings and from crushed 
aggregates were used to estimate the content of free mica particles (Johansson 
et al., 2008). 
 
2.3.2 RESULTS FROM ANALYSES OF FREE MICA CONTENT 
 

The free mica content in fine fractions of seven samples of drill cuttings and two 
samples from corresponding aggregates was analysed (Tables 2.4-2.5).  
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Table 2.4 Content of free mica particles in fine fractions (0.125/0.25 mm) originating from 
drill cuttings 

Sample ID Free mica content (%) 

P1-1-01  49.5 
P1-1-02  36.0 
P1-1-03  27.5 
P1-1-04  36.0 
P1-1-05  29.9 
P1-1-06  23.5 
P1-1-07  24.6 

 
Table 2.5 Content of free mica particles in fine fractions (0.125/0.25 mm) originating from 

corresponding crushed aggregates 
Sample ID Free mica content (%) 

P1-2-01  45.0 
P1-2-02  32.6 

 
2.3.3 EVALUATION 
 

The results in Tables 2.4-2.5 indicate a possible relationship between the free 
mica content in drill cuttings compared with ditto in crushed aggregates. The low 
number of samples from crushed rock aggregates is a shortage to consider. In order 
to perform the final estimation further investigations are needed. 
 
 
2.4 COMPARISON BETWEEN FREE MICA CONTENT IN THE FINE FRACTIONS AND 

INITIAL MICA CONTENT IN THE HOST ROCK
 

With the aim to trace a possible relationship between the free mica content in 
fine fractions and the content of mica in the host rock, the binary data from the 
study of the mechanical properties’ dependence on petrographic agents was used 
and evaluated. The results emerged recently and will be published separately in the 
future. 
 
2.4.1 MATERIALS AND METHODS 
 

The data used for comparison included 17 granitoid and 9 gabbroid rock types. 
The fine fraction analysed was 0.125/0.25 mm. The content of mica in the rock 
was based on point-counting using polarization microscopy and the estimation of 
free mica particles was performed by means of grain counting and a polarization 
microscope (modified after Johansson et al., 2008). The results were evaluated 
statistically using the correlation approach of Pearson and by linear regression 
analysis (e.g. Montgomery et al., 2006). 
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2.4.2 RESULTS 
 

The content of mica in rock and content of free mica in fine fractions are 
presented in Table 2.6. Table 2.7 and Figure 2.8 show the correlations between the 
mica contents respectively. 
 
Table 2.6 Initial mica content in the rock and content of free mica in the grain size fraction 

0.125/0.25 mm 
Sample ID Mica content in the rock (vol.%) Free mica content in the fine fraction (%) 

Granitoids   
002  2.1  7.5 
005  2.1  2.2 
007  29.5  45.0 
008  13.1  16.1 
010  8.1  16.6 
012  8.2  9.7 
013  9.6  14.8 
014  18.2  20.4 
015  18.6  21.6 
016  17.0  20.5 
018  5.1  17.7 
021  20.8  38.5 
024  3.0  6.0 
027  8.2  6.1 
036  10.8  24.6 
042  11.0  19.0 
043  3.1  8.3 
Gabbroids   
001  5.0  5.1 
003  0.9  3.4 
004  1.4  8.1 
006  13.3  8.3 
011  3.1  10.4 
025  6.0  7.6 
031  10.7  15.2 
038  0.9  6.9 
039  0.5  1.3 

 
Table 2.7 The Pearson correlation tests1 of the initial content of mica in rock and the content of 

free mica in fine fraction; 99% confidence interval, significance level alpha=0.01 
n r p R2 

26 0.881 <0.0001 0.776 
1 n=number of samples; r=Pearson’s correlation coefficient; p=p-value; R2=coefficient of determination 
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Figure 2.8 The content of free mica in fine fraction 0.125/0.25 mm plotted against the initial 

content of mica in rock; 99% confidence interval, significance level alpha=0.01 
 
2.4.3 EVALUATION 
 

The statistical evaluation displays a pronounced correlation between the free 
mica content in fine fractions and its initial content in the host rock. This result 
supports the suggestion from a previous study (Paper I). The affirmation is 
applicable merely to granitoids and gabbroids. The host rock - fine fraction mica 
content needs to be further investigated concerning meta-volcanites and meta-
sedimentary rocks, as these types of rocks are frequently used as aggregates for 
construction purposes.  
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CHAPTER 3 
 
 
MECHANICAL PROPERTIES OF ROCK AGGREGATES

 
 
 
 
 

The second aim of the thesis was to study the relationships between the 
petrographic and mechanical properties of rocks. The information and status of 
previous research were upgraded by means of a literature review (Paper IV). The 
investigation of petrographic and mechanical properties of granitoid and gabbroid 
intrusive rocks (Paper V) improved the knowledge concerning the connection 
between the petrographic and mechanical variables. The results of the prior studies 
were implemented and tested in the approach to estimation of rock materials’ 
mechanical properties using the method of drill cuttings.  
 
 
3.1 THE LITERATURE REVIEW
 

The literature study (Paper IV) included petrographic influences on both rock 
mechanical properties (mainly physical variables and tensile and compressive 
strengths) and mechanical properties tested on rock aggregates (e.g. resistance to 
fragmentation and wear). 
 
3.1.1 SUMMARIZED RESULTS 
 

The main groups of petrographic variables influencing the mechanical 
properties found can be divided into: 
• Mineralogical composition and water content 
• Micro-cracks and porosity 
• Grain size and grain shape 
• Macro-structure (e.g. degree of foliation) 
 

The mineralogical composition and grain size have the strongest impact on 
igneous rocks, while the influence of foliation increases towards metamorphic 
rocks. Grain size, pore volume, water content and mineralogical composition 
appear as the central factors affecting sedimentary rock types. 
 
3.1.2 NOTES 
 

There are a great number of publications dealing with mechanical properties of 
rock materials, but only some of them focus on petrographic characteristics  
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connected to the mechanical properties. The literature review made the proper 
basis for the following tasks, in particular concerning the selection and grouping of 
rock types. 
 
 
3.2 INFLUENCE OF PETROGRAPHIC CHARACTERISTICS ON MECHANICAL 

PROPERTIES
 

In an effort to examine the mechanical properties’ dependence on petrographic 
variables, an ample number of rock types were selected and sampled. The sample 
suite was limited to granitoid and gabbroid igneous intrusive rocks and their 
metamorphic varieties. The following sections present a short summary of the 
performance and evaluation. The entire investigation is attached as Paper V. 
 
3.2.1 METHODS 
 

The 26 selected granitoid and gabbroid rock types were sampled from blasted 
rock segments and in turn laboratory crushed, sieved and reduced in accordance 
with standard laboratory routines (e.g. the European Committee for 
Standardization, 1997; 1999). 
 

From each of the collected samples thin sections were prepared and 
petrographically analysed using polarization microscopy, the point-count method 
and image analysing technique (Chayes, 1956; Gillespie and Styles, 1999; 
Glagolev, 1931; Hallsworth and Knox, 1999; Lukschová et al., 2009; Nesse, 2004; 
P ikryl, 2001; Robertson, 1999; Sigmaplot, 2011; Sims and Nixon, 2003). The 
main parameters examined were the degree of foliation, grain size, grain size 
distribution, frequency of micro-cracks and mineralogical composition. 
 

Standard methods for testing of rock aggregates were used to analyse the 
mechanical properties (the European Committee for Standardization, 1998; 2010; 
2011; the Swedish Transport Administration, 2001). The analysed properties were 
resistance to fragmentation and wear (on two size fractions respectively; 10/14 mm 
and 31.5/50 mm), resistance to wear by abrasion from studded tyres and resistance 
to fragmentation by impact. 
 

The results from the petrographic and mechanical analyses were evaluated 
statistically using the correlation approaches of Spearman and Pearson (e.g. Corder 
and Foreman, 2009; Montgomery et al., 2006) and by linear regression analyses 
(e.g. Montgomery et al., 2006). The 95% confidence interval and the significance 
level alpha=0.05 were applied. The correlation tests of grain size distribution and 
degree of foliation were performed according to the Spearman rank correlation, as 
the properties are not quantitatively measured, merely subjectively estimated and 
ranked. It is not possible to interpret the differences and/or quotients between the  
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values. For the same reason these properties are not analysed for linear regression. 
The Pearson’s method was used for correlation of the other petrographic 
parameters.  
 
3.2.2 RESULTS 
 

A generalised adaptation of the results from the petrographic, mechanical and 
statistical analyses is presented in Tables 3.1-3.5. Figure 3.1 shows examples of 
some textural properties. The complete results from the analyses are available in 
Paper V. 
 
Table 3.1 Investigated rock types, degree of foliation, grain size and frequency of micro-

cracks 
Sample ID Rock type Degree of foliation Grain size (mm) Frequency of micro-cracks (mm/mm2) 

Granitoids     
002 Granodiorite massive 0.5-2 0.3 
005 Granite massive 0.2-3 0.2 
007 Meta-tonalite  strongly foliated 0.5-6 0.4 
008 Meta-granite foliated 0.2-1 0.2 
010 Granite massive 0.5-1 0.1 
012 Granite massive 0.7-5 0.8 
013 Granite massive 1-4 0.5 
014 Meta-granite foliated 0.3-5 0.4 
015 Meta-granodiorite foliated 0.2-3.5 1.3 
016 Meta-granodiorite foliated 0.2-3.5 1.1 
018 Granodiorite massive 0.4-2 1.2 
021 Meta-granodiorite strongly foliated 0.4-4 0.7 
024 Aplite massive 0.2-0.3 2.0 
027 Quartz porphyry massive - 0.0 
036 Granite massive 0.4-80 2.1 
042 Aplitic granite massive 0.3 1.8 
043 Granite massive 0.4 1.5 
Gabbroids     
001 Gabbro massive 0.3-4 2.0 
003 Diabase massive 0.4-1.5 2.2 
004 Olivine-diabase massive 0.3-1.2 1.8 
006 Meta-gabbro foliated 0.1-2.5 0.3 
011 Olivine-diabase massive 0.5-1.5 1.7 
025 Meta-gabbro massive-weakly foliated 0.5-1.5 0.4 
031 Meta-gabbro massive-weakly foliated 0.3-1.5 1.8 
038 Olivine-diabase massive 1-7 7.1 
039 Anorthositic gabbro massive 2-12 9.2 
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Table 3.2 Mineralogical composition1 (vol.%) 
Sample ID Fsp Qtz Mc Px Amph Ol Ct Opq Oth 

Granitoids          
002 75.7 22.2 2.1 - - - - - - 
005 64.3 32.7 2.1 - - - 0.5 0.4 - 
007 46.9 20.5 29.5 - 0.3 - - - 2.8 
008 50.1 36.5 13.1 - - - - 0.3 - 
010 69.6 22.0 8.1 - - - - - 0.3 
012 59.0 32.6 8.2 - - - 0.2 - - 
013 59.7 29.1 9.6 - - - - - 1.6 
014 55.6 25.5 18.2 - - - - 0.7 - 
015 45.9 34.9 18.6 - - - - 0.6 - 
016 38.4 43.4 17.0 - - - - 1.2 - 
018 58.2 31.9 5.1 - 4.8 - - - - 
021 36.6 42.6 20.8 - - - - - - 
024 59.9 37.1 3.0 - - - - - - 
027 15.8 70.6 8.2 - - - - - 5.4 
036 70.2 17.0 10.8 - 1.3 - 0.2 0.3 0.2 
042 59.9 29.1 11.0 - - - - - - 
043 69.7 26.9 3.1 - - - - - 0.3 
Gabbroids          
001 57.9 - 5.0 25.6 - 11.5 - - - 
003 67.2 - 0.9 20.6 - 7.8 - 3.5  
004 60.5 - 1.4 19.1 0.6 12.4 - 6.0 - 
006 33.0 6.9 13.3 8.0 37.4 - - - 1.4 
011 62.2 - 3.1 11.0 - 20.4 - 3.3 - 
025 48.5 - 6.0 26.0 12.5 - - 7.0 - 
031 69.1 - 10.7 8.5 10.3 - - 1.4 - 
038 54.4 - 0.9 21.3 - 17.8 - 5.6 - 
039 84.6 - 0.5 8.1 - 6.6 0.1 - 0.1 
1 Fsp=feldspar; Qtz=quartz; Mc=mica; Px=pyroxene; Amph=amphibole; Ol=olivine; Ct=calcite Opq=opaque; 

Oth=others 
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Figure 3.1 a) fine-grained granite, b) coarse-grained granite, c) even-grained granite, 

d) uneven-grained meta-granodiorite, e) massive gabbro, f) strongly foliated meta-
tonalite, g) micro-cracks in pyroxene and olivine, h) micro-cracks in feldspar 
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Table 3.3 Mechanical properties1 (wt.%) 
Sample ID LARB LA MDERB MDE AN SZ 

Granitoids       
002 13 23 4 5 12.0 62 
005 11 20 3 4 9.7 49 
007 - 22 11 14 18.7 42 
008 - 21 5 6 10.1 47 
010 - 26 5 6 11.1 48 
012 12 24 5 7 12.9 49 
013 17 39 7 11 19.2 66 
014 - 30 9 9 14.7 50 
015 17 24 - 9 12.6 40 
016 17 25 - 12 13.7 53 
018 17 21 - 6 9.8 35 
021 19 37 16 18 24.7 51 
024 13 19 3 5 7.6 38 
027 16 17 4 2 5.6 41 
036 34 37 15 13 21.8 53 
042 21 24 6 7 10.1 44 
043 17 24 4 5 8.9 48 
Gabbroids       
001 9 15 9 9 13.1 35 
003 11 22 9 10 15.2 48 
004 9 17 7 8 12.3 49 
006 7 15 8 8 11.5 40 
011 10 19 8 10 13.5 41 
025 11 16 6 7 9.8 34 
031 12 15 6 7 9.2 30 
038 19 24 11 10 14.6 45 
039 16 22 9 11 16.8 50 
1 LARB=Los Angeles value fraction 31.5/50 mm; LA=Los Angeles value fraction 10/14 mm; MDERB=micro-Deval 

value fraction 31.5/50 mm; MDE=micro-Deval value fraction 10/14 mm; AN=Studded tyre test value fraction 
11.2/16 mm; SZ=Impact value fraction 11.2/16 mm 

 
The Los Angeles values LARB (31.5/50 mm) and LA (fraction 10/14 mm) imply 

resistance to fragmentation, the micro-Deval values MDERB (fraction 31.5/50 mm) 
and MDE (fraction 10/14 mm) imply resistance to wear, the Studded tyre test value 
AN implies resistance to wear by abrasion from studded tyres and the Impact value 
SZ implies resistance to fragmentation by impact. The interpretations of the results 
are unanimous for all mechanical methods; the lower the value, the better the 
mechanical properties (the quality of the rock aggregates).  
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Table 3.4 The Spearman correlation tests of the mechanical properties and grain size 
distribution and degree of foliation1; 95% confidence interval, values in bold are 
different from 0 with a significance level alpha=0.05 

Property  LARB LA MDERB MDE AN SZ 
 r p r p r p r p r p r p 

Granitoids n=17             
Grain size distribution 0.147 0.628 0.506 0.040 0.589 0.029 0.704 0.002 0.768 0.0005 0.471 0.058 
Degree of foliation 0.322 0.279 0.195 0.450 0.592 0.028 0.633 0.007 0.515 0.036 0.011 0.967 
Gabbroids n=9             
Grain size distribution 0.162 0.678 -0.132 0.744 0.434 0.250 0.133 0.744 0.080 0.843 -0.116 0.776 
Degree of foliation -0.552 0.121 -0.420 0.250 -0.070 0.843 -0.211 0.581 -0.274 0.463 -0.137 0.708 

1 LARB=Los Angeles value fraction 31.5/50 mm; LA=Los Angeles value fraction 10/14 mm; MDERB=micro-Deval 
value fraction 31.5/50 mm; MDE=micro-Deval value fraction 10/14 mm; AN=Studded tyre test value fraction 
11.2/16 mm; SZ=Impact value fraction 11.2/16 mm; r=Spearman’s rank correlation coefficient; p=p-value; 
n=number of samples 

 
Table 3.5 The Pearson correlation tests of the mechanical properties and textural properties 

and mineralogical composition1; 95% confidence interval, values in bold are 
different from 0 with a significance level alpha=0.05 

Property  LARB LA MDERB MDE AN SZ 
 r p r p r p r p r p r p 

Granitoids n=17             
Mica 0.361 0.226 0.280 0.276 0.704 0.005 0.753 0.0005 0.592 0.012 -0.088 0.736 
Quartz -0.309 0.304 -0.344 0.176 -0.221 0.447 -0.239 0.355 -0.358 0.158 -0.289 0.261 
Feldspar 0.089 0.773 0.165 0.528 -0.176 0.548 -0.174 0.503 0.006 0.981 0.332 0.207 
Grain size -0.512 0.089 -0.810 0.0001 -0.544 0.055 -0.437 0.091 -0.651 0.006 -0.554 0.026 
Micro-cracks 0.556 0.049 0.141 0.590 0.189 0.519 0.160 0.541 0.061 0.815 -0.261 0.312 
Gabbroids n=9             
Mica -0.520 0.151 -0.765 0.016 -0.505 0.166 -0.696 0.037 -0.745 0.021 -0.714 0.031 
Pyroxene 0.021 0.958 0.032 0.935 0.140 0.720 -0.120 0.759 -0.041 0.917 -0.072 0.854 
Feldspar 0.461 0.212 0.442 0.233 0.094 0.809 0.504 0.166 0.503 0.168 0.332 0.383 
Olivine 0.279 0.467 0.516 0.155 0.586 0.097 0.618 0.076 0.535 0.138 0.427 0.252 
Grain size -0.453 0.221 -0.293 0.444 -0.537 0.136 -0.419 0.262 -0.375 0.320 -0.117 0.765 
Micro-cracks 0.863 0.003 0.762 0.017 0.645 0.061 0.723 0.028 0.741 0.022 0.548 0.126 

1 LARB=Los Angeles value fraction 31.5/50 mm; LA=Los Angeles value fraction 10/14 mm; MDERB=micro-Deval 
value fraction 31.5/50 mm; MDE=micro-Deval value fraction 10/14 mm; AN=Studded tyre test value fraction 
11.2/16 mm; SZ=Impact value fraction 11.2/16 mm; r=Pearson’s correlation coefficient; p=p-value; n=number 
of samples 

 
3.2.3 EVALUATION 
 

The most distinct outcomes from the statistical evaluation of the petrographic 
and mechanical properties of granitoid rocks are: 
• Decreasing grain size has a positive effect upon the Los Angeles value 

10/14 mm, the Studded tyre test value and the Impact value, i.e. the mechanical 
properties improve with diminishing grain size. 

