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ABSTRACT 
 
Realistic texture-based modelling methods, i.e. microstructural modelling and 
micromechanical modelling, are developed to simulate the rock aggregate breakage 
properties on the basis of the rock actual microstructure obtained using microscopic 
observations and image analysis. The breakage properties of three types of rocks 
taken from three quarries in Sweden, in single aggregate breakage tests and inter-
aggregate breakage tests are then modelled using the proposed methods. The 
microstructural modelling directly integrates the microscopic observation, image 
analysis and numerical simulation together and provides a valuable tool to investigate 
the mechanical properties of rock aggregates on the basis of their microstructure 
properties. The micromechanical modelling takes the most important microstructure 
properties of rock aggregates into consideration and can model the major mechanical 
properties. The prospects to use the developed approach in geometallurgy is then briefly 
discussed. 
 
1.  Introduction 

Rock aggregates are used for road and railway construction, for the manufacture 
of asphalt and concrete, and for many other purposes. Thus, the availability of 
high quality, low cost and environmentally friendly rock aggregates and their 
recirculation are important for the development of a sustainable society. In 
recent years, due to the increasing expansions of constructions and the 
introduction of strict laws on using natural aggregate resources throughout the 
world, the relative amount of crushed bedrock for producing rock aggregate has 
been steadily increasing.  
Traditionally, the selection of rock aggregate is based on three main criteria[1]: 
1) experience, 2) reputation and 3) mechanical test. With the development of 
quantitative microscopy and image analysis, more and more researchers [2-6] 
realize that the rock microstructure plays an important role in rock aggregate 
breakage and have therefore been trying to predict the rock aggregate breakage 
properties by investigating the relationship between the microstructural and 
mechanical properties. In most of studies, the relationship is obtained from two 
separate processes: on one hand, the microstructural properties of rock 
aggregates are quantified through microscopic method and image analyses, on 
the other hand, the mechanical properties are evaluated by laboratory 



mechanical tests. The two separate processes are then correlated using statistical 
single- or multiple- variable regression analyses. Therefore most of the studies 
investigate the relationship between the microstructural and mechanical 
properties of rock aggregates in an indirect way instead of directly explaining 
the physical mechanisms. Moreover, most of the studies only correlate the 
mechanical properties of rock aggregates with a single microstructural property, 
such as mineral composition, grain size, crack, etc, which may be the reason 
why there are usually contradicted results in literatures predicted by different 
researchers.  
In this work the authors [7] incorporated mineralogical heterogeneity into a 
numerical model to investigate the effect of minerals such as quartz, feldspar 
and biotite on the strength and deformation characteristics of rock. This study is 
the extension of the authors’ previous work [7] and will incorporate the real 
microstructure obtained through quantitative microscopy and image analysis to 
model the rock aggregate breakage properties.  
The main objective of this paper is to present a realistic texture-based modelling 
method for characterising the rock aggregate breakage properties according to 
its actual microstructure using integrated microscopic observation, image 
analysis and numerical modelling. More specifically, rock samples are firstly 
collected from several quarries of rock aggregate production. The microstructure 
of the rock samples is then characterised using quantitative microscopy and 
image analysis techniques. Thirdly, microstructural modelling and 
micromechanical modelling methods are developed for incorporating the actual 
microstructure into the numerical modelling. Finally the breakage properties of 
rock aggregate in various loading conditions are predicted using either 
microstructural modelling or micromechanical modelling. A detailed description 
of this study is made by Liu et al [8]. 
 

2.  Characterisation of rock aggregate microstructure using quantitative 
microscopy and image analysis  
Three granites are taken from three quarries for rock aggregate production in 
Sweden. Two of the rocks are younger Stockholm granites sampled in the 
Stockholm and Västerås areas, which are named as LEP and Vandle, 
respectively, in this study. The third sampled rock type is a Bohus granite from 
west Sweden, which is named as Avja. The granites are selected because they 
are similar in mineral composition but have different mechanical properties. 
Cores with a diameter of 40 mm are drilled for each type of rock and these cores 
are then used for microscopic observations and subsequent mechanical tests. The 
microscopic observations and image analyses are conducted following the 
method developed by Åkesson [9].  
 