• Increasing mica content has a negative influence on the micro-Deval values 
and the Studded tyre test value. A higher amount of mica in the rock causes 
deterioration of the mechanical properties. 

• The Los Angeles value 31.5/50 mm gradually increases with increasing 
frequency of micro-cracks. Higher frequency of micro-cracks impairs the 
resistance to fragmentation. 
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• Uneven-grained rocks show poorer results for the Los Angeles value 
10/14 mm, the micro-Deval values and the Studded tyre test value than even-
grained ones, i.e. the mechanical properties are better for even-grained rocks. 

• The higher degree of foliation, the higher values regarding the micro-Deval 
values and the Studded tyre test value. The resistance to wear and resistance to 
wear by abrasion from studded tyres decrease with increasing degree of 
foliation.  

 
The corresponding results concerning gabbroid rock types are: 

• Increasing mica content improves the Los Angeles value 10/14 mm, the micro-
Deval value 10/14 mm, the Studded tyre test value and the Impact value. In 
contrast to the granitoids, the mechanical properties of gabbroids are better 
with increasing mica content.  

• Increasing frequency of micro-cracks has a negative influence on the Los 
Angeles values, the micro-Deval value 10/14 mm and the Studded tyre test 
value, i.e. the mechanical properties impair with higher frequency of micro-
cracks. 

 
 
3.3 DRILL CUTTINGS USED FOR EARLY ESTIMATION OF ROCK AGGREGATES’

QUALITY 
 

Analysis of drill cuttings has a long history as the function of surveying tools 
extensively used in ore prospecting. Hitherto, the traditional prospecting for 
aggregates has been based on drill-cores for petrographic and mechanical analyses. 
The central prerequisite in prospecting of natural resources is the knowledge of the 
qualities that determine the suitability of rock materials for use as aggregates 
(e.g. Smith and Collis, 2001). Early information on the quality of the bedrock and 
its optimal use (i.e. mass and material balance) is required to minimize the 
environmental consequences and costs for road and railway constructions, and a 
careful utilization of rock materials on the the construction site is required (e.g. the 
Swedish Transport Administration, 2004). 
 

With the aim to design a technique for estimation of the rock materials’ 
suitability as construction materials in early stages of the project planning, the 
method of drill cuttings was applied. 
 
3.3.1 IMPLEMENTATION 
 

The practical application of the method for estimation of mechanical properties 
of the rock materials using the petrographic characteristics was adapted in three 
road projects, located in the north (Project I), central (Project II) and southeast 
(Project III) regions of Sweden. 
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In the first phase, coarse drill cuttings (>4 mm) generated by soil/rock probing 
in the construction planning stage were collected from all road projects. The 
samples were prepared through laboratory routines as grain mounts in accordance 
with standard methods (e.g. the European Committee for Standardization, 1997; 
1999; Nesse, 2004; Sims and Nixon, 2003) and petrographically analysed by 
polarization microscopy and the point-count method (e.g. Chayes, 1956; Gillespie 
and Styles, 1999; Glagolev, 1931; Hallsworth and Knox, 1999; Nesse, 2004; 
Robertson, 1999; Sims and Nixon, 2003). By means of the petrographic analyses 
the rock types and mineralogical compositions were identified. On the basis of 
known rock types and their petrography, the mechanical properties and the 
usability were estimated with consideration to each construction project. 
 

To verify the results from the first phase, further sampling of rock materials and 
crushed aggregates (e.g. the European Committee for Standardization, 1996a), in 
accessible projects, was carried out after removal of drift materials. The collected 
samples were analysed for their petrography and mechanical properties. The 
approach to the petrographic analysis was similar to the former and the mechanical 
analyses were accomplished as stated by standard laboratory methods (the 
European Committee for Standardization, 1997; 1998; 1999; 2010; 2011). The 
main properties tested were resistance to fragmentation (the Los Angeles value 
10/14 mm, LA), resistance to wear (the micro-Deval value 10/14 mm, MDE) and 
resistance to wear by abrasion from studded tyres (the Studded tyre test value AN). 
 
3.3.2 EVALUATION 
 

The mechanical properties estimated from the samples of coarse drill cuttings 
corresponded well to the results from the mechanical tests performed in the second 
phase of the study. This confirms the possibility to use drill cuttings for early 
information on the rock aggregates’ mechanical properties and quality. However, 
this approach is based on empirical interpretation, which in turn demands long 
experience of the interpreter. To support the empirical findings and facilitate the 
interpretation of the mechanical properties, outcomes emerging from the study of 
the mechanical properties’ dependence on petrographic parameters were 
successively applied. This strengthens the assumption that petrographic 
characteristics are strongly connected to the rocks’ mechanical properties. 
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CHAPTER 4 
 
 
BRIEFING OF THE RESULTS

 
 
 
 
 

The current chapter deals with the major results from all substudies included in 
the thesis. 
 
 
4.1 ENRICHMENT OF FREE MICA PARTICLES
 

There is a general trend towards enrichment of free mica particles in the 
aggregates’ smaller fractions (<0.125 mm) of the fine-grained rocks. Regarding 
coarser grained rocks, the amount of mica generally peaks within the fraction 
0.125/0.25 mm. The rock types included are granitoids. 
 

The results from the present study confirm previous research done by 
e.g. Lagerblad (2005) and Miškovský (2004). A subsequent investigation by 
Loorents and Kondelchuk (2009) additionally strengthens the assumption that free 
mica particles tend to be enriched in the aggregate fine fractions. 
 
 
4.2 ESTIMATION OF FREE MICA PARTICLES
 

The need to quantify the content of free mica particles in aggregate fine 
fractions led to the development of a robust analysis method. The developed 
method is statistically verified and repeatable and the results from the analyses are 
controllable. This makes the method satisfactory from a scientific point of view. 
 

The concept of using drill cuttings for estimation of free mica in fine fractions 
was tested with satisfactorily results. The amount of free mica particles in fine 
fractions originating from drill cuttings is indicated to be comparable to the amount 
of free mica in fine fractions originating from crushed aggregates. The study 
reveals that the mica grains are easily released from the rock by mechanical 
impact. 
 

A strong relationship between free mica content and mica content in the rock 
was established. The analyses comprised 26 rock types of granitoid and gabbroid 
composition. 
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4.3 RELATIONSHIPS BETWEEN PETROGRAPHIC AND MECHANICAL PROPERTIES 
OF GRANITOID AND GABBROID INTRUSIVE ROCKS

 
The study of mechanical properties’ dependence on petrographic characteristics 

started with a literature review as a basis for further work. The evaluation of the 
petrographic parameters’ influences on the mechanical properties showed that the 
grain size, content of mica and frequency of micro-cracks are the central variables 
affecting the mechanical properties of granitoid rocks. The grain size distribution 
and degree of foliation indicate obvious tendencies towards associations. In the 
case of gabbroids, the mica content and frequency of micro-cracks are the main 
influencing parameters. The mechanical properties proved to be highly dependent 
on the intrinsic characteristics of rock materials. 
 
 
4.4 ESTIMATION OF ROCK AGGREGATES’ QUALITY USING DRILL CUTTINGS
 

The attempt to use drill cuttings for estimation of the rock aggregates’ quality in 
early stages of the project planning was a successful approach and the practical 
application demonstrated the flexibility of the method. However, to turn the 
petrographic characteristics of the rocks into an estimate of their mechanical 
properties and to evaluate their suitability as aggregates require long experience of 
the interpreter. These factors indicate the growing need for a pragmatic tool to 
support the estimation of the mechanical properties using petrography as input. 
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CHAPTER 5 
 
 
DISCUSSION

 
 
 
 
 

The present study is an initial attempt to unify geology and engineering in a 
common approach to estimation of aggregates’ mechanical properties using 
petrographic characteristics as key parameters. 
 

In regions dominated by temperate climate and where studded tyres are 
regularly used, the free mica is to be paid attention to. It is theoretically and 
practically established that free mica in fine fractions of crushed aggregates affects 
the quality of the aggregate end products (e.g. Smith and Collis, 2001). The 
heterogeneous, mica-rich rock types may cause damage to the road construction 
(e.g. Kondelchuk, 2008; Nieminen and Uusinoka, 1986; Novikov, 2008). In 
Sweden, demands on limits of the free mica content in fine fractions are 
established (the Swedish Transport Administration, 2009). These requirements 
have initiated research on free mica as a quality parameter and the need to develop 
a user-friendly method to estimate the free mica content in aggregate fine fractions. 
 

Together with previous and subsequent research this work confirms the ability 
of free mica particles to be released from the rock during crushing and be enriched 
in the fine fractions. The free micas’ varying enrichment in different parts of fine 
fractions is suggested to be due to the initial grain size of mica in the host rock. 
This fact indicates the necessity to carry out petrographic analyses to verify the 
grain size and content of mica in the original rock. The current investigation 
focuses on the fine fraction 0.125/0.25 mm, as it is a central sorting with limitation 
of the free mica content. The rock types studied are of granitoid and gabbroid 
origin. Additionally research on the free micas’ enrichment in different parts of 
fine fractions by meta-sedimentary rocks and meta-volcanites is desirable. 
 

The mechanical impact stemming from hammer drilling seems to have a similar 
effect upon the mica particles’ enrichment in fine fractions as the impact caused by 
crushing of rock aggregates. This knowledge enables the usage of drill cuttings to 
estimate the content of free mica. The second applicability of the method of using 
drill cuttings is to use coarse drill cuttings for estimation of the mechanical 
properties and the suitability of rocks as construction materials. To turn the 
petrographic characteristics of rock materials into the estimation of their 
mechanical properties requires long experience of the interpreter. This fact 
strengthens the need for tool, practical and easy to use, intended for the purpose.  
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The main advantage of the use of drill cuttings is the possibility to obtain early 
information on the quality of the rock and the limitation of its use. By using drill 
cuttings from soil/rock probing, the method suggested is applicable in areas where 
the bedrock is covered with drift materials and therefore highly flexible and cost-
effective. 
 

The study of the relationships between petrographic and mechanical properties 
of granitoid and gabbroid intrusive rocks points to a number of petrographic 
variables correlating with the mechanical properties. The grain size, content of 
mica, frequency of micro-cracks, grain size distribution and degree of foliation are 
the main parameters affecting on the mechanical properties of the rock types 
examined. The test results obtained showed that the test methods used for 
evaluation of mechanical properties are influenced by the different petrographic 
agents. 
 

A decreasing grain size decreases the value of Los Angeles 10/14 mm, the 
Studded tyre test value and the Impact value, i.e. improves the quality of the 
aggregate. Regarding the remaining test methods, only a weak positive trend 
towards diminishing grain size was obtained. A possible explanation is that the 
micro-Deval method measures wear and that grain size affects wear less than 
fragmentation. On the other hand, the Los Angeles value tested on size fraction 
31.5/50 mm shows no correlation with the variations of grain size. This 
phenomenon could be caused by the coarse size of the rock fragment tested using 
steel balls of the same size as the ones used for fraction 10/14 mm. Generally, 
previous research (e.g. Brattli, 1992; Goswami, 1984; Kazi and Al-Mansour, 1980; 
Åkesson et al., 2001) proves that decreasing grain size improves the resistance to 
fragmentation. 
 

Increasing mica content in granitoids shows a negative effect on the quality of 
the rock material tested, increasing the micro-Deval values and the Studded tyre 
test value. Concerning gabbroid rocks, the opposite tendency was obtained; the 
mechanical properties improve with increasing content of mica. One justification is 
that uniformly distributed mica may have a reinforcing influence on the 
mechanical strength of gabbroids. Another explanation is related to sericitization of 
feldspar (e.g. Åkesson et al., 2004), which occurs abundantly in the metamorphic 
varieties of the gabbroid rocks studied. 
 

As the micro-cracks are expected to represent weak constituents of the rock 
supporting the propagation of newly formed cracks, it was assumed that it 
influences all the test methods measuring resistance to fragmentation. However, in 
the case of granitoid rocks only the Los Angeles value 31.5/50 mm proved to be 
influenced by the frequency of micro cracks. The resistance to fragmentation 
gradually becomes poorer with increasing frequency of micro-cracks. Testing 
gabbroid rocks, the similar phenomenon is exhibited. Increasing frequency of  
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micro-cracks impairs the Los Angeles values, the Studded tyre test value and the 
micro-Deval value 10/14 mm.  
 

The associations among the grain size distribution and the Los Angeles value 
10/14 mm, the micro-Deval values and the Studded tyre test value show that 
uneven-grained granitoid rocks give a poorer result than even-grained ones, i.e. the 
quality of even-grained rock types is better. The tendency is similar to the degree 
of foliation, i.e. the higher degree of foliation, the poorer values regarding 
mechanical strength. The mechanical properties affected by the degree of foliation 
are resistance to wear and wear by abrasion from studded tyres. 
 

Beyond the statistically confirmed results there are some notable indications to 
be discussed. All the mechanical analyses respond positively to increasing content 
of quartz in granitoids. The quality of the rock materials improves slightly with 
increasing quartz content. Due to the cleavage of the feldspars it was assumed that 
the content of feldspar would influence the resistance to fragmentation, as 
established by e.g. Miškovský et al., 2004 and Brattli, 1992. A deterioration of the 
resistance to fragmentation in connection with increasing feldspar content was 
expected. However, the results from the present study did not confirm the 
expectation. 
 

The somewhat straggling results, partly confirming, partly disaffirming expected 
results and previous research, may be a consequence of the rather low number of 
samples, especially concerning the gabbroids. In future research a higher number 
of samples is required. To explain partial coordination of several petrographic 
parameters on the single mechanical property, multiple-regression analyses have to 
be performed. 
 

The methods used for testing of aggregates properties are also to be discussed. 
The test methods measure the functional properties rather than rock mechanical 
properties. The functional properties tested have not been fully surveyed. In 
addition, there is a possibility that the results are dependent on the rock material, 
i.e. the different rock types. Metamorphic, foliated rocks tend to be favoured, 
mainly by the methods measuring resistance to fragmentation. 
 

The present investigation reveals dissimilar results for the different size 
fractions tested by the same method. The disparity is particularly obvious in the 
case of the Los Angeles method, using the test fractions 10/14 mm and 
31.5/50 mm respectively. On the other hand, the results concerning the two size 
fractions of the micro-Deval method are fully comparable. 
 

The benefit of knowledge regarding the performance of rock materials used for 
construction purposes can be expressed in environmental, technical and economic 
terms. Rock is a non-renewable natural resource that requires careful exploitation. 
Sustainable development is defined as “development which meets the needs of the  
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present without compromising the ability of future generations to meet their own 
needs” (the United Nations, 1987). This expression should constitute the global 
incentive to reach a high level of knowledge and focus on research of rock 
materials and their qualification as construction materials. Durable and substantial 
roads or railways require advanced technique and capable performance. As the 
main part of the construction consists of aggregates, the appropriate constructional 
approach should be based on the properties of rocks. Infrastructural constructions 
designed of deficient materials cause increasing maintenance, which in turn 
generates high operation costs and environmental impact. To attain the equilibrium 
in terms of mass and material balance, the use of rock materials of suitable quality 
adapted to their purpose is necessary. 
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CHAPTER 6 
 
 
CONCLUSIONS

 
 
 
 
 

The investigations of mica verified the enrichment of free mica particles in 
aggregate fine fractions and the assumed correlation between the mica content in 
the host rock and the free mica content in crushed fine fractions is confirmed for 
granitoid and gabbroid rock types. The original grain size of mica in the rock is 
suggested to influence the process of enrichment. The possible compatibility 
between the content of free mica in fine fractions originating from crushed rock 
and drill cuttings respectively is indicated, but further affirming studies are needed 
to establish the results. The evaluation of the developed method for estimation of 
free mica particles indicates its certainty and repeatability. 
 

The application of the results received from the free mica studies is expected to 
support the upgrading and correction of the limits of free mica content in fine 
fractions of aggregate products used as construction materials. The suggested 
method for estimation of free mica in fine fractions is a user-friendly and an 
appropriate tool to secure the estimation of free mica with the possibility to make 
further control of the results. 
 

The literature research resulted in a robust basis for the selection and grouping 
of rock samples regarding the study of the relationships between the mechanical 
properties of rock aggregates and their petrography. The investigation of the 
mechanical properties’ dependence on petrographic variables reveals pronounced 
influences of the petrographic characteristics on the mechanical properties. The 
grain size, content of mica and frequency of micro-cracks are the main 
petrographic variables affecting mechanical properties of granitoids. The grain size 
distribution and degree of foliation indicate tendencies towards associations. In 
consideration to gabbroid rock types, the mechanical properties in general respond 
to the mica content and frequency of micro-cracks. 
 

The approach to using coarse drill cuttings from soil/rock probing, enables the 
estimation of the rock materials’ suitability for road and railway constructions in 
the initial stages of the project planning. Early information on the quality of the 
rock supports the ambition to reach mass and material balance and the rational 
usage of natural recourses. To transform the petrography of the rock into the 
mechanical properties requires empirical knowledge of the interpreter. For that  
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reason a practical supervision system is needed. The results of the study of the 
petrographic and mechanical properties of the rock materials point to the 
possibility to develop the system for estimation of the mechanical properties of 
rock materials using their petrographic characteristics. 
 

The study of the technological/mechanical and petrographic properties of rock 
materials has emphasised the importance of thorough understanding of the 
particular rock type and its intrinsic properties. During the refining process, 
e.g. blasting and crushing, each rock type is individually affected due to its 
different susceptibility to mechanical stress. These facts highlight the necessity to 
adapt the production technology of aggregates to the single rock type processed.  
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Abstract Enrichment of free mica (i.e. as monomineralic

grains) in the fine fraction of crushed rock aggregates af-

fects the quality of the aggregate end product. Granitoid

rock from the Svecofennian Province were used as being

representative of crushed rock aggregates commonly used

for construction purposes. The results reveal a general trend

of enrichment of mica for finer fractions. For the coarse

grained rock a peak occurs at 0.25–0.5 mm followed by a

decrease in the amount of free mica; for grains <0.063 mm

there is an increase. The general trend and peak are corre-

lated to the microstructural characteristics of the samples.

Keywords Crushed rock aggregates � Free mica �
Monomineralic grain

Résumé L’enrichissement en micas libres (c.à.d. en

grains mono-minéraux) dans la fraction fine des granulats

de roche concassée affecte la qualité du produit fini. Une

roche granitoı̈de de la province svecofennienne a été utili-

sée comme représentative des granulats de roche concassée

communément utilisés pour la construction. Il apparaı̂t une

tendance générale à l’enrichissement en micas des fractions

fines. Pour la fraction grossière un pic de concentration en

micas libres apparaı̂t pour la fraction 0.25–0.50 mm. Puis

cette concentration diminue pour augmenter à nouveau pour

la fraction <0.063 mm. La tendance générale et les pics de

concentration sont corrélés avec les caractéristiques micro-

structurales des échantillons.

Mots clés Granulats de roche concassée � Micas libres �
Grains mono-minéraux

Introduction

Free mica (i.e. monomineralic grains) in crushed rock

aggregates, for construction purposes (Smith and Collis

2001), affects the quality of the aggregate end product.

Nieminen and Uusinoka (1986) show a correlation between

the mineral composition of the fine fraction and the quality of

the unbound base material. Their research points out that an

unbound layer, constructed with a material containing a fine

fraction of a ‘‘larger’’ specific surface area (e.g. clay min-

erals and micas), implies a high risk of constructional dete-

rioration. Hakim and Said (2003) and Miskovsky (2004)

show a material deterioration of bituminous mixtures con-

nected with an increase in the amount of micas in the fine

fraction (<2 mm). A similar relationship has been described

by Lagerblad (2005) for fine fractions used in concrete.

Miskovsky (2004) shows a general trend of increase in

the amount of free mica when comparing narrow grain

fractions, having analysed five samples of granitoid rocks

with varying mica content. Whereas Lagerblad (2005)

states that there is a steady increase in the amount of free

mica with a peak for grain sizes between 0.125 and

0.25 mm, for smaller grains no enrichment was detected.

The study was based on 17 samples of granitoid rocks.

The aim of this study is to enhance an understanding of

how the amount of free mica varies within granitic crushed

rock aggregates, with special attention to the correlation

of the microstructural characteristics of rock samples
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(Passchier and Trouw 1996; Prikryl 2001). The rock sam-

ples used in this study are representative of the common

crushed rock aggregates used for construction purposes and

have been prepared according to the standard laboratory

routines. The rock samples have been analysed on their

free mica content. The microstructural description of the

rock samples has improved the interpretation of the

behaviour of free mica in crushed rock aggregates.

Materials and methods

Rock samples were collected from two areas of the

Svecofennian Province granitoids. Samples 1 and 2 were

extracted from the same quarry, situated in the south east of

Sweden, and sample 3 was obtained from a road cutting

located in the central part of Sweden.

To limit factors that may influence the breakage of the

rock (e.g. the release of free mica during crushing), rock

samples of similar microstructural characteristics were

preferred. The samples were all more or less undeformed

(microstructurally isotropic). Microstructural difference is

mainly indicated by the grain size distribution and to a

lesser extent by aggregates of grains, grain-size, shape and

boundary (Passchier and Trouw 1996). Samples 1 and 2

had a similar mineralogical composition whereas sample 3

was enriched in mica compared to the other study samples.

Mineral alteration (before the process of weathering;

Delvigne 1998) is mainly limited to serecitic alteration of

feldspars. None of the study samples showed any change

due to weathering.

Sample 1

Sample 1 (granite) was weakly foliated (mineral orientation

defined by small grained biotite), medium grained

(1–2 mm; Gillespie and Styles 1999) and grey to red

(Fig. 1). A complete gradation (seriate) of fine- to medium-

grained grain size distribution with irregular, lobate grain

boundaries (interlobate) describes the microstructure. The

mineralogical composition was quartz > K-feldspar > pla-

gioclase > muscovite > biotite > chlorite with accessory

opaque minerals, apatite, epidote and zircon (Table 1). The

quartz grains had undulose extinction and an anhedral shape

of grains. The K-feldspar (anhedral–subhedral) had well-

developed microcline (scotch plaid) twinning; a few

megacrysts were present. The plagioclase (subhedral–

anhedral) had a fairly well-developed polysynthetic

twinning (albite) and a less common combined albite and

pericline twinning. Some sericite alteration was seen in the

majority of the plagioclase. The muscovite was generally

coarser grained than the biotite; the latter showing some

alteration to chlorite.

Sample 2

As seen in Table 1, sample 2 (Fig. 2) was in general

similar to sample 1 although with some differences in

mineral composition and to a lesser extent grain size dis-

tribution.

Sample 3

Sample 3 (monzogranite) was a white and black, coarse-

grained (>2.5 mm; Gillespie and Styles 1999) massive rock

with a mineralogical composition K-feldspar > quartz >

plagioclase > biotite (Fig. 3). Accessory minerals included

titanite, sericite, kaolinite, zircon, chlorite, opaque and

apatite (Table 1). A seriate distribution of grains with an

interlobate shape of grain aggregates describes the micro-

structure. Plagioclase (subhedral–anhedral) commonly had

well-developed polysynthetic twinning (albite) and less

commonly combined albite and pericline twinning. Some

sericite alteration of the plagioclase was present. K-feld-

spar (subhedral–anhedral) showed sparse intergrowth of

quartz (granophyric texture). Megacrysts of K-feldspar

were present. The quartz grains (anhedral) had undulose

extinction and ‘‘sub grains’’ that may indicate a com-

pressive deformation. The biotite showed a slight alteration

to chlorite.

Sample preparation

Sample breakage was achieved using a primary and a

secondary laboratory jaw crusher. The primary discharge

aperture (setting) was 40 mm and the secondary crusher

had a setting of 15 mm. For each type of rock, a sample

similar in shape was used for crushing with the following

data for weight, density and volume: sample 1—2.58 kg,

2.64 Mg/m3 and 0.98 dm3; sample 2—2.70 kg, 2.64 Mg/m3

Fig. 1 Sample 1
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and 1.02 dm3; sample 3—2.55 kg, 2.68 Mg/m3 and

0.95 dm3. The grain size distribution for each crushed

sample was obtained by dry sieving according to EN 933-1

(Fig. 4). Additional sieving was undertaken for grains

<63 lm (sample sizes were approximately 20 g). Sieves

were weighed before and after sieving to measure the

amount of material that remained on the sieve (Table 2).

Compressed air was used to clean the sieves between

each sieving cycle. From the sieving, the following

grain size fractions were collected for analysis: 0.5–1,

0.25–0.5, 0.125–0.25, 0.063–0.125 mm, 42–63, 24–42

and <24 lm.

Free mica content

To estimate the amount of free mica in the collected grain

size fractions two methods were used generally following

RILEM AAR (Sims and Nixon 2003).

For size fractions 0.5–1, 0.25–0.5 and 0.125–0.25 mm

samples were collected and an additional quartering

undertaken in order to obtain representative, homogeneous

samples. Grains were grouped and counted (stereoscopic

microscope, Technique 1) on the basis of mineralogy into

muscovite, biotite and others where appropriate. All grains

in the collected and reduced (quartered) sample were

counted (Table 3).

With Technique 2, a polarizing microscope and a point

counting apparatus were used for 0.5–1, 0.25–0.5, 0.125–

0.25, 0.063–0.125 mm, 42–63, 24–42 and <24 lm. Thin

sections were prepared as grain mounts (Nesse 2004) from

2–4 g of crushed sample for each collected grain fraction.

Counting was performed in the same way as for the coarser

grains (Table 3).

Discussion

Prior to sieving, it was not clear whether it would be pos-

sible to obtain/collect representative samples, particularly

for grain fractions <63 lm. However, weighing the sieve

before and after sieving (Table 2) and a microscopic optical

control of the mesh gave a useful and more objective

indication of the material passing through the sieves.

Technique 1 was chosen for certain grain fractions, as

this method ensures that monomineralic material, or

aggregates dominated by one mineral, is properly grouped

Table 1 Mineralogical composition (in vol.%) and grain size distribution of the main minerals

Quartz Plagioclase K-feldspar Biotite Chlorite Muscovite Opaque Assessory

Sample 1 40 14 36 3 3 4 0.2 0.2

Grain size (mm) 0.6–1.5 1.4–2.9 1.2–3.7 0.4–0.8 – 0.6–1.6 – –

Sample 2 37 14 37 4 1 7 Trace 1.0

Grain size (mm) 0.7–1.6 1.4–3.2 1.4–2.5 0.6–1.3 – 0.9–1.6 – –

Sample 3 28 25 27 19 – – Trace 1.4

Grain size (mm) 0.9–2.3 1.5–3.2 1.7–2.9 0.9–2.5 – – – –

The mineral mode is based on point counting using a polarising microscope

Fig. 2 Sample 2 Fig. 3 Sample 3
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and counted. Technique 1 is of limited value for coarser

grains, as the power of resolution of the equipment is not

sufficient for the finer fractions analysed in this study.

However, the results from Techniques 1 and 2 are not di-

rectly comparable, as the preparation of the samples and

analysing technique differ. With Technique 1, a sample is

retrieved from the collected batch and should contain a

minimum number of grains to be representative of the

batch; it is also important that all grains of the sample are

counted. Considering mineral separation there is a risk of

biased sampling with this method. For two batches, double

samples were counted to assess precision. This indicated

that the counting varied by up to 10%.

The formation of free mineral phases or monomineralic

grain constituents during breakage by crushing is mainly

dependent on the mineralogical composition (strength of

minerals), grain boundaries and the grain size of the rock.

Thus for a coarse grained rock monomineralic grains will

comprise a larger fraction of ‘‘coarser’’ grains. This rela-

tionship ensures monomineralic grain constituents for

‘‘finer’’ grain fractions and validates the use of Technique

2, especially for medium and coarser grained rocks.

Technique 2 also uses a minimum number of grains to

ensure a statistical significance, but provides a more robust

methodical handling as the sample (thin section) is

impregnated with epoxy resin. With this method (point

counting), counts indicate the presence of a certain mineral

phase, but make no distinction between monomineralic and

aggregate (composed of at least two minerals) grains. The

use of optical microscopy for fractions <63 lm has its

practical limitations, as mineral identification may be hard

to perform. However, as analysing and counting always

started with the coarsest fraction, and the mineralogy of the

sample was well known, the method proved useful.

Thus Technique 1 was used to ensure counting of free

mica grains and partly as a comparison between the

methods. The main emphasis was on Technique 2 as this

provides one ‘‘continuous’’ counting method for all size

fractions analysed in this paper.

The three samples studied are all igneous rocks. Con-

sidering microstructural characteristics, samples 1 and 2

have similar mineral composition and grain size, while

sample 3 differs mainly in grain size. Samples 1 and 2 are

medium grained and sample 3 coarse grained. The trend

line of sample 3 (Fig. 5) generally shows higher amounts

of free mica for coarser grain fractions, indicating that the

amount of free mica depends on initial mineral content and

grain size of the rock.

Figure 5 (see Table 3) depicts the varying free mica

content for the samples, dependent on grain size. Com-

paring the trend lines, using grain fractions 0.063–

0.125 mm as a ‘‘divider’’ gives quite different relation-

ships for the <0.063 and >0.125 mm grain fractions. For

grains >0.125 mm the relationship is less consistent while

for grain fractions <0.063 mm a uniform trend of increase

is displayed. This difference correlates with the initial grain

size of the rock and content (modal vol.%) of mica. It is

suggested that coarse grained rocks follow the trend line of

Table 2 Sieving of materials

<63 lm
Sieve (lm) Passing material sample (%) Fasten material (g)

1 2 3 1 2 3

63 99.6 99.2 99.7 0.07 0.07 0.06

42 72.4 80.6 71.4 0.04 0.03 0.03

24 32.7 40.6 37.1 0.04 0.04 0.05
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sample 3 (see Fig. 7), whereas fine to medium grained

rocks are similar to samples 1 and 2. Coarser minerals

more readily release mica from the mineral aggregate (e.g.

>0.125 mm) than small grained minerals, due to exposure

to mechanical breakage of the monomineral in the aggre-

gate. As the grain fraction gets smaller, the aggregate has to

reach a ‘‘critical’’ grain fraction (e.g. <0.063 mm) before

further breakage continues.

Among the studied samples, sample 3 contains the

highest initial content of mica and the coarsest grains

(Table 1). The connection between the initial mineral

content of the rock and the content of free mica in the grain

fractions correlates well for fractions >0.125 mm (Fig. 5).

For grain fractions <0.063 mm the influence of the initial

mica content is no longer perceived. The peak of sample 3

for grains >0.125 mm indicates that there is a relationship

between initial grain size and grain size fraction, based on

the assumption that mica grains are less mechanically

competent than, for instance, quartz and thus break more

readily into ‘‘smaller’’ particles due to mechanical stress.

The three samples used in this study provide a somewhat

sparse basis for reasoning, thus a review of some data in the

literature on free mica in crushed rock aggregates for

construction purposes was motivated. Miskovsky (2004),

using a polarizing microscopy and the point-count method,

showed a general increase in the amount of free mica for

the finer fractions (<0.074, 0.074–0.25 and 0.25–2 mm),

analysing five samples of granitoid rocks with varying

mica content (5.6–33 vol.%; Fig. 6). The result of the

0

5

10

15

20

25

30

35

40

<24 24-42 42-63 63-125 125-250 250-500 500-1000

Grain size fraction, μm 

C
o

n
te

n
t 

o
f 

fr
ee

 m
ic

a 
(p

ar
ti

cl
e 

an
d

 v
o

l %
)

Sample 1

Sample 2

Sample 3

Fig. 5 The content of free mica in the collected grain fractions

Table 3 Mica content (in

particle and vol.%) of sample

according to analysed grading

fraction together with total

number of grains counted

Bt biotite, Ms muscovite,

%-Mica total % mica in sample,

Count total number of grains/

points counted

Grain size Bt Ms %-Mica Count Bt Ms %-Mica Count

Technique 1 Technique 2

Sample 1

0.5–1 (mm) 1 7 8 215 2.8 7.3 10.2 1,704

0.25–0.5 7 5 12 526 5.6 7.6 13.2 1,787

0.125–0.25 8 8 16 571 6.6 7.6 14.1 1,999

0.063–0.125 5.2 8 13.3 2,157

42–63 (lm) 6 9 15 583

24–42 10 14 24 567

<24 14 19 33 525

Sample 2

0.5–1 (mm) 1 6 7 299 4.2 7.1 11.2 1,659

0.25–0.5 3 6 9 467 3.8 8.3 12.0 1,695

0.125–0.25 8 9 17 773 6.4 8.7 15.1 1,925

0.063–0.125 6.9 8.2 15.0 2,022

42–63 (lm) 6 8 14 539

24–42 13 13 26 558

<24 17 17 34 508

Sample 3

0.5–1 (mm) 24 24 368 18.8 18.8 1,834

0.25–0.5 31 31 420 21.8 21.8 1,704

0.125–0.25 22 22 699 19 19.0 1,971

0.063–0.125 14.2 2,085

42–63 (lm) 17 17 557

24–42 20 20 568

<24 36 36 536
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study suggests the mica enrichment in the grain size frac-

tions: 0.25–2 mm, 8–21.2 vol.%; 0.074–0.25 mm, 9.5–34.6

vol.% and <0.074 mm, 17.8–41.4 vol.%.