Thin sections are cut from samples oriented parallel and perpendicular to the 
drill-core axis and then vacuum impregnated with an epoxy resin containing 
fluorescent dye. The thin section is fixed on a motorised stage programmed so 
the images are photographed edge to edge creating a 12-image mosaic. The thin-
section is then observed using optical microscopy with fluorescent light and 
polarised light, and correspondingly two 12-image pictures are obtained for each 
sample. The area of each picture is 3.9773.997 mm and the resolution is 



23042320 pixels. For each rock type, three to four thin sections are observed 
and thus up to an area of 128 mm2 are analysed. The fluorescent and polarised 
images were finally combined together as a basis for quantifying the 
microstructure. Fig. 1 i) shows an example of the combined mosaic images of 
Avja, LEP and Vandle.  
The mineral compositions of the rocks are obtained using the point count 
analysis on microscopic image. Grain size is obtained through drawing 
randomly draw transverse on microscopic image and then measuring the 
maximum ferret diameter on each mineral cutting a traverse. In order to identify 
different types of cracks, the combined images are printed with a size of 272 x 
269 mm and by using transparent paper, each crack-type was traced and 
coloured (black = intra-granular, green = grain-boundary and red = trans-
granular). The line-drawings were scanned into the computer, and by using 
RGB-threshold technique, the number and length of the different crack-types 
could be measured separately.  
 

3.  Numerical method for modelling rock aggregate breakage  
Formation and unstable growth of (micro) cracks due to the material 
inhomogeneities and external force is considered to be the mechanism of brittle 
failure [10] in rock breakage. The modelling of crack initiation, nucleation, 
propagation and interaction has been being one of the greatest challenges in 
material failure analysis. Finite element method (FEM) is a widely used tool in 
engineering analysis since failure induces geometrical discontinuity in the 
medium. At this moment, no commercial finite element software provides proper 
tools for brittle failure in heterogeneous rock. In this study, the RFPA-RT code, 
which is the rock and tool interaction code [11] developed by the authors on the 
basis of the realistic failure process analysis model [12], the FEM and 
continuum damage mechanics (CDM), will be used in this study to model rock 
breakage.  
The RFPA-RT code is introduced in detail in a previous thesis [11]. Moreover, 
the calibration studies on some typical physical-mechanical and fracture 
mechanics experiments prove that this model can effectively simulate the non-
linearity of the stress-strain response, localization of deformation, strain 
softening, and crack initiation, propagation, interaction and coalescence in 
heterogeneous rock under a variety of quasi-static loadings [13]. 
Therefore, during the modelling using the RFPA-RT code, the numerical 
simulation model is first built for the rock to be investigated. Then the initial 
boundary conditions are applied on the model and the elements in the model are 
brought to the equilibrium state under the initial boundary conditions. After that, 
a stress disturbance is applied to the numerical model, which may be caused by 
force loading, displacement loading or stress redistribution. A finite element 
stress analyser is used to calculate the stress and strain distributions in the finite 
element network because of the stress disturbance. The calculated stresses are 
substituted into maximum tensile stress criterion and then the Mohr-Coulomb 
strength criterion to check whether or not elemental damage occurs. If the 
strength criterion is not satisfied, the external loading is increased further. 
Otherwise, the element is damaged and becomes weak according to the rules  
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Fig. 1 Microstructures and numerical models of the representative volume elements (RVE) 
of the three types of granites called Avja, LEP and Vandle  
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microscopic observations    

ii) Numerical models built according to the 
microstructure    
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specified by the mesoscopic elemental mechanical model for elastic damage, 
which results in a new perturbation. The stress and deformation distributions 
throughout the model are then adjusted instantaneously after each rupture to 
reach the equilibrium state. Due to the new stress disturbances, the stress of 
some elements may satisfy the critical value and further ruptures are caused. The 
process is repeated until no failure elements are present. The external load is 
then increased further. In this way, the system develops a macroscopic fracture.  

 
4.  Realistic texture-based modelling of rock aggregate breakage 

In this section, the microscopic observation, image analysis and numerical 
modelling are integrated together to simulate the rock aggregate breakage: image 
acquisition, image processing, meshing, computation of stress, strain and 
displacement, crack initiation, propagation, coalescence and interaction. Two 
methods are proposed for the realistic texture-based modelling: microstructural 
modelling and micromechanical modelling. In the microstructural modelling, the 
numerical model is built on the basis of the representative volume element of the 
microstructures of the investigate rock aggregate. In the micromechanical 
modelling, the numerical model is established according to the statistical 
analysis of quantitative microstructure results.  

 
4.1 Microstuctural modelling 

A representative volume element (RVE) of the rock is firstly observed using the 
microscopic method described in Section 2 to obtain the microstructure of the 
rock. Then the microstructure of RVE is recorded in the memory of the 
computer and image analysis is used to simplify the microstructure, segment the 
constituent phases and polygon mineral and crack shapes. During the image 
analysis, the position, morphology and type of the constituent phases are 
recorded in a data file. After that, a dynamic data exchange module is developed 
in the RFPA-RT code to receive the data files from the image analysis and the 
numerical model is built according to homogenisation theory in engineering 
geology. Finally, the RFPA-RT code is used to simulate the breakage properties 
of the built numerical model. 