Despite the fact that the collected and analysed grain

size fractions of Miskovsky and the present study are not

directly comparable, the two studies show the same tren-

d—an enrichment of mica with finer fractions. Further-

more, the same method is being used (point counting)

which additionally strengthen the results of the studies. In

this kind of study, a narrows grain size fraction is preferred

as this increases the resolution and provides more data on

the behaviour of rock breakage by crushing.

Microstructural comparison between the studies is not

possible as no structural information is provided by Mis-

kovsky (2004) except that the samples were granitoid

rocks.

Lagerblad (2005) states that there is no enrichment of

mica for the finer grain fractions (<0.125 mm) after anal-

ysing 17 samples of granitoid rocks, using X-ray powder

diffraction (XRD) and scanning electron microscope

(SEM) analyses for materials <75 lm (5 samples) and the

point-count method for fractions; 75–125, 125–250, 250–

500, 500–1,000, 1,000–2,000 lm (Fig. 7). Lagerblad’s

study implies a peak in the amount of free mica for the

125–250 lm fraction and then, based on results from the

XRD, SEM and point counting analysis, a possible trend of

lower amounts of free mica with finer fractions.

The point counting method used by Lagerblad and the

present study is similar, thus the results are comparable.

The point counting data from Lagerblad’s study is pre-

sented in Fig. 7, which has been modified and grouped into

fine, medium and coarse grained rock in an attempt to

clarify any microstructural correlations. The (trend) curves

in Fig. 7 verify a peak for medium and coarse grained

rocks, possibly with an initial ‘‘higher’’ content of mica
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Fig. 7 The content of free mica for collected grain fractions for fine,

medium and coarse grained rock (modified after Lagerblad 2005)
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Fig. 6 The content of free mica in the collected fractions; the

samples are sorted into initial content of mica of the uncrushed rock

(modified after Miskovsky 2004)

Table 4 Content of biotite and chlorite (vol.%) for medium and

coarse-grained samples

Medium Coarse Medium Medium Medium

<38 lm

Biotite 16 6.1 11.1 15.6

Chlorite 7.2 1.9 15.6

Grains 188 212 196 206 173

<38–63 lm

Biotite 11 2.3 14.8 11.5

Chlorite 12

Grains 209 219 219 203 209

Grains indicate the total number of counts
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although Lagerblad gives no information on the initial

mineral composition. The analysis from the present study

verifies a peak for the coarse grained sample 3 (Fig. 3).

Considering the results from Miskovsky (2004), Lagerblad

(2005) and the present study, it is assumed that the position

(grain size fraction) and the height of the peak (content of

free mica) depend on the rock’s initial mineral composition

and mean grain size thus indicating the importance of

microstructural characteristics for the variation in free mica

in crushed rock aggregates.

Lagerblad also carried out SEM analysis on five samples

for fractions <38 and 37–63 lm. As seen in Table 4, the

results do not indicate a uniform ‘‘stronger’’ trend towards

an increase or decrease in the content of mica for the

analysed fractions.

To further understand the variation of free mica for finer

fractions, Lagerblad used semi-quantitative XRD counting

techniques to obtain an indication of the mineral content

for fractions <38 and 37–63 lm. Peak intensities, corre-

lated to SEM analysis (Table 4), were used to assess

mineral variations. As the method is semi-quantitative, any

variations are at best an estimation based on trends, but

appear to show lower amounts of free mica with the finer

fractions.

Conclusion

On the basis of the analytical data presented in this study,

there is a general trend towards the enrichment of mica in

the finer fraction of the fine grained rocks; with medium

and coarse grained rocks, the amount of free mica gener-

ally peaks within the fraction 125–250 lm.

This work has focused on igneous rocks but crushed

rock aggregates come from a wide array of rock types

hence further research is needed to establish if a similar

situation occurs with metamorphic and sedimentary rocks.
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A Method for Estimation of Free Mica Particles
in Aggregate Fine Fraction by Image Analysis

of Grain Mounts
Eva Johansson, Karel Miskovsky, Karl-Johan Loorents, and Ola Löfgren

(Submitted February 23, 2007; in revised form May 2, 2007)

The need to evaluate free mica grains in fine fraction of aggregate products has initiated the development of
a statistically and scientifically acceptable method. The proposed method is based on a modified point-
counting approach using digital micro photos of thin sections of aggregate grains and a software package to
sustain sample analysis. A thin section of aggregate grains provides permanent sample documentation
readily available for complimentary or other analysis. Statistical analysis, together with a repeatable
analysis of samples (permanent mounts), confirms the robustness of the method. The method is appropriate
as a complementary assessment tool to estimate and trace changes or variations in quality of rock
aggregate. Though, the estimation of free mica particles in fine fraction needs to be combined with other
analyses, e.g., petrographic analysis and analyses of mechanical properties, to assess the quality of any rock
material. As the samples can be collected from drill cuttings, i.e., an accessible residual product obtainable
from surveying or production, the present method is particularly useful as a surveying tool and in pros-
pecting and projecting activities.

Keywords aggregates, fine fraction, free mica particles, image
analysis, point-count method

1. Introduction

The fine fraction of crushed rock aggregates produced from
mica carrying rocks can cause considerable damages on road
constructions, especially within regions dominated by temper-
ate climate. The reason for these economically perceptible
problems is the ability of mica to take up and hold water or
bitumen. This ability is partly due to the increased specific
surface area of mica rich aggregates, i.e., stemmed from the
grain shape of micas. The specific surface of a particle is the
ratio of its surface area to its mass, where the main controlling
factors are particle size and particle geometry. Furthermore
roughness of the external surface, shape, porosity, and miner-
alogy may contribute to an increase in the surface area (Ref 1).
High water content in unbound application layers may be the
basis for a raised pore water pressure under load, consequently
causing a lowering of the constructions� bearing capacity. For
an optimum performance, the aggregates surfaces in a mix are
intended to be covered by a bitumen film. Substituting the fine
material (i.e., filler) in an asphalt mixture with a material of

dissimilar specific surface area will influence the thickness of
the bitumen film and thus the asphalt mixture properties, given
that the binder content is constant. The sorbing ability of mica
may accordingly cause an early constructional deterioration
(Ref 2-4).

Aggregates for construction purposes extracted from hard
rock quarries are tested and sampled according to national
standardization programs, e.g., European Committee for Stan-
dardization (CEN), by means to certify the aggregate product,
i.e., to ensure that the aggregate product meets the quality
demands for the intended use (e.g., CEN). Still, free mica
particle content or acceptable threshold limit values of free
mica particles contained in the aggregate product are not
precisely dealt with in this realm of standards. Furthermore it is
not uncommon, in road construction projects, that a large
quantity of materials used for the construction is extracted
within the construction site. For this sort of materials the
aggregate quality assessment may be far less rigorous than
compared to materials extracted and produced from a quality
certified hard rock quarry. Thus, where applicable, there is a
risk that the construction project may not reach a rational usage
of natural resources and not limit the impact caused by
erroneous usage of materials. A road construction project is one
where mass and material balance has been achieved. To
accomplish this, information about the materials quality and
potential use must be obtained early on in the project planning,
which calls for evaluations methods fit for field investigations.

In an effort to verify the content of free mica particles in
crushed rock aggregates and to limit damages on road
constructions related to the mica content, the Swedish Road
Administration (SRA) established a standard method in 2002
concerning the content of free mica in fine fraction of aggregate
products (Ref 5). The method is based on a particle count
(stereoscopic microscope) and provides an approximation of
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87 Luleå, Sweden; Karl-Johan Loorents, Swedish National Road and
Transport Research Institute (VTI), 581 95 Linköping, Sweden; and
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the content of free mica for grain size fractions between 0.125-
0.25, 0.25-0.5, and 0.5-1 mm. It is mainly suited as an
indicative tool as sample selection and counting may introduce
a statistical bias and reproducibility is questionable within the
same sample. Thus the introduction of the standard method
demands the development of an effective and from a scientific
point of view satisfactory method for estimation of free mica
particles in fine fraction.

The present paper presents a method based on a modified
point-count approach using micro photos of grain mounts and
an analysis software package. An ample range of field samples
can be used as long as the prerequisite amount and grain sizes
are met for analysis. Statistical analysis together with a
repeatable analysis of samples provides a robust method for
mineralogical analysis of the fine fraction.

2. Description of the Method

2.1 Samples

The demonstrated method is applicable to any sample of
fine-grained rock material originating from, e.g., rock aggregate
products or drill cuttings from surveying and production. The
fine-grained fraction samples (0.125-0.25, 0.25-0.5 and 0.5-
1 mm) used for testing and evaluation of the method are
collected from three different quarries consisting of; mica rich
meta-tonalite (five samples), veined meta-greywacke (three
samples), and mica poor granite (three samples).

2.2 Preparation

The sample (ca 500 g) is washed on the sieve 0.63 mm and
dried. Following drying the sample is dry sieved and 5-10 g of
each of the following size fractions are collected; 0.125-0.25,
0.25-0.5, and 0.5-1 mm. The procedure is preferentially
performed according to standard methods such as EN 932-
2:1999 (Ref 6) and EN 933-1:1997 (Ref 7).

From each of the collected size fractions grain mounts is
prepared. The collected grain amount (5-10 g) for each size
fraction ensures a high-enough grain frequency on the glass
microscope slide (Ref 8, 9) and satisfies constrains of the
statistical calculation.

Images may be acquired by using any equipment that have
the utility of using polarized light. In the present work, a digital
single-lens reflex camera (digital SLR) fitted with a macro lens

was used for recording images. The photographic setup allows
single- and cross-polarized light (Fig. 1) to be used. An image
size of 3072· 2048 pixels was further reduced to
1810· 1810 pixels to meet the requirements of the image
analysis software package.

2.3 Image Analysis

The image analysis is performed by means of a software
package that is a Microsoft Office Excel add-in (compiled
Excel Macro). The mineralogical composition of the sample is
estimated by manually marking grains according to its sorting
(i.e., two categories, mica and others) in the image. Identifi-
cation of the common sheet silicate minerals biotite, muscovite,
and chlorite is feasible as they are readily distinguished from
rock-forming minerals such as quartz and feldspar in polarized
micro images. Quartz and feldspar exhibit a low-relief and grey
color, while mica minerals have a higher-relief and show other
colors than grey. Biotite is often brown or greenish and
muscovite varies between red, blue and green color. The
chlorite shows anomaly colors, i.e., it changes from black to
grey-blue. If hornblende is present, it may be mistaken for
biotite. In such cases it is recommended to use pleochroitic
colors in single-polarized (plane light) micro photos. In plane-
polarized light biotite is brown in color and hornblende green.
Optical identification of minerals is extensively discussed in the
literature, e.g., (Ref 10).

An example of a processed image is shown in Fig. 2, in
which counting lines (scan lines) and grains marked according
to its mineralogical category by grey or white dots, is
displayed. As the manual mineral identification is completed,
the information is processed and statistics is computed. The
outcome is presented in tables showing the sum of counted
grains (both mica and others) and the average of mica. Other
statistical information such as standard deviation, variance,
minimum and maximum value, and confidence interval are also
presented.

3. Discussion and Evaluation

Analyses of fine fractions from drill cuttings have a long
history as a surveying tool extensively used within ore
prospecting. But within the field of prospecting for aggregates
or quarry aggregate quality programs, traditionally surveying

Fig. 1 The photographic set up; (a) digital camera, (b) illuminator equipment with a halogen light, (c) nicoles and (d) a thin-section/sample
holder
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uses the more expensive drill-cores for petrological and
mechanical analyses. Thus in this context the present work
presents a ‘‘new’’ analysis method as fine fractions from drill
cuttings have not, or to a very limited extent, been used in
aggregate quality assessment as described in the literature. The
main potential of the proposed analysis method is its time and
cost effectiveness, notably capable within; mass- and material
balance matters (e.g., road and railway cuttings), establishment
of quarries and quarry production control programs. Rock
material is a non-renewable natural resource which necessitates
rational usage, thus aggregates must meet the constructoral
requirements otherwise it may cause substantial damages. As
the samples can be collected from drill cuttings, i.e., an
accessible residual product occurring in several constructing
and quarrying stages, the present method is useful as a
surveying tool for prospecting and projecting.

One advantage of the photographic hardware used in the
current study is the ability to capture the entire thin section in
one photographic shot. The photographic equipment is easy to
handle as is any changes of pictures (e.g., produce black and
white and single-polarized images) or handling due to the use
of a digital SLR.

Using samples in the form of a permanent grain mount
provides a great documentation of any aggregate-orientated
activities. This is especially valuable considering that at any

occasion the thin section can be re-analysed or further
examined.

Estimates of free mica particle content in aggregate fine
fraction obtained by image analysis were compared with results
obtained by grain count analysis in polarizing microscope along
the cross line of minimum length of 4 cm. Eleven samples from
three different localities and with different mica content were
compared. In each sample, 400-600 grains were counted. No
obvious differences between the results obtained by the two
methods could be observed. On the contrary, accordance of
particle mica content was very good in all samples (Fig. 3).

In order to examine the possible preferred orientation of
mica in the epoxy mould three cross sections of the same
sample was produced and analysed. Comparisons of mica
content obtained by analyses of cross-cut sections are given in
Fig. 4. The results revealed no distinct differences between the
two methods of cutting.

It is well-known that the number of grains counted is crucial
to the reliability of the estimates of free mica content in a
sample. These problems are dealt with in power analysis, which
is described in many statistics textbooks, e.g., (Ref 11). For this
reason, the reliability of 19 samples given by the confidence
interval for the estimates of mean mica content was analysed.
The results were plotted against the number of grains counted
in each sample (Fig. 5). There was a distinct decline in the

Fig. 2 A section of a processed image. White dots represent mica
minerals and grey dots other minerals
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Fig. 3 Comparison of mica content obtained by image analysis and
by microscopic grain count analysis of grain mounts. A confidence
interval (99%) is established for estimates given by the image analy-
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confidence interval with increasing number of grains counted,
i.e., the reliability of estimates increased. The relationship was
not linear and correlation analysis performed with Sperman�s
Rho revealed r = 0.77, n = 19, and p< 0.005. The best-fit for
the relationship was given by logarithmic regression
(R2 = 0.66). The equation for the relationship is given in
Fig. 5. Furthermore, the results suggest that at least 350 grains
should be counted to obtain a certainty of 3-4% in the estimate
of the average free mica particle content.

The statistical evaluation points out the certainty and
repeatability of the method. Due to the possibility to save the
images of the statistical operation, the results of the method are
controllable. These factors mentioned make the method satis-
factory from a scientific point of view.

4. Conclusion

The need to quantify the content of free mica particles in
fine fraction of aggregates has initiated the development of an
analysis method that focuses on the estimation of hard rock
quality based on image analysis. A further aspect is that, from a
scientific point of view, the described method is statistically
satisfying, thus the present work is a step in the right direction
of development.

The sample can originate from any rock material, i.e., not
only from drill cuttings. Hence, the method is appropriate as a
complementary assessment tool to estimate and trace changes
or variations in quality of rock aggregate products. Though, the
estimation of free mica particles in fine fraction needs to be
combined with other analyses, e.g., petrographic analysis and
analyses of mechanical properties, to assess the quality of rock
material.
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Estimation of Rock Aggregates Quality Using Analyses
of Drill Cuttings
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There is a need for an effective method to estimate the quality of crushed rock aggregates and its usability in
the early stages of project planning, e.g., for road and railway constructions and quarry prospecting. The
proposed method is based on mineralogical and petrographic analyses of drill cuttings and analysis of the
coarse fraction to estimate the homogeneity/heterogeneity of the bedrock. The geological analyses are
followed by an estimation of the rock materials� mechanical properties and their potential technical
usability. Development and practical applicability (field and laboratory) of the method have been per-
formed and correlated to three road projects from regions of different geological and climatic zones in
Sweden. The study confirms the capability of the proposed method as a surveying tool.

Keywords aggregates, drill cuttings, mechanical properties,
petrographic analysis, road constructions

1. Introduction

To minimize the environmental consequences and costs for
road and railway construction works, a careful use of rock
aggregates within the construction site is required (e.g., Ref 1).
An early estimation of the quality of the bedrock and its
optimum use (i.e., mass and material balance) demands an
appropriate level of survey. Misjudgments of the use of such
aggregates may cause considerable negative economic and
construction consequences. The early information concerning
the quality of the bedrock is especially true for areas of low
bedrock exposure covered by drift materials.

In modern society, the attention is paid to economical
profitability, environmental protection, and a sustainable usage
of resources. According to these requisites, the aggregates must
also meet constructional requirements. In an effort to reach the
object-related volumetric and material equilibrium of rock mass
for infrastructure construction, there is a need for a robust tool
for balance calculations.

The central prerequisite in prospecting of natural resources
such as rock materials is the knowledge of the qualities
that determine the suitability of a material for use as aggregates
(Ref 2). The strong relationships between geological properties
(e.g., the mineralogical composition and the rock fabrics),
mechanical properties, and the rock mass� likely performance as
an aggregate in construction must be taken into account when
deciding on new extraction sites for aggregates (Ref 3).

Analysis of drill cuttings is an established surveying tool
extensively used in ore prospecting. The traditional prospecting
for crushed rock aggregate quarries is so far based on drill-cores
used for petrographic and mechanical analyses. The method
presented is focused on petrographic analysis of the coarse
fraction (>4 mm) of drill cuttings to estimate the homogeneity/
heterogeneity of the bedrock and to determine the rock types
included. This information in turn admits assessment of
mechanical properties and technical usability in construction
applications (e.g., roads and railways). The fine fraction (0.125-
0.25 mm) is used to estimate the content of free mica particles.
It is known that mica-bearing rocks may cause damage in road
constructions (e.g., Ref 4-6). The deterioration of the construc-
tion is related to the ability of mica particles to be released
during crushing and to concentrate in the aggregate fine
fractions. Enrichment of free mica particles in the aggregate
fine fractions and its effects on the quality of crushed rock
aggregate products applied in constructions are thoroughly
described in Ref 4-9.

The purpose of the current study was to examine the
possibility of using drill cuttings for estimation of the quality
of rock aggregates as construction materials. Furthermore, the
work is used to develop and test the practical application, and the
efficiency of the method, within a number of road projects from
regions of different geological and climatic zones in Sweden.

2. Methods

2.1 Project Design

The practical application of using drill cuttings for estima-
tion of the rock aggregates quality was designed according to
three phases; each adapted to the state of the road project.

The first phase is focused on geological map studies, initial
field work, and sampling. Map studies provide indications
about the structure of the bedrock and the types of rock. The
field investigation is aimed toward ocular inspection of the
projecting area. In this stage, the locations and number of
sampling points (i.e., bore holes) are determined. The approximate
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depth of the bore holes is 5 m, which is the regular depth
used for soil/rock probing (i.e., geotechnical investigations) for
advanced construction projects (e.g., bridges and under ground
constructions; Ref 10). The depth is selected based on the
properties of the bedrock, and the bore holes may be deeper if
the geology is complicated or heterogeneous. During the
sampling it is of great importance to collect large enough
samples of coarse drill cuttings for the reliability (statistical) of
the prediction. The samples are reduced and dry sieved, and
narrow size fractions (0.125-0.25 and >4 mm) are collected
according to Ref 11 and 12. From each of the collected size
fractions, thin sections are prepared (Ref 13, 14) and micro
photographed to allow for digital analysis. The coarse fraction
is used for petrographic analysis while the fine fraction is used
to estimate mineralogical composition (e.g., free mica parti-
cles). When the rock type and the mineralogical composition
are known, the quality of the aggregate, aggregate mechanical

properties, and possible usage can be estimated. As a frame-
work for construction and material demands, technical norms
(Ref 15) for road constructions from the Swedish Road
Administration are applied.

Within the second phase a complementary field investigation
is carried out after drift materials have been cleared and the
bedrock exposed. The rock structures are subsequently mapped
and samples from the bedrock and from the production (i.e.,
crushing) are collected for mechanical and petrographic analy-
ses. The outcome is compared with the results from phase 1.

Phase 3 includes functional control of the rock aggregates
pertaining to sampling from the construction and testing of the
rock material. At this stage a final summary comparison of all
results is performed and the method of drill cuttings is evaluated
with respect to reliability, efficiency, and economic aspects.

Field studies included three road projects that were located
in the north, central, and southeast regions of Sweden (Fig. 1).
Project I comprised phases 1 and 2 while Project II comprised
phase 1. In Project III, phases 1 and 2 were carried out
simultaneously. It was not possible to complete phase 3 in any
of the projects studied, due to time constraints.

2.2 Petrographic Analyses

The analyses of the coarse fraction (>4 mm) were per-
formed under a polarizing microscope and the mineralogical
composition of the rocks was determined by point-counting
(e.g., Ref 13, 16, 17). The estimation of free mica particles in
aggregate fine fractions was carried out by image analysis as
described in Ref 18. The method used in the present study is
based on a modified point-count approach, using micro
photographs of thin sections and a software package for
analysis and presentation of the data.

2.3 Mechanical Analyses

To confirm the validity of the mechanical properties
predicted in the first phase, samples collected in phase 2 were
tested for resistance to wear (micro-Deval value), resistance to
fragmentation (Los Angeles value), resistance to wear by
abrasion from studded tyres (Nordic test value), and particle
shape (flakiness index). All tests were performed by accredited
laboratories in accordance with Ref 11, 12, 19-23.

3. Results

3.1 Project I

Previous studies of geological maps indicated bedrock
dominated by meta-greywacke (sediment-gneisses, veinedFig. 1 The locations of the projects studied

Table 1 Results of the petrographic analyses, Project I, phase 1; rock type and mineralogical composition

Sample ID Rock type Grain size, mm Plagioclase, vol.% Quartz, vol.% Mica, vol.% Others, vol.%

P1-1-01 Mica-schist 0.5 36.6 35.5 27.8 ...
P1-1-02 Mica-schist 0.5-1 32.2 48.4 19.4 ...
P1-1-03 Mica-schist 0.3-0.5 48.5 31.5 18.0 2.0
P1-1-04 Mica-schist 0.3-0.5 30.2 38.2 31.6 ...
P1-1-05 Mica-schist 0.3-1 38.5 48.5 13.0 ...
P1-1-06 Mica-schist 0.4-5 48.9 38.7 10.6 1.7
P1-1-07 Mica-schist 0.2-0.7 38.0 46.9 11.3 3.8
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gneisses, mica-schists, and phyllites) and by limited occurrence
of ortho-gneisses of granitoid composition (Ref 24). The results
of the petrographic analyses of drill cuttings pointed out a
dominance of grey to dark grey, strongly foliated, medium-
grained mica-schist with the mineralogical composition of
quartz> feldspar (plagioclase)>mica (biotite) (Table 1). The
content of free mica particles in the fine fractions varied from
24 to nearly 50% (Table 2).

On the basis of the petrographic analyses, the mechanical
properties and the usability were empirically estimated with
consideration to the project design. The examined rock types
were considered hardly qualified for use as sub-base course
in unbounded road pavements (Ref 15). Due to the
heterogeneity of the bedrock and the high free mica particle
content in fine fractions, it was estimated that the rock
quality would not satisfy the construction demands for the
base course.

The field investigation, the complementary geological
analyses, and the mechanical tests in accordance with phase 2
confirmed the prognosis given in phase 1. The results of the
petrographic analyses and the geological investigations showed
heterogeneous bedrock dominated of coarse-grained, veined
sedimentary gneiss alternating with dark, medium-grained
mica-schist, and dark, medium- to coarse-grained ortho-gneiss
(Table 3). All these rock types are mica-rich. The content
of free mica particles in the fine fractions was calculated as
33-45% (Table 4). The predicted mechanical properties corre-
sponded well with the mechanical tests (Table 5). Because of
the heterogeneity of the bedrock, the test results should be
considered as averages. The results from the mineralogical and
petrographic examinations carried out in Project I pointed out
that the rock material within the construction site was not
suitable for use as base course, and as sub-base course it should
be used with some reservations.

3.2 Project II

The interpretation of the geological maps indicated that
the surrounding areas of the road section were comprised of
ortho-gneisses of granitoid composition (Ref 24). The
sediment-gneisses, mica-schists and phyllites are subordinate

to the ortho-gneisses. The petrographic analyses of the drill
cuttings estimated the rock materials to be composed of grey
to light grey to pink, foliated, coarse-grained, irregular-
grained ortho-gneiss with feldspar, quartz, and mica (biotite)
as the main mineral constituents (Table 6). Some samples
showed a finer grained ortho-gneiss. The content of free mica
particles in the fine fractions was determined as 19-41%
(Table 7).

The rock types investigated were estimated to meet the
technical demands (Ref 15) for both base course and sub-base
course in unbounded road pavements. The finer grained ortho-
gneisses were considered to display better mechanical proper-
ties than the coarse-grained ones. The phase 2 of this project
has been delayed. Final analysis of the mineral will occur at
after the conclusion of the current project.

3.3 Project III

The geological maps of the area describe a metamorphic,
heterogeneous bedrock mainly composed of granofels, includ-
ing metamorphic rocks of both sedimentary and igneous origin.
The results of the field investigations and the petrographic
analyses (Table 8) of the coarse fraction of the drill cuttings
showed several rock types:

(i) foliated, medium-grained, mica-rich, biotite-plagioclase-
schist,

(ii) dark grey, medium-grained, irregular-grained amphibolite-
schist,

(iii) biotite-rich, medium- to coarse-grained ortho-gneiss.

The two first rock types are weakly to medium migmatised
and partly mylonitised; altered into chlorite-schist. The ortho-
gneiss is strongly tectonised, exhibiting a high frequency of
micro-cracks. The analysis of free mica particle content in the

Table 4 Results of the calculations of content of free
mica particles in fine fraction (0.125-0.25 mm),
Project I, phase 2

Sample ID Mica content, vol.%

P1-2-01 45.0
P1-2-02 32.6

Table 3 Results of the petrographic analyses, Project I, phase 2; rock type and mineralogical composition

Sample ID Rock type Grain size, mm Feldspar, vol.% Quartz, vol.% Mica, vol.% Others, vol.%

P1-2-01 Ortho-gneiss 2-3 35.2 28.9 35.9 ...
P1-2-02 Migmatite (mica-schist/ortho-gneiss) 0.2 to >2 51.6 31.0 17.4 ...

Table 5 Results of the mechanical analyses,
Project I, phase 2

Sample
ID

Density,
Mg/m3

micro-Deval,
%

Los
Angeles, %

Nordic
test, %

Flakiness
index, %

P1-2-01 2.74 19 32 26.2 12
P1-2-02 2.71 20 34 30.3 19

Table 2 Results of the calculations of content of free
mica particles in fine fraction (0.125-0.25 mm),
Project I, phase 1

Sample ID Mica content, vol.%

P1-1-01 49.5
P1-1-02 36.0
P1-1-03 27.5
P1-1-04 36.0
P1-1-05 29.9
P1-1-06 23.5
P1-1-07 24.6

Journal of Materials Engineering and Performance Volume 18(3) April 2009—301



fine fractions revealed values from 0 to over 50% (Table 9).
The amphibolite-schist is lacking mica; all other rocks are
mica-rich.

Despite the negative petrographic indications, the mechan-
ical tests of the rock samples (Table 10) resulted in values
approved for use in base course (Ref 15). The evaluation of the
investigation presented a general recommendation to limit the
construction traffic on unbound layers in order to avoid
fragmentation.

4. Discussion and Evaluation

The samples of drill cuttings selected in Projects I and II
originated from soil/rock probing performed during the plan-
ning stage of the road construction project. The analyses of the

drill cutting samples resulted in a prognosis concerning the use
of the aggregate for the particular road construction. The latter
petrographic and mechanical analyses of the samples collected
from the exposed bedrock and from the crushed aggregate
products confirmed the primary prognoses based on the

Table 7 Results of the calculations of content of free
mica particles in fine fraction (0.125-0.25 mm),
Project II, phase 1

Sample ID Mica content, vol.%

P2-1-01 27.1
P2-1-02 36.2
P2-1-03 28.6
P2-1-04 40.7
P2-1-05 19.4
P2-1-06 30.9
P2-1-07 34.7
P2-1-08 37.0
P2-1-09 27.6

Table 8 Results of the petrographic analyses, Project III, phase 1; rock type and mineralogical composition

Sample ID Rock type Grain size, mm Feldspar, vol.% Quartz, vol.% Mica, vol.% Amphibol, vol.% Others, vol.%

P3-1-01 Mica-schist 0.1-0.7 44.7 21.4 33.8 ... ...
P3-1-02 Mica-schist 0.1-0.7 37.8 6.7 55.4 ... ...
P3-1-03 Mica-schist 0.1-0.7 49.1 20.6 30.3 ... ...
P3-1-04 Mica-schist 0.1-0.7 47.8 17.3 34.9 ... ...
P3-1-05 Mica-schist 0.1-0.4 36.0 9.7 53.8 ... 0.4
P3-1-06 Amphibolite-schist 0.5-1 39.6 ... ... 59.6 0.8
P3-1-07 Amphibolite-schist 0.4-1 39.9 ... ... 57.1 3.0
P3-1-08 Amphibolite-schist 0.1-0.2 32.7 ... ... 67.3 ...
P3-1-09 Ortho-gneiss 0.1-7 43.7 30.3 26.0 ... ...
P3-1-10 Ortho-gneiss 0.1-7 70.8 13.5 15.7 ... ...
P3-1-11 Ortho-gneiss 0.1-5 34.6 20.4 45.0 ... ...

Table 6 Results of the petrographic analyses, Project II, phase 1; rock type and mineralogical composition

Sample ID Rock type Grain size, mm Feldspar, vol.% Quartz, vol.% Mica, vol.% Amphibol, vol.% Others, vol.%

P2-1-01 Ortho-gneiss 0.5-4 70.7 17.7 10.5 ... 1.1
P2-1-02 Ortho-gneiss 0.5-4 65.4 19.1 10.9 3.5 1.1
P2-1-03 Ortho-gneiss 0.2-4 68.3 26.5 3.7 ... 1.5
P2-1-04 Ortho-gneiss 0.5-5 67.6 14.5 17.9 ... ...
P2-1-05 Ortho-gneiss 1-4 52.0 35.1 11.9 ... 1.0
P2-1-06 Ortho-gneiss 1-5 51.0 33.3 11.4 ... 4.3
P2-1-07 Ortho-gneiss 1-4 68.9 16.8 12.7 ... 1.6
P2-1-08 Ortho-gneiss 0.5-5 68.9 20.2 10.3 ... 0.5
P2-1-09 Ortho-gneiss 1-2 60.8 27.6 11.6 ... ...

Table 9 Results of the calculations of content of free
mica particles in fine fraction (0.125-0.25 mm),
Project III, phase 1

Sample ID Mica content, vol.%

P3-1-01 45.3
P3-1-02 46.6
P3-1-03 46.3
P3-1-04 23.7
P3-1-05 50.5
P3-1-06 0
P3-1-07 0
P3-1-08 1.0
P3-1-09 44.6
P3-1-10 45.4
P3-1-11 46.3

Table 10 Results of the mechanical analyses,
Project III, phase 2

Sample
ID

Density,
Mg/m3

micro-Deval,
%

Los
Angeles, %

Nordic
test, %

Flakiness
index, %

P3-2-01 2.71 10 21 15.4 14.4
P3-2-02 2.97 17 18 20.1 12.9
P3-2-03 2.70 20 22 22.6 9.3
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analyses of drill cuttings. The sampling of drill cuttings in
Project III was done during production drilling, since phases 1
and 2 were carried out simultaneously. However, the results of
the analyses of drill cuttings and the results of the geological
and the mechanical analyses of the rock samples and the
aggregates produced were well correlated. The different
approaches of sampling indicate the independence of the field
sampling technique and stress the flexibility of the drill cutting
method and its application as a field method. The utilization of
the soil/rock probing method provides an opportunity to collect
bedrock data during the planning stage of the project with the
possibility of performing a volumetric and quality estimation of
the rock mass available.

Mechanical properties of rocks are closely connected to their
geological properties (e.g., Ref 25-30). Thus, mechanical
analyses used for estimation of the quality of aggregates are
not sufficient to evaluate the usability of crushed rock. On the
contrary, advanced geological analyses do not give information
on the quality or the usability of the rock aggregate, if the
geological parameters are not interpreted into functional
characteristics. The interpretation in turn depends on the
experience and the ability of the interpreter to interconnect
the geological and the mechanical properties and to understand
the processing of different rock materials.

The results of this study point out the potential use of the
drill cutting method as a surveying tool for road and railway
constructions and for quarry establishment. This method is
easily applied even when the bedrock is covered by drift
materials (i.e., by soil/rock probing). The most desirable
advantage of the method is its timings and cost efficiency.
However, the method is also highly flexible and can be used to
support quality estimation of rock materials. The predictions of
the quality and the usability of rock materials in the current
investigation have been satisfactorily confirmed.