 
4.1.1 Construction of numerical models according to rock actual microstructure  

Fig. 1 i) is an example of the combined polarising and fluorescent image of 
Avja, LEP and Vandle using the method described in Section 2. An image 
analysis program, Particle2D [14], is used to process the microstructure image, 
segment the constituent phases, and polygon the mineral and crack shapes. Once 
the morphological information of the constituent phases has been gained, it is 
possible to construct the numerical model after specifying the physical-
mechanical properties of the major constituent phases, i.e. Quartz, K-Feldspar, 
Plagioclase, Mica and Crack. The physical-mechanical properties of the 
minerals can be found in the literatures [15-16] and it is assumed that cracks are 
filled with weak materials in this study. The physical-mechanical properties of 
the minerals and weak materials are summarized in Table 1. Fig. 1 ii) depicts the 
corresponding numerical models to the microstructures of RVEs shown in Fig. 1 
i). In Fig. 1 ii), the same mineral has been marked with the same colour and the  



Table 1   Physical-mechanical properties of the major constituent phases in Avja, LEP and 
Vandle 
 

Mineral type / 
       Properties 
 

Elastic 
modulus 
(GPa)*1 

Compressive 
strength  
(MPa)*2 

Poisson ratio 

K-Feldspar (K) 69,7 1600 0,301 
Mica (M)*3 88,1 3000 0,248 
Quartz (Q) 95,6 5200 0,079 
Plagioclase (P) 80,4 1600 0,300 
Crack*4 8,52 1,43 0.300 

 
*1: From Bass [15] 
*2: From Ichikawa et al [16] 
*3: Mica includes Muscovite, Biotite and Chlorite 
*4: It is assumed that cracks are filled with weak material 
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Fig. 2 Numerical models built from RVE of LEP for various numerical tests  
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different grey degrees represent the relative size of the elastic modulus of 
different constituent phases. The brightest grey scale represents Quartz and the 
darkest represents crack filled with weak materials.  
In Fig. 2, the rock LEP is used as an example to show how numerical models for 
various numerical tests of LEP can be constructed on the basis of the  
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 i) Failure process observed in the UCS test of LEP 
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ig. 3 Microstructural modelling of the failure process of Avja, LEP and Vandle in
the UCS test  

 



microstructure, where the size of the element is 0.05mm. It can be seen that all 
of specimens have a characteristic length of 10 mm since the rock aggregates 
with this size are used in most of rock aggregate tests.  

 
4.1.2 Calibration of the microstuctural modelling 

The numerical model built in Section 4.1.1 for the uniaxial compressive strength 
(UCS) test is loaded to failure using the RFPA-RT code. Fig. 3 ii) records the 
fracture patterns of Avja, LEP and Vandle obtained in UCS tests under the same 
load. The comparisons between the fracture patterns reveal that Vandle has a 
more zigzag failure surfaces compared with those in Avja and LEP.  
On the basis of the peak loads and the linear parts of the force – displacement 
curves, the uniaxial compressive strength and elastic modulus can be calculated. 
On the other hand, the UCS tests are experimentally conducted to obtain the 
unaxial compressive strength and elastic modulus of Avja, LEP and Vandle. 
Table 2 summarizes the modelled uniaxial compressive strength and elastic 
modulus and the comparisons with the experimental results. It can be seen that 
the numerical results consist with the experimental results quite well. 
 
In the experiments one of specimens of Vandle possesses very low UCS 
compared with other specimens. The reason is that there are obvious 
macroscopic defects on that sample. Therefore, on the basis of the qualitative 
similarity in the comparisons between modelled stress-strain curves and failure 
processes for Avja, LEP and Vandle, and those recorded in literatures, and the 
quantitative comparison between the numerical and experimental uniaxial 
compressive strength and elastic modulus, it is reasonable to conclude that the 
microstructural modelling has a high degree of validity and is reasonably 
reliable. The method measures what is supposed to measure and predictions are 
in fairly good agreement with laboratory results considering the complexity of 
the problem. 