In an effort to further develop and calibrate the method of
drill cuttings, evaluation of rock aggregate including the phase
3 process will be continued. Furthermore, because the inves-
tigation deals with metamorphic rocks, further research within
different geological environments (i.e., igneous and sedimen-
tary rocks) is required.

5. Conclusion

The results from this work confirm the necessity of a quick
and reliable method for quality estimation of the rock materials
during the planning stage of road constructions, quarry
prospecting, etc. Using drill cuttings from introductory geo-
technical investigations for estimation of the rock materials�
mechanical properties is the most efficient method for achieving
this purpose. To turn the petrographic properties of the rocks
into an estimate of their mechanical properties, and to evaluate
their suitability as aggregates in the different parts of road
construction, demands experience of the interpreters.
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Method for Estimation of Free Mica Particles in Aggregate Fine
Fraction by Image Analysis of Grain Mounts, J. Mater. Eng. Perform.,
2008, 17(2), p 250–253

19. Tests for Mechanical and Physical Properties of Aggregates – Part 1:
Determination of the Resistance to Wear (micro-Deval), EN 1097-
1:1996, European Committee for Standardization, 1996

20. Test for Mechanical and Physical Properties of Aggregates – Part 2:
Methods for the Determination of Resistance to Fragmentation, EN
1097-2:1998, European Committee for Standardization, 1998

21. Test for Mechanical and Physical Properties of Aggregates – Part 6:
Determination of Particle Density and Water Absorption, EN 1097-
6:2000, European Committee for Standardization, 2000

22. Test for Mechanical and Physical Properties of Aggregates – Part 9:
Determination of the Resistance to Wear by Abrasion from Studded

Journal of Materials Engineering and Performance Volume 18(3) April 2009—303



Tyres – Nordic Test, EN 1097-9:1998, European Committee for
Standardization, 1998

23. Tests for Geometrical Properties of Aggregate – Part 3: Determination
of Particle Shape – Flakiness Index, EN 933-3:1997, European
Committee for Standardization, 1997

24. A. Streckeisen, To Each Plutonic Rock Its Proper Name, Earth Sci.
Rev., 1976, 12(1), p 1–33

25. B. Brattli, The Influence of Geological Factors on the Mechanical
Properties of Basic Igneous Rocks Used as Road Surface Aggregates,
Eng. Geol., 1992, 33(1), p 31–44
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27. U. Åkesson, J.E. Lindqvist, M. Göransson, and J. Stigh, Relationship
Between Texture and Mechanical Properties of Granites, Central
Sweden, by Use of Image-Analysing Techniques, Bull. Eng. Geol.
Environ., 2001, 60(4), p 277–284
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Abstract  
 
Mechanical and technical properties of rock materials are crucial factors affecting usability of 
rock aggregates in the construction industry. There is an increase each year in the number of 
publications focussing on mechanical/technical properties of rock materials. This includes 
research papers as well as case studies and discussions. However, only a fraction of them deals 
with mechanical/technical and petrographic properties together. Emphasis in the present 
literature review was placed on the research papers discussing the specific petrographic 
parameters and their influences on mechanical/technical properties of rock materials. 
Mineralogical composition, micro-cracks, porosity, grain size, grain shape, and the degree of 
foliation are the most important parameters influencing the mechanical and technical properties 
of igneous, metamorphic, and/or sedimentary rocks. 
 
Keywords: rock type, aggregates, petrographic properties, mechanical properties, technical 
properties, rock fabric 
 
Introduction 
 
The quality of rock materials used as aggregates is one of the primary variables concerning the 
costs for maintenance and the durability of road constructions and also an important factor 
associated with environmental impact (e.g., Ref 1-3). In infrastructure construction nowadays, 
more emphasis is placed on economical efficiency, protection of the environment and the 
sustainable use of resources. Rock material is a non-renewable natural resource and therefore 
calls for rational use. Besides meeting the above requisites aggregates must also meet the 
constructional requirements. Hence, the appropriate choice of rock material is essential for the 
production of aggregates for optimum use in infrastructure constructions, e.g., roads, railways, 
and bridges. 
 
The knowledge of the intrinsic properties of rock types (Ref 4-6) is important, not only for the 
construction industry, but for the processing of aggregates such as drilling, blasting, and 
crushing. The rock aggregates quality is affected by the many different steps in the production of 
aggregates, together or severally (e.g., Ref 1, 7-21). For instance, blast-induced micro-cracks 
(e.g., Ref 22-24), the ability of free mica particles to enrich in crushed aggregates fine fractions 
(e.g., Ref 25-32), and crushed aggregates particle shape (e.g., Ref 7, 10, 18, 20, 21, 33, 34) are 
factors strongly impacting the technical and functional properties of the aggregate products.  
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The selection and preparation of samples or test specimens and experimental factors like non-
standardized testing equipment are also of great importance for the results from the tested 
properties (e.g., Ref 7, 11, 20, 35, 36). Samples and test specimens have to be representative for 
all rock body, reflecting its main structural, mineralogical, and textural characteristics as 
described in e.g., Ref 37-43. The rigidity of the test apparatus and the character of the substrate 
may cause inconsistency into test results (e.g., Ref 7). 
 
The purpose of the current study was to summarize the state of the literature concerning the 
petrographic properties of rock materials and their influences on the mechanical and technical 
properties. The focus of this work was placed on crucial research results rather than on a 
comprehensive overview. The mechanical and technical properties are discussed separately due 
to the functional testing of hard rock and rock aggregates. 
 
Mechanical properties 
 
The main petrographic factors affecting mechanical properties (tensile and uniaxial compressive 
strengths) are regarded as the mineralogical composition, the occurrence of micro-cracks and 
pore voids, and the grain size and grain shape of individual minerals (e.g., Ref 44-51).  
 
The mineralogical composition of rocks reflects the proportion of rock forming minerals such as 
quartz, feldspars, micas, amphiboles, pyroxenes, calcite, and/or clay minerals. The influence of 
quartz content on rock strength properties is generally explained by quartz hardness, low 
cleavage and morphology of quartz grains (Ref 45, 49, 52). Tu rul and Zarif (Ref 45) and 
Goodman (Ref 49) explained the relationship between increasing strength properties and 
increasing quartz content by quartz anhedral (allotriomorphic) grain shape. Anhedral grains are 
able to fill the space between euhedral (idiomorphic) grains and decrease rock porosity which 
increases strength (Ref 45, 49). Increasing content of quartz causes higher degree of interlocking 
between individual quartz grains which in turn increases strength (Ref 52). Quartz-rich matrix 
increases the strength in the case of sedimentary rocks (Ref 53, 54). The highest strength 
observed in sediments cemented by opal-rich matrix is mainly associated with high compactness 
and low amount of discontinuities in matrix (Ref 54).  
 
Feldspar content mainly affects the strength properties due to felspars’ very good cleavage that 
increases brittleness (Ref 49). Feldspar grains are associated with micro-cracks (fissures) 
occuring as inter-granular micro-cracks which decrease strength properties (Ref 49, 55, 56). This 
correlation is typical only for unaltered rocks. Feldspar grains affected by alteration 
(sericitisation) are less brittle since there is a lower degree of micro-cracking. This causes them 
to have better resistance to brittle deformation, thus increasing their strength (Ref 57).  
 
Amphibole and pyroxene are both mafic minerals belonging to the inosilicate subgroup. 
However, their influences on strength properties are completely differing. Increase in the 
strength of rocks is commonly associated with higher pyroxene content and lower amphibole 
content. (Ref 58). The different effects of amphibole and pyroxene are explained by minerals 
habitus. Most of the amphiboles exhibit a long, prismatic and sometimes fibrous form, while 
pyroxene forms short prismatic habitus. A higher content of fibrous minerals increases rock 
flakiness and brittleness, thus decreasing the rock strength (Ref 55, 58). 
 
The effect of mica is well-visible in the case of mica-rich metamorphic rocks in which the mica 
particles accumulate and form mica-rich bands. Mica preferentially forms flaky particles which 
in metamorphic rock types are arranged parallel to each other (Ref 59). Rocks exhibit the lowest 
strength in the direction parallel to the foliation whilst in the direction perpendicular to the 
foliation they exhibit the highest strength. This strength anisotropy becomes more obvious with  
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increasing mica content. In contrast, mica has less effect on samples with homogeneous 
dispersion of mica particles where isotropic behaviour is characteristic (Ref 59, 60). This 
phenomenon is typical for igneous rocks. 
 
The role of calcite is disputable. Calcite, as a main mineral of limestones, represents very weak 
material showing negative influence on the strength properties due to its good cleavage and weak 
inter-crystalline bonds (Ref 61). Marbles compared with limestones show higher strength due to 
re-crystallization and higher degree of grains interlocking. Calcite also has an ability to fill 
micro-cracks and cavities typical for rocks with amygdaloidal structure (e.g., volcanites). In this 
case calcite-filled micro-cracks increase the strength properties of rocks (Ref 61, 62).  
 
Clay minerals and other phyllosilicates represent the weakest components of rocks (e.g., Ref 63). 
They are formed by SiO4

4—tetrahedron and Al-octahedron, arranged in double- or triple-layers. 
The inter-layer space is filled by cations. The micro-structure of phyllosilicates affects their very 
low strength. An increase in the amount of phyllosilicates in the rocks (due to alteration) results 
in a pronounced decrease in their strengths which is demonstrated e.g., in the case of granites, 
quartzites and basalts (Ref 64, 65), diorites (Ref 58), serpentinites (Ref 63) and schists (Ref 66).  
 
The influence of phyllosilicates on strength properties is closely related to water saturation (e.g., 
Ref 67). The ability of phyllosilicates to absorb water is well-known especially in the case of 
smectites and mica minerals (Ref 25, 68-71). A small increase in the water content may lead to a 
marked reduction in strength and deformability (Ref 67, 72). The effect of increasing water 
content on strength reduction was explained by fracture energy reduction, capillary tension 
decrease, pore pressure increase, frictional reduction, and chemical and corrosive deterioration 
(Ref 73). 
 
Micro-cracks and connective (micro-) porosity are important parameters when considering the 
weakening of rocks. The finer pores contain water that is bounded tightly to the material and so 
the contribution of the finer pores to decrease in strength is limited. Pores coarser than100 m 
and open cracks increase the content of water and thus decrease the strength properties of rocks. 
Pre-existing micro-cracks and connective porosity are the initial positions of newly formed 
cracks propagating due to laboratory stress strain of rock materials (Ref 72, 74-76). Dwivedi et 
al. (Ref 74) established the dependence of intensity of micro-cracking on uniaxial compressive 
strength of granitic rocks. The propagation of laboratory induced micro-cracks strongly affected 
the decrease in strength properties. 
 
The influence of micro-cracks and porosity on strength properties is commonly associated with 
the influence of grain size (e.g., Ref 49, 50). Bagde (Ref 50) found negative correlation between 
uniaxial compressive strength and porosity in the case of various metamorphic rocks (schists, 
gneisses and amphibolites). Similar dependence between increasing strength and decreasing 
porosity combined with decreasing grain size was documented in the case of granitoids (Ref 45, 
51, 77, 78), sedimentary rocks (e.g., sandstones and greywackes, Ref 53, 79, 80), and 
metamorphic rocks (e.g., orthogneisses and marbles, Ref 44, 51, 81).  
 
The combination of grain size and micro-cracks and its effect on strength was explained by 
Eberhardt et al. (Ref 82) and by Yilmaz et al. (Ref 56). The maximum grain size was found 
significantly controlling the propagation of grain boundaries and pre-existing inter-granular 
micro-cracks. Thus, the strength decrease is affected by increasing grain size that allows for 
propagation of micro-cracks. Comparable results were achieved by Vasconcelos et al. (Ref 53), 
who investigated preferential propagation of pre-existing micro-cracks along clast/matrix 
boundaries in sedimentary rocks. It confirms that the clast/matrix boundaries and clast/clast 
boundaries are the weakest parts of rocks. 
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Grain size together with grain shape, shape of grain boundaries, and foliation were investigated 
by Howarth and Rowlands (Ref 47, 48), who included all factors mentioned into the “texture 
coefficient”. The highest texture coefficient means the highest degree of interlocking of 
individual grains. Thus, the highest texture coefficients are displayed for igneous intrusive rock 
types showing a decreasing trend towards igneous effusive, metamorphic, and finally 
sedimentary rocks.  
 
The same coefficient was applied by Azzoni et al. (Ref 83) and Ersoy and Waller (Ref 62) on 
various rock types including igneous, metamorphic, and sedimentary rocks from Australia and 
Italy. The texture coefficient was compared with the uniaxial compressive strength of rock 
samples. This confirmed that rocks with the highest degree of interlocking show the highest 
uniaxial compressive stress (Ref 48, 62). This can easily be explained by weak bonds between 
matrix and grains in sedimentary rocks which decrease the texture coefficient and decrease the 
strength. Plutonic rocks on the other hand are strongly interlocked with strong bonds between 
individual crystals and so their strength properties are very high (Ref 62, 84, 85). 
 
The study of the texture coefficient (Ref 47, 48) was somewhat criticised by Azzoni et al. (Ref 
83), who pointed out some inaccuracies within individual groups of rocks; e.g., marbles showed 
lower texture coefficient (lower degree of grain interlocking) than gneisses. This scepticism 
decreased the correlation factor between the texture coefficient and the uniaxial compressive 
strength. Thus, the texture coefficient was assessed to be partly unsatisfactory (Ref 83). 
 
The foliation means planar structure in rocks mainly originating due to preferred orientation of 
pre-existing minerals, by minerals segregation into banding, and/or by preferential growth of 
newly formed minerals. Foliation causes anisotropic behaviour of rocks (e.g., Ref 59, 86). 
Shape-preferred orientation may form planes of weakness in a structure. Lower strength 
properties in the direction parallel to foliation and higher strength in the direction perpendicular 
to foliation was documented in the case of 18 different samples comprising meta-greywacke, 
hornblende schist, slate, gneiss, phyllite, hornfels, and amphibolite (Ref 9, 59). Additionally, 
significant relationship was found between increasing water-saturation and increasing strength 
anisotropy index (Ref 59).  
 
Technical properties 
 
This section deals with the definitions used in the European Standards for test methods for 
aggregates (Ref 87-89). All properties measured using the Los Angeles test are identified as 
resistance to fragmentation while properties measured with the studded tyre test are identified as 
resistance to wear by abrasion from studded tyres. Properties named as impact value or 
brittleness are identified as resistance to fragmentation by impact whilst properties named as 
abrasion, wear etc. are identified as resistance to wear. These properties are the dominating 
functional characteristics of rock aggregates tested.  
 
An investigation of coarse aggregates consisting of granitoid rocks (Ref 90) established that the 
resistance to wear is dependent on the content of quartz and feldspar. An increase in quartz 
content causes an increase in the resistance to wear due to the hardness of the minerals. The 
hardness of quartz and its influence on wear characteristics is also manifested in Ref 91.  
 
The content of feldspar also affects the resistance to fragmentation by impact (Ref 55, 90). 
Increasing content of feldspar influences negatively on the resistance to fragmentation by impact 
(Ref 90) and the variations in content of feldspar have a stronger effect on the resistance to 
fragmentation by impact than on the wearing properties. This was explained as a consequence of  
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the feldspars weak bonding along the cleavage planes, which has a greater negative effect on the 
resistance to fragmentation than on the resistance to wear (Ref 55). 
 
For igneous granitoid rocks where mica minerals are uniformly dispersed, it is shown that an 
increasing content of mica (to about 35 vol.%) has a positive influence on the resistance to 
fragmentation by impact (Ref 90). In the investigation by Ref 55 it was assumed that the 
increasing content of mica minerals has a stronger negative effect on the resistance to wear than 
on the resistance to fragmentation by impact. 
 
A study performed by Brattli (Ref 55) showed that an increase in the amount of amphibole, 
which in this case is an alteration product of pyroxene, results in a negative influence on the 
resistance to fragmentation by impact, resistance to wear and resistance to wear by abrasion of 
studded tyres. The samples varied from non-metamorphosed to extremely metamorphosed mafic 
rock types in a complete gradation. 
 
It is shown that an increase in the content of secondary minerals and alteration products causes 
reduced resistance to fragmentation, resistance to fragmentation by impact, and resistance to 
wear (Ref 58).  
 
In an area where granites are dominant, the technical properties of hybridised and non-hybridised 
rocks are mainly affected by mineralogical composition and texture (Ref 92). Locally the 
bedrock is hybridised by means of both mafic and felsic melts are included. The author stated 
that the hybridised rocks tend to show better technical properties than the hornblende granites 
due to abundance of fine-grained matrix minerals (hornblende), uniform spatial dispersion of 
hornblende crystals, low standard deviation of the grain size distribution of hornblende, and 
intense intergrowth texture with interlocking grain boundaries. He showed that the anhedral 
rapidly crystallised fine-grained hornblende is intergrown with surrounding grains, which results 
in a texture with higher resistance to breakage. Increasing number of fine-grained ( 1 mm) 
hornblende influenced positively on the resistance to fragmentation and on the resistance to wear 
by abrasion from studded tyres. 
 