 
 

Table 2  Calibration of microstructural modelling by comparing the experimental and 
modelling results obtained in the UCS tests  
 
Rock type Avja1 Avja2 LEP1 LEP2 Vandle1 Vandle2 

63.18 62.43 72.35 71.10 69.97 70.56 Experiment 
62.81 71.72 70.26 

Elastic 
modulus 
(GPa) 
 

Modelling   61.01 71.79 73.89 

193.05 196.46 219.80 208.64 240.83 173.66 Experiment  
194.76 214.22 207.25 

Strength 
(MPa) 

Modelling  180.72 265.85 306.12 
 
 
 
 
 



 
 
4.1.3 Microstructural modelling of breakage of single rock aggregate under typical 

loading conditions  
Here, the breakage properties of Avja, LEP and Vandle in single rock aggregate 
breakage tests under the four typical loading conditions are investigated using 
the microstructural modelling introduced above. The results are briefly mentions 
without reference to any picture. It can be seen that these four typical loading 
conditions are more or less related to the loading conditions in Brazilian tests. 
The Brazilian numerical tests are also conducted for the three types of rocks 
since the Brazilian test is well documented than any other single rock aggregate 
breakage tests. In Brazilian numerical tests, the pre-existing crack near the 
central line of the disc propagate radially outward giving rise to a diametral 
fracture plane with many small branches and following tortuous paths. The 
comparison among the modelled fracture patterns of Avja, LEP and Vandle 
under the same load and the typical fracture pattern observed in relatively 
homogeneous rock further indicates the formed fracture plane depends on the 
distributions of the minerals and pre-existing cracks, i.e. the microstructures of 
rocks. As a matter of fact the crack patterns are similar to those observed in the 
micromechanical loading, see Fig 5 below. It can be seen from the comparisons 
between the modelled fracture patterns of Avja, LEP and Vandle that, depending 
on the microstructure, the crack propagation path varies but the three types of 
rocks have the similar fracture patterns.  

 
4.2 Micromechanical modelling 

As introduced in Section 1, in previous studies, the microstructures of rock 
materials have been characterised by using statistical tools. For example, in our 
RFPA-RT code, the microstructure of rock is described by assigning different 
material properties to the elements in the numerical model following Weibull’s 
distributions. In this section, the micromechanical modelling will be proposed to 
construct numerical models on the basis of the quantitative microscopy and 
image analysis results and then simulate the rock aggregate breakage properties.  
 

4.2.1 Micromechanical model for characterising rock microstructure 

In the RFPA-RT code, a heterogeneous material model has been proposed to 
build the numerical model on the basis of Weibull distribution [11]. According 
to the heterogeneous material model, it is assumed that each element in the finite 
element model possesses different physical-mechanical parameters following the 
Weibull’s distribution. In the heterogeneous material model, the assumptions are 
made that the overall failure is primarily controlled by the weaker elements and 
that the strength of weakest element is vanishingly small. The Weibull´s 
distribution is control by the homogeneous index m  in the RFPA-RT code. 
Index m is correlated with the size distribution of micro cracks larger than 0.3 
mm and is used to propose strength and elastic properties for each element.  
 
Physical parameters can be calculated on the basis of results from mechanical 
tests. In Fig. 4 the Weibull´s distribution function for various values of m is 



depicted. A detailed description of calculation of m and other parameter is made 
in [8]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
4.2.2 Micromechanical modelling of breakage of single rock aggregate under typical 

loading conditions  
Single rock aggregate breakage tests in Section 4.1.2 are simulated again using 
the method of micromechanical modelling. Fig. 5 records the modelled fracture 
patterns of single rock aggregate in the Brazilian test, and under the point-to-
point, plane-to-plane, point-to-plane and multiple-point loading conditions. The 
main fracture patterns obtained from the micromechanical modelling are similar 
to those simulated using the microstructural modelling. However, in general, the 
crack propagation in the microstructural modelling follows more tortuous paths 
than those in the micromechanical modelling. 
Comparing with the results from the microstructural modelling, it is found that 
most of results obtained from the micromechanical modelling are smaller. 
Actually, the results from the micromechanical modelling are closer to the 
experimental results than those from the microstructural modelling.   
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Figur 4  Probability density of Weibull’s distributions with the various 
homogeneous indices and the constant seed parameter 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) Avja b) LEP c) Vandle  
 
 
 

Fig. 5 Fracture patterns obtained in the micromechanical modelling of the single aggregate 
breakage tests of Avja, LEP and Vandle under typical loading conditions  

 
 
 
 



4.2.3 Micromechanical modelling of the inter-aggregate breakage in the DSC test 
The Dutch Static Compression (DSC) test was initiated in the Netherlands for 
determining the fragmentation resistance of aggregates [17]. The DSC test is 
performed by crushing the aggregate with a size fraction  (where 

 and 

Dd ~

mmd 10 dD 2 ) in a compression testing machine using a cylindrical 
steel mould. The test specimen is then sieved on a test sieve with aperture size  
d/2, and the result of the test, the DSC value, is the amount of the test specimen 
that passes the test sieve, expressed as a percentage by the mass of the test 
specimen.  
 