The frequency of micro-cracks and its influence on resistance to wear by abrasion from studded 
tyres and flakiness was confirmed in the case of igneous and metamorphic rocks (Ref 90). The 
authors summarized that the frequency of micro-cracks influences positively on the flakiness but 
negatively on the resistance to wear by abrasion from studded tyres. A relationship between the 
occurrence of discontinuities such as micro-cracks and resistance to fragmentation was also 
shown by Ref 9. 
 
The grain size and the volume of pore spaces were established to be the most significant 
petrographic properties influencing the resistance to fragmentation (Ref 93). The study 
comprised felsic igneous rocks experimentally treated by sodium sulphate. Decreasing grain size 
and decreasing volume of pore space had a positive influence on the resistance to fragmentation. 
Similar results were found by Kazi and Al-Mansour (Ref 94) studying rock types of volcanic and 
plutonic origins. 
 
Considering grain size, there are unanimous results from the research performed. The technical 
properties of rock aggregates commonly improve as the grain size decreases (e.g., Ref 55, 90, 92, 
93, 95). Samples from rocks of igneous and metamorphic origins, felsic and mafic in 
composition occur in the investigations. 
 
Rock texture is of great importance in understanding the technical properties of the rock, 
documented by the case of felsic rocks dominated by granites (Ref 95). Generally, the samples  
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with the highest perimeter values showed the best resistance to fragmentation and wear by 
abrasion from studded tyres. The best correlation was detected between the perimeter and the 
resistance to fragmentation. The study also showed a relationship between the specific surface 
and the technical properties. In that case, the best correlation was given for the specific surface 
and the studded tyre test value. The results indicated the technical properties to be dependent not 
only on the grain size but also on the grain shape and the arrangement of the minerals, 
particularly concerning the resistance to fragmentation. (Ref 95). 
 
The influence of foliation (expressed by the foliation index, FIX) on the resistance to 
fragmentation was investigated on foliated and non-foliated rocks of granitic composition (Ref 
96). The study confirmed the results from a previous investigation (Ref 95), which showed that 
the perimeter is a parameter able to predict the technical properties. It is also possible to describe 
the relationship between the texture and the technical properties of foliated samples in a 
quantitative way if both the perimeter and the foliation index are taken into account (Ref 96). 
 
The influence of cataclasis on resistance to wear of granitic rocks was studied in an attempt to 
find a possible relationship between the degree of ductile deformation and the resistance to wear 
(Ref 97). With the aim to select samples with various deformations, rocks of quartzo-feldspatic 
constitution were collected from different thrust/fault zones and an undeformed felsic intrusion. 
A description between the degree of ductile deformation, expressed by quartz crystallinity index, 
and the resistance to wear, by a simple linear regression model was failed. This was suggested to 
at least partly depend on the grain size distribution in the rocks, which has a stronger impact 
upon the wear properties than the ductile deformation; causing scatter in the regression model.  
 
A similar study was carried out by Göransson et al. (Ref 98), who investigated the variation of 
bedrock quality with increasing ductile deformation of metamorphic and igneous rocks of 
granitoid, syenitoid and dioritoid composition. Generally the values for the studded tyre test 
increased with increasing deformation, i.e., the values were lower for massive rocks compared to 
the foliated varieties (Ref 86, 98). The values for resistance to fragmentation tend to exhibit an 
analogous trend. The compressive strength values for massive rock types and foliated rocks 
measured perpendicular to the foliation were comparable and higher than those measured 
parallel to the foliation. It was concluded that weakly deformed to massive rock types have better 
properties than the severely deformed ones (Ref 98). 
 
Alkali-silica reactivity (ASR), alkali-carbonate reactivity (ACR), resistance to sulphate attack 
(DEF) and/or frost resistance represent a separate group of technical parameters generally 
discussed as resistance of aggregates to aggressive environment. Their importance increases with 
respect to the use of aggregates in concrete constructions. Mineralogical composition is the 
central parameter affecting all of them (e.g., Ref 99). 
 
It is considered that the most important petrographic factors affecting the ASR potential of 
aggregates are: the presence of amorphous SiO2 (e.g., Ref 100-102), the grain size of quartz 
(e.g., Ref 103-105), and the texture of quartz-rich aggregates (e.g., Ref 106, 107). The mica and 
feldspar can release alkalis and support ASR too, but this effect has not been clearly verified 
(e.g., Ref 108, 109). Alkali-carbonate reaction and DEF are mainly affected by the presence of 
dolomite and sulphates in rocks (Ref 99, 110-112). Mica and clay minerals strongly influence 
frost resistance due to their high specific surface and ability to absorb water molecules (Ref 71). 
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Concluded remarks 
 
Four different groups of petrographic factors were found to affect strength and technical 
properties of rocks: 
* mineralogical composition and water content – important due to differences in texture of 
minerals, hardness, habitus and cleavage 
* micro-cracks and porosity – representing the weakest parts of the rocks and allowing 
propagation of newly formed micro-cracks 
* grain size and grain shape – affecting the degree of interlocking and propagation of newly 
formed discontinuities 
* foliation and macro-structure – affecting rock anisotropic behaviour 
 
The mineralogical composition and grain size have the strongest influence in the case of igneous 
rocks. With respect to metamorphic rocks, the influence of foliation, texture and macro-structure 
on strength properties increases. Grain size, pore volume, water content, and mineralogical 
composition are considered to be the most important factors affecting strength properties of 
sedimentary rocks. 
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Abstract
 
The evaluation of the mechanical properties’ dependence on petrographic variables comprised 26 
rock types divided into two groups, 17 granitoids and 9 gabbroids. The samples were analysed 
for petrographic characteristics and resistance to fragmentation, wear and wear by abrasion from 
studded tyres. To identify associations between the petrographic and mechanical properties, 
statistical correlations and linear regression were performed. The grain size, content of mica and 
frequency of micro-cracks are the main variables influencing the mechanical properties of 
granitoids. The grain size distribution and degree of foliation indicate obvious tendencies 
towards associations. In the case of gabbroid rock types, the mechanical properties generally 
respond to the mica content and frequency of micro-cracks. 
 
The increasing need for knowledge concerning the performance of rock materials used as 
aggregates initiated an attempt to apply the results obtained to the upcoming development of a 
tool for estimation of mechanical properties using petrographic parameters as input. 
 
Keywords: petrographic properties, mechanical properties, rock aggregate, granitoids, 
gabbroids, intrusive rocks 
 
1 Introduction 
 
The worldwide growing infrastructure needs to be developed for an ecologically sustainable 
society. The balance between environmental protection and the need for infrastructure is 
particularly complex and susceptible. The important constituents of the infrastructure, i.e. roads 
and railways, mostly consist of rock materials such as sand, gravel and crushed rock aggregates 
(e.g. Primel and Tourenq, 2000; Smith and Collis, 2001). 
 
Rock materials have to meet the constructional, economic and environmental requirements that 
assume knowledge regarding their mechanical properties. This knowledge will ensure 
sustainable usage of natural resources, rational extraction of hard rock and material balance (e.g. 
Primel and Tourenq, 2000; Smith and Collis, 2001). The understanding of petrographic and 
mechanical properties of rock materials and the relationships between these properties also play 
an important role concerning rock mechanics, mining and tunnelling (e.g. Heiniö, 1999; 
Johansson et al., 2009). In an effort to reach a rational level of rock material exploitation, it is  
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desirable that the matters of extraction should be based on genuine knowledge of different rock 
materials and their mechanical properties. 
 
The certification (CE marking) of rock aggregates increases due to the free commerce in Europe. 
Its importance for future more advanced characterizations of rock products will be the guidance 
for contractors, clients, geology consultants and researchers dealing with the behaviour of rock 
materials. This indicates an increasing necessity for detailed investigations of petrographic and 
mechanical properties. 
 
The demands for geological information required by the authorities occur sparsely and can be 
summarized as a simplified petrographic description including the name of the rock type and the 
mineralogical composition (e.g. European Committee for Standardization, 1996a). Such 
information is often used as a description of the product without connection to the mechanical 
properties and technical suitability. This level of knowledge is not adequate to reach a 
sustainable exploitation of rock materials and the next generations’ requirements. The future 
development assumes a systematically and relevantly built-up reference source, focusing on 
technological knowledge of rock materials. 
 
The purpose of the present study is to improve the knowledge concerning petrographic 
characteristics of igneous and metamorphic rocks and their influences on mechanical properties 
and to increase the understanding of the performance of rock materials used as aggregates. An 
upcoming intention is to develop a tool for estimation of aggregates’ mechanical properties using 
petrographic parameters as basic information. 
 
2 Methods 
 
In order to evaluate relationships between the petrographic parameters and mechanical properties 
of common igneous and metamorphic rocks used as aggregates the following methods were 
applied. 
 
2.1 Materials and sampling 
The representative rocks samples were selected partly concerning the most frequent rock types 
used in road and railway constructions within the region of the Baltic Shield, partly regarding the 
petrographic parameters that according to the literature (e.g. Brattli, 1992; 1994; Goswami, 
1984; Göransson et al. 2004: Kazi and Al-Mansour, 1980; Lindqvist et al., 2007); Miškovský, et 
al. 2004; Persson and Göransson, 2005; Räisänen, 2004; Räisänen and Torppa, 2005; Åkesson et 
al. 2001; 2003) and practical experience influence the mechanical properties of rock aggregates. 
The sample suite, represented by 26 rock types, consists of: 
1. Granitoid igneous intrusive rock types and their metamorphic varieties, 17 rock types 
2. Gabbroid igneous intrusive rock types and their metamorphic varieties, 9 rock types 
The sampling was performed from blasted rock segments, which in turn were laboratory crushed, 
reduced and sieved as stated by standard laboratory routines (e.g. European Committee for 
Standardization, 1997; 1999). 
 
2.2 Microscopic techniques 
From each of the collected samples thin sections were prepared and the rock types were analysed 
using polarization microscopy and the point-count method (Chayes, 1956; Gillespie and Styles, 
1999; Glagolev, 1931; Hallsworth and Knox, 1999; Nesse, 2004; Robertson, 1999; Sims and 
Nixon, 2003). Furthermore, the samples were investigated by semi-automatic petrographic image 
analysing technique (Lukschová et al., 2009; P ikryl, 2001; Sigmaplot, 2011). The central 
parameters examined were the degree of foliation, texture (grain size, grain size distribution, 
frequency of micro-cracks) and mineralogical composition. 
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The grain size distribution was graded in a range from even-grained, some uneven-grained to 
uneven-grained. The degree of crystallisation was added as a supplement to the description. The 
degree of foliation was ranked into three groups: massive to weakly foliated, foliated and 
strongly foliated. In context with the statistical performance, the groups were given numerical 
values (i.e. 1, 2 and 3). 
 
The grain size was analysed in terms of two approaches: the measured size in an interval 
(millimetres) and the number of counted grains per 30 millimetres (modified after the method of 
Chayes, 1956). Regarding foliated rock types, the counting was carried out along two 
perpendicularly orientated lines and the number of grains was calculated as a mean value of the 
measurements. The counted values were used for the statistical evaluation and the interval values 
are included to clarify the rock description. 
 
To emphasise the main minerals affecting the mechanical properties of rock materials, the 
mineralogical composition presented is somewhat generalised. The feldspar content includes K-
feldspars and plagioclases as both groups exhibit comparable physical properties. The pyroxene 
content comprises pyroxene minerals such as augite and diopside. The content of mica is 
represented by the common sheet minerals biotite, muscovite and chlorite. Chlorite is included 
due to its similar behaviour to mica minerals.  
 
2.3 Mechanical methods 
Standard methods for mechanical analyses of rock aggregates preferentially used in Europe and 
corresponding national standards measure functional properties rather than properties of rock 
mechanics. The mechanical properties analysed were resistance to fragmentation, wear and wear 
by abrasion from studded tyres. In the case of resistance to fragmentation two methods were 
used; the Los Angeles method and a Swedish modification of the European standard EN 1097-
2:1998 “Determination of resistance to fragmentation by the impact test method” (European 
Committee for Standardization, 1998a; the Swedish Transport Administration, 2001). The 
resistance to fragmentation by the Los Angeles method and the resistance to wear were analysed 
on two different fractions (10/14 and 31.5/50 millimetres), as the applications and requirements 
of aggregates in roads versus railways may differ in the view of grain size fractions. The 
properties for fragmentation and wear are expressed by the Impact, the Los Angeles and the 
micro-Deval value respectively. The Studded tyre test (STT) value defines the resistance to wear 
by abrasion from studded tyres. Due to the temperate climate and use of studded tyres, this 
method is regularly applied in the Nordic countries. The analyses were performed in accordance 
with standard test methods (European Committee for Standardization, 1996b; 1998a; 1998b; the 
Swedish Transport Administration, 2001). 
 
2.4 Statistical evaluation 
The results of the petrographic and mechanical analyses were evaluated statistically partly using 
the correlation approaches of Spearman (e.g. Corder and Foreman, 2009) and Pearson (e.g. 
Montgomery et al., 2006), partly by linear regression analyses (e.g. Montgomery et al., 2006). 
The 95% confidence interval and the significance level alpha=0.05 were applied. The correlation 
tests of grain size distribution and degree of foliation were performed according to the Spearman 
rank correlation as the properties are not quantitatively measured, merely subjectively estimated 
and ranked. It is not possible to interpret the differences and/or quotients between the values. For 
the same reason these properties are not analysed for linear regression, but only explained with 
the results from the correlation tests (correlation coefficient and p-value) and explicated as 
scatter plots against the mechanical properties. The method of Pearson was used for correlation 
of the other petrographic parameters.  
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3 Results 
 
3.1 Petrographic analyses 
The main results from the petrographic analyses are summarized in Tables 1-3. The image in 
Fig. 1 shows examples of some textural properties. The mineralogical composition is expressed 
in volume percent (vol.%). 
 
Table 1 The investigated rock types, degree of foliation and frequency of micro-cracks 
Sample-ID Rock type Degree of foliation Frequency of micro-cracks 
 (mm/mm2)
Granitoids 
005 Granite massive 0.2 
010 Granite massive 0.1 
012 Granite massive 0.8 
013 Granite massive 0.5 
036 Granite massive 2.1 
043 Granite massive 1.5 
042 Aplitic granite massive 1.8 
024 Aplite massive 2.0 
002 Granodiorite massive 0.3 
018 Granodiorite massive 1.2 
008 Meta-granite (ortho-gneiss) foliated 0.2 
014 Meta-granite (ortho-gneiss) foliated 0.4 
015 Meta-granodiorite (ortho-gneiss) foliated 1.3 
016 Meta-granodiorite (ortho-gneiss) foliated 1.1 
021 Meta-granodiorite (ortho-gneiss) strongly foliated 0.7 
007 Meta-tonalite (ortho-gneiss) strongly foliated 0.4 
027 Quartz porphyry massive 0.0 
Gabbroids 
001 Gabbro massive 2.0 
039 Anorthositic gabbro massive 9.2 
003 Diabase massive 2.2 
004 Olivine-diabase massive 1.8 
011 Olivine-diabase massive 1.7 
038 Olivine-diabase massive 7.1 
006 Meta-gabbro foliated 0.3 
025 Meta-gabbro massive-weakly foliated 0.4 
031 Meta-gabbro massive-weakly foliated 1.8 
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Table 2 The grain size, grain size distribution and degree of crystallisation 
Sample-ID Grain size Grain size distribution Degree of crystallisation 
 (mm) ( /30 mm)
Granitoids 
005 0.2-3 86 uneven-grained holocrystalline 
010 0.5-1 98 even-grained holocrystalline 
012 0.7-5 44 uneven-grained holocrystalline 
013 1-4 25 uneven-grained holocrystalline 
036 0.4-80 1 uneven-grained holocrystalline 
043 0.4 114 even-grained holocrystalline 
042 0.3 115 even-grained holocrystalline 
024 0.2-0.3 160 even-grained fluidal 
002 0.5-2 98 some uneven-grained holocrystalline 
018 0.4-2 95 some uneven-grained holocrystalline 
008 0.2-1 163 even-grained blastogranitic 
014 0.3-5 33 uneven-grained blastoporphyric 
015 0.2-3.5 113 uneven-grained blastogranitic 
016 0.2-3.5 95 uneven-grained blastoporphyric 
021 0.4-4 46 uneven-grained blastogranitic 
007 0.5-6 137 uneven-grained blastoporphyric 
027 - - porphyric hemicrystalline 
Gabbroids 
001 0.3-4 79 uneven-grained ophitic 
039 2-12 10 uneven-grained fluidal 
003 0.4-1.5 133 even-grained ophitic 
004 0.3-1.2 148 even-grained ophitic 
011 0.5-1.5 89 even-grained ophitic 
038 1-7 26 uneven-grained ophitic 
006 0.1-2.5 25 uneven-grained blasto-ophitic 
025 0.5-1.5 96 some uneven-grained blastogranitic 
031 0.3-1.5 112 some uneven-grained blasto-ophitic 
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Table 3 The mineralogical composition (vol.%)* 
Sample-ID Fsp Qtz Mc Px Amph Ol Ct Opq Oth 
Granitoids 
005 64.3 32.7 2.1 - - - 0.5 0.4 - 
010 69.6 22.0 8.1 - - - - - 0.3 
012 59.0 32.6 8.2 - - - 0.2 - - 
013 59.7 29.1 9.6 - - - - - 1.6 
036 70.2 17.0 10.8 - 1.3 - 0.2 0.3 0.2 
043 69.7 26.9 3.1 - - - - - 0.3 
042 59.9 29.1 11.0 - - - - - - 
024 59.9 37.1 3.0 - - - - - - 
002 75.7 22.2 2.1 - - - - - - 
018 58.2 31.9 5.1 - 4.8 - - - - 
008 50.1 36.5 13.1 - - - - 0.3 - 
014 55.6 25.5 18.2 - - - - 0.7 - 
015 45.9 34.9 18.6 - - - - 0.6 - 
016 38.4 43.4 17.0 - - - - 1.2 - 
021 36.6 42.6 20.8 - - - - - - 
007 46.9 20.5 29.5 - 0.3 - - - 2.8 
027 15.8 70.6 8.2 - - - - - 5.4 
Gabbroids 
001 57.9 - 5.0 25.6 - 11.5 - - - 
039 84.6 - 0.5 8.1 - 6.6 0.1 - 0.1 
003 67.2 - 0.9 20.6 - 7.8 - 3.5 - 
004 60.5 - 1.4 19.1 0.6 12.4 - 6.0 - 
011 62.2 - 3.1 11.0 - 20.4 - 3.3 - 
038 54.4 - 0.9 21.3 - 17.8 - 5.6 - 
006 33.0 6.9 13.3 8.0 37.4 - - - 1.4 
025 48.5 - 6.0 26.0 12.5 - - 7.0 - 
031 69.1 - 10.7 8.5 10.3 - - 1.4 - 
* Fsp=feldspar; Qtz=quar-tz; Mc=mica; Px=pyroxene; Amph=amphibole; Ol=olivine; Ct=calcite; Opq=opaque; 
Oth=others 
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Fig. 1 a) fine-grained granite, b) coarse-grained granite, c) even-grained granite, d) uneven-

grained meta-granodiorite, e) massive gabbro, f) strongly foliated meta-tonalite, 
g) micro-cracks in pyroxene and olivine, h) micro-cracks in feldspar 
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3.2 Mechanical analyses 
The results from the mechanical tests are given in Table 4. The values are all expressed in weight 
percent (wt%). 
 
Table 4 The mechanical properties (wt%)* 
Sample-ID LARB LA MDERB MDE AN SZ
Granitoids 
005 11 20 3 4 9.7 49 
010 - 26 5 6 11.1 48 
012 12 24 5 7 12.9 49 
013 17 39 7 11 19.2 66 
036 34 37 15 13 21.8 53 
043 17 24 4 5 8.9 48 
042 21 24 6 7 10.1 44 
024 13 19 3 5 7.6 38 
002 13 23 4 5 12.0 62 
018 17 21 - 6 9.8 35 
008 - 21 5 6 10.1 47 
014 - 30 9 9 14.7 50 
015 17 24 - 9 12.6 40 
016 17 25 - 12 13.7 53 
021 19 37 16 18 24.7 51 
007 - 22 11 14 18.7 42 
027 16 17 4 2 5.6 41 
Gabbroids 
001 9 15 9 9 13.1 35 
039 16 22 9 11 16.8 50 
003 11 22 9 10 15.2 48 
004 9 17 7 8 12.3 49 
011 10 19 8 10 13.5 41 
038 19 24 11 10 14.6 45 
006 7 15 8 8 11.5 40 
025 11 16 6 7 9.8 34 
031 12 15 6 7 9.2 30 
* LARB=Los Angeles value, fraction 31.5/50 mm; LA=Los Angeles value, fraction 10/14 mm; MDERB=micro-Deval 
value, fraction 31.5/50 mm; MDE=micro-Deval value, fraction 10/14 mm; AN=studded tyre test value, fraction 
11.2/16 mm; SZ=impact value, fraction 11.2/16 mm 
 
3.3 Correlation analyses 
The statistical correlation tests are presented in Tables 5-6. Values in bold are different from 0 
with a significance level alpha=0.05. 
 
Table 5 The Spearman correlation tests of the mechanical properties and grain size distribution 

and degree of foliation* 
Property LARB LA MDERB MDE AN SZ 
 r p r p r p r p r p r p 
Granitoids n=17 
Grain size distribution 0.147 0.628 0.506 0.040 0.589 0.029 0.704 0.002 0.768 0.0005 0.471 0.058 
Degree of foliation 0.322 0.279 0.195 0.450 0.592 0.028 0.633 0.007 0.515 0.036 0.011 0.967 
Gabbroids n=9 
Grain size distribution 0.162 0.678 -0.132 0.744 0.434 0.250 0.133 0.744 0.080 0.843 -0.116 0.776 
Degree of foliation -0.552 0.121 -0.420 0.250 -0.070 0.843 -0.211 0.581 -0.274 0.463 -0.137 0.708 
* LARB=Los Angeles value, fraction 31.5/50 mm; LA=Los Angeles value, fraction 10/14 mm; MDERB=micro-Deval 
value, fraction 31.5/50 mm; MDE=micro-Deval value, fraction 10/14 mm; AN=studded tyre test value, fraction 
11.2/16 mm; SZ=impact value, fraction 11.2/16 mm; r=Spearman’s rank correlation coefficient; p=p-value; 
n=number of samples 
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Table 6 The Pearson correlation tests of the mechanical properties and textural properties and 
mineralogical composition* 

Property LARB LA MDERB MDE AN SZ 
 r p r p r p r p r p r p 
Granitoids n=17 
Mica 0.361 0.226 0.280 0.276 0.704 0.005 0.753 0.0005 0.592 0.012 -0.088 0.736 
Quartz -0.309 0.304 -0.344 0.176 -0.221 0.447 -0.239 0.355 -0.358 0.158 -0.289 0.261 
Feldspar 0.089 0.773 0.165 0.528 -0.176 0.548 -0.174 0.503 0.006 0.981 0.332 0.207 
Grain size -0.512 0.089 -0.810 0.0001 -0.544 0.055 -0.437 0.091 -0.651 0.006 -0.554 0.026 
Micro-cracks 0.556 0.049 0.141 0.590 0.189 0.519 0.160 0.541 0.061 0.815 -0.261 0.312 
Gabbroids n=9 
Mica -0.520 0.151 -0.765 0.016 -0.505 0.166 -0.696 0.037 -0.745 0.021 -0.714 0.031 
Pyroxene 0.021 0.958 0.032 0.935 0.140 0.720 -0.120 0.759 -0.041 0.917 -0.072 0.854 
Feldspar 0.461 0.212 0.442 0.233 0.094 0.809 0.504 0.166 0.503 0.168 0.332 0.383 
Olivine 0.279 0.467 0.516 0.155 0.586 0.097 0.618 0.076 0.535 0.138 0.427 0.252 
Grain size -0.453 0.221 -0.293 0.444 -0.537 0.136 -0.419 0.262 -0.375 0.320 -0.117 0.765 
Micro-cracks 0.863 0.003 0.762 0.017 0.645 0.061 0.723 0.028 0.741 0.022 0.548 0.126 
* LARB=Los Angeles value, fraction 31.5/50 mm; LA=Los Angeles value, fraction 10/14 mm; MDERB=micro-Deval 
value, fraction 31.5/50 mm; MDE=micro-Deval value, fraction 10/14 mm; AN=studded tyre test value, fraction 
11.2/16 mm; SZ=impact value, fraction 11.2/16 mm; r=Pearson’s correlation coefficient; p=p-value; n=number of 
samples 
 
4 Evaluation and discussion 
 
The functional properties of the methods used for testing of aggregates are not fully explored. 
However, some generally premises can be explicated. Resistance to fragmentation by means of 
the values for LARB, LA and SZ corresponds to impact strength and thus, the intrinsic brittleness 
of the rock. The ability to resist mechanical abrasion is comparable with resistance to wear by 
means of the values for MDERB and MDE and it is strongly connected to hardness. The resistance 
to wear by abrasion of studded tyres by means of the AN value can be explained as a method 
measuring a combination of impact strength and mechanical abrasion. A common feature of all 
mechanical methods presented is the interpretation of the results; the lower values, the better 
mechanical properties (quality of the rock materials). 
 
A decreasing grain size has a positive effect upon the Los Angeles value, 10/14 mm, the Studded 
tyre test value and the Impact value (Tables 2, 4, 6; Fig. 2). On the other hand, only a weak 
positive trend concerning the influence of diminishing grain size on the other mechanical 
properties was obtained (Tables 2, 4, 6). Probably, this can be partially explained by the fact that 
both the micro-Deval values measure wearing and grain size seem to be less susceptible to wear 
than to fragmentation. Nevertheless, the Los Angeles value tested on fraction 31.5/50 mm shows 
no associations to the variations of grain size. The influence of grain size on mechanical 
properties has been thoroughly investigated by several authors (e.g. Brattli; 1992; Goswami, 
1984; Kazi and Al-Mansour, 1980; Åkesson et al. 2001) and the results are unanimous; the 
resistance to fragmentation commonly improves as the grain size decreases. 
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Fig. 2 The Los Angeles value, 10/14 mm (LA), the Studded tyre test value (AN) and the Impact 

value (SZ) plotted against grain size for granitoid rock types 
 
The content of mica in granitoids correlates acceptably with the micro-Deval values and with the 
Studded tyre test value (Tables 3, 4, 6; Fig. 3). Increasing mica content shows a negative effect 
upon the resistance to wear and wear by abrasion from studded tyres. However, mica content 
does not indicate any influence on the Los Angeles values and the Impact value (Tables 3, 4, 6). 
A study by Miškovský et al. (2004) established the opposite relation between the mica content of 
granitoid rocks and the Impact value; a rising content of mica improves the resistance to 
fragmentation by impact. The present study and the one by Miškovský et al. are comparable. The 
greatest dissimilarity appears in the case of foliation as the investigation by Miškovský et al. is 
assumed to comprise rock samples with a lower degree of foliation.  
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Fig. 3 The micro-Deval value, 31.5/50 mm (MDERB), the micro-Deval value, 10/14 mm (MDE) 

and the Studded tyre test value (AN) plotted against mica content for granitoid rock 
types 

 
The content of quartz (in granitoids) exhibits a positive trend for all the mechanical properties 
analysed; increasing quartz content results in lower values (Tables 3, 4, 6). As the characteristics 
of quartz minerals include both high hardness and low cleavage, the tendency obtained was taken 
into account. However, the analytical results attain too weak associations to establish the results. 
The contents of quartz are narrowly accumulated and the homogenous input may be one crucial 
contribution causing failure in the correlation and regression analyses. 
 
Due to the cleavage of the feldspars it was assumed that the content of feldspar would play an 
important role regarding the mechanical properties measuring fragmentation of granitoid rocks. 
A deterioration of the resistance to fragmentation in connection with increasing feldspar content 
was expected. However, the results show no relationships between the properties (Table 6). The 
previous study by Miškovský et al. (2004) stated the assumption that the Impact value is 
negatively influenced by increasing content of feldspar. Investigating mafic igneous rocks, 
Brattli (1992) found that the variations in feldspar content have a stronger effect upon the 
fragmentation than upon the wearing properties. It was explained as a consequence of weakness 
along the feldspars’ cleavage planes.  
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Despite the expectation that every test method measuring resistance to fragmentation should be 
influenced by the frequency of micro-cracks of granitoid rocks, the Los Angeles test of fraction 
31.5/50 mm was the only method corresponding to the variable (Tables 1, 4, 6; Fig. 4). The Los 
Angeles value gradually becomes higher with increasing frequency of micro-cracks.  
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Fig. 4 The Los Angeles value, 31.5/50 mm (LARB) plotted against frequency of micro-cracks 

for granitoid rock types 
 
The associations among the grain size distribution and the Los Angeles value, 10/14 mm, the 
micro-Deval values and the Studded tyre test value show that uneven-grained granitoid rocks 
obtain poorer results from the mechanical analyses than even-grained ones (Tables 2, 4, 5; Fig. 
5). The trend is similar to the granitoids’ degree of foliation, i.e. the higher degree of foliation, 
the poorer values regarding mechanical strength (Table 1, 4, 5; Fig. 6). In this case, the 
responding mechanical properties are resistance to wear and wear by abrasion from studded 
tyres.  
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Fig. 5 The Los Angeles value, 10/14 mm (LA), the micro-Deval value, 31.5/50 mm (MDERB), 

the micro-Deval value, 10/14 mm (MDE) and the Studded tyre test value (AN) plotted 
against grain size distribution for granitoid rock types 
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Fig. 6 The micro-Deval value, 31.5/50 mm (MDERB), the micro-Deval value, 10/14 mm (MDE) 

and the Studded tyre test value (AN) plotted against degree of foliation for granitoid 
rock types 

 
Correlations among mica content of gabbroids and the Los Angeles value, 10/14 mm, the micro-
Deval value, 10/14 mm, the Studded tyre test values and the Impact value are found and 
presented in Tables 3, 4, 6; Fig. 7. The mechanical properties improve with increasing mica 
content. This indicates that mica has a reinforcing effect upon the mechanical strength of 
gabbroids. The mentioned effect is supposed to partially depend on the mica grains’ uniform 
distribution and the fact that the mica minerals in the sample suite selected are fine-grained and 
exhibit no preferred orientation. It can also be connected to the sericitization of feldspar (e.g. 
Åkesson et al., 2004), which occurs abundantly in the metamorphic varieties. The resistance to 
fragmentation and wear of the coarser fractions show a very slight positive tendency (decreasing) 
against increasing mica content, but it is too weak to confirm (Tables 3, 4, 6). 
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Fig. 7 The Los Angeles value, 10/14 mm (LA), the micro-Deval value, 10/14 mm (MDE), the 

Studded tyre test value (AN) and the Impact value (SZ) plotted against mica content for 
gabbroid rock types 

 
The frequency of micro-cracks occurring in gabbroid rocks exhibit a negative influence on the 
Los Angeles values, the micro-Deval value, 10/14 mm and the Studded tyre test value (Tables 1, 
4, 6; Fig. 8), while the micro-Deval value, 31.5/50 mm and the Impact value only show a poor 
traceable trend in the same direction (Tables 1, 4, 6). 
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Fig. 8 The Los Angeles value, 31.5/50 mm (LARB), the Los Angeles value, 10/14 mm (LA), the 

micro-Deval value, 10/14 mm (MDE) and the Studded tyre test value (AN) plotted against 
frequency of micro-cracks for gabbroid rock types 

 
In efforts to explain partial cooperation of several petrographic agents on the one mechanical 
property, multiple-regression analyses have to be performed and a higher number of samples is 
required. 
 
The rather low number of samples, especially regarding the gabbroids, is a shortage to consider. 
This fact can be a contribution to the somewhat straggling results; partly confirming, partly 
disaffirming expected results and previous research. The disparity of results concerning the 
different size fractions’ response to the mechanical properties is remarkable. This is particularly 
obvious in the case of the Los Angeles values using test fractions 10/14 and 31.5/50 mm 
respectively. On the other hand, the two methods for the micro-Deval value are fully comparable 
in principle.  
 
5 Conclusions 
 
The results of the present study show the complex pattern of associations between the granitoid 
and gabbroid intrusive rocks’ mechanical properties tested with methods used in the aggregate 
industry and their petrographic variables. 
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The petrographic characteristics of granitoids influencing mechanical properties are mainly grain 
size, mica content and frequency of micro-cracks. The micro-Deval value, 10/14 mm, the 
Studded tyre test value and the Impact value represent the properties positively responding to 
diminishing grain size. Increasing mica content effects the wearing properties and wear by 
abrasion from studded tyres in a negative way. A rising frequency of micro-cracks deteriorates 
the Los Angeles value, 31.5/50 mm. Finally, uneven-grained or strongly foliated rock types 
indicate tendencies to impair the mechanical strength. 
 
The mechanical properties of gabbroid rocks seem to be dependent on the content of mica and 
frequency of micro-cracks. In contrast to the granitoids, an increasing amount of mica improves 
the Los Angeles and the micro-Deval values, 10/14 mm, the Studded tyre test value and the 
Impact value. Increasing frequency of micro-crack influences the resistance to fragmentation, 
wear (for the 10/14 mm fraction) and wear by abrasion from studded tyres negatively. 
 
Together with previous studies the present study reveals a base for the future tool to interconnect 
mechanical properties and technical suitability of rock aggregates with their petrographic 
properties. It is an effort necessary for the challenge to reach a sustainable usage of natural 
resources. This motivated the initial attempt to unify geology and engineering in a common 
approach for evaluation of rock aggregates’ mechanical properties using petrographic 
characteristics as key parameters. 
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