In this section, the micromechanical modelling of the DSC tests is conducted for 
the three types of rocks: Avja, LEP and Vandle. In the micromechanical 
modelling, the numerical model consists of a crushing chamber and 15 randomly 
packed rock aggregates with the diameter of the equivalent circle area (DECA) 
between 10~14 mm where the individual aggregate is subjected to an arbitrary 
set of contact forces, as shown in Fig. 6 a). In the simulation, the axial load is 
increased by moving the upper loading platen downwards step by step in a 
displacement control fashion. In the model, the walls of the crushing chamber 
impose a horizontal constraint against the particles inside, which provides the 
necessary confined condition for the multiple aggregate breakages. 

 
The fracture patterns obtained in the micromechanical modelling of the DSC 
tests of Avja, LEP and Vandle do not show a big difference. Thus, only the 
fracture patterns for Vandle are shown in Fig. 6. In order to quantify the 
difference, the fracture patterns of Avja, LEP and Vandle obtained in the DSC 
numerical tests under different loading levels, i.e. the loading displacements of 
0.15, 0.3, 0.45 and 0.6 mm are analysed using the image analysis program, 
Particle2D [13], to calculate the DSC strength. On the basis of the obtained 
fragment size distribution, it is possible to calculate the DSC value. In this study, 
the area of the fragments or the aggregates is used instead of the weight since the 
density is assumed as the same and the problem is simplified as a two-
dimensional plain strain problem. Similar to the experimental DSC test, the 
fragment with a size smaller than the half size (i.e. 5 mm) of the original 
aggregate is regarded as passing the sieve. Table 3 summarizes the calculated 
DSC values Ävja, LEP and Vändle under various loading displacements (Steps). 

 
The DSC tests of Avja, LEP and Vandle was also conducted in laboratory and 
the obtained DSC strengths are listed in Table 3. The comparison between the 
experimental and numerical DSC strengths indicates that the calculated DSC 
strengths under the loading displacement of 0.3 mm are close to the 
experimental results. The consistency between the experimental and numerical 
DSC strengths reveals that the micromechanical modelling proposed in this 
study may provide a robust tool to evaluate rock aggregate breakage properties. 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Table 3 Calculations of the DSC strength in the micromechanical modelling of quasi-
DSC tests of Avja, LEP and Vandle under different loading displacements and the 
comparison with the experimental results  
 
DSC strength (%) Avja LEP Vandle 

Level-1 (0.15 mm) 32.80 24.98 19.64 
Level-2 (0.3 mm) 43.55 39.69 34.91 
Level-3 (0.45 mm) 65.92 58.21 57.91 

Numerical 
simulations 

Level-4 (0.6 mm) 74.38 60.23 66.31 
Laboratory tests 46.0 34.7 33.8 
 
 
5.  A geometallurgical approach 

In this study, microscopic observation, image analysis and numerical modelling 
are applied together to characterize the relationship between rock microstructure 
and breakage properties from the mechanics point of view. Two methods, i.e. 
microstructural modelling and micromechanical modelling, are proposed. The 
breakage properties of three types of rock, i.e. Avja, LEP and Vandle taken from 
three quarries in Sweden, in single rock aggregate breakage tests and inter-
aggregate breakage tests are then modelled using the proposed methods. 
Throughout this study, it is concluded that that the approach used is a valuable 
tool to predict mechanical rock aggregate properties.  
 
An important conclusion from this work is also that micro cracks and pores have 
large impact on physical-mechanical properties of rock. 
 

c) Final fracture pattern  

Fig. 6 Micromechanical modelling of the inter-aggregate breakage in the 
DSC test of Vandle 

1 2 3 4 

5 6 7 

8 9 10 11 

12 13 14 15 

a) Initial loading stage  b) Intermediate fracture process   



The present methods can also be applied in geometallurgy. In the long chain of 
processes in mineral extraction, drillability and wear properties can be predicted 
without too much further research. In comminution the methods have large 
potential to be applied. In crushing fragment size distribution should be possible 
to calculate in a similar way as inter aggregate simulation shown in this paper. 
Blast fragmentation could also be calculated on the bases of results by 
Oucherlony [18]. To predict milling (capacity and fragment size distribution) 
more research is need as the process of a mill cannot be simulated with the 
present modelling tool. To overcome this problem a combination of physical 
laboratory test and numerical simulation tests are need to establish empirical 
relationship between rock texture and milling properties. The general approach 
should also be possible to use in the calculation of strength properties of pellets 
and other sintered products. 
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