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Tiivistelmä 

Kasvava betonin kiviainesten tarve sekä heikentynyt luonnonmuovaamien kiviainesten 
saatavuus ovat luoneet tarpeen kehittää teknologiaa, jolla kalliokiviainesta voidaan hyö-
dyntää betonin tuotannossa taloudellisesti. 

 
Tässä työssä tutkittiin kolmesta eri kantakivestä louhittua kiviainesta. Kaksi näistä oli-
vat graniittikalliosta valmistettua murskattua kiviainesta. Graniittiperäisten kiniaines-
ten ominaisuudet olivat samanlaisia niin mineraalikoostumuksen, fillerin partikkeliko-
kojakauman ja työstettävyysominaisuuksiensa puolesta. Kolmas työssä käytetty ki-
viaines oli murskattu mafisesta vulkaniitista, joka sisälsi merkittävästi sarvivälke-
mineraalia, jota ei graniittikiviaineksissa havaittu. Vulkaniitin kiintotiheys oli muita 
merkittävästi suurempi, fillerin partikkelikokojakauma hienompi ja vastaavasti omi-
naispinta-ala suurempi. Työstettävyysominaisuudet poikkesivat muista merkittävästi. 

 
Työstettävyyskokeissa 0-4mm betonilla graniittikiviainesten toimivuus oli lähes ident-
tistä. Vesi-sementtisuhteen tarve tavoitenotkeuden saavuttamiseksi nousi 0,34- 0,37 
verraten luonnonhiekasta valmistettuun massaan. Vastaava muutos vulkaniitilla oli 0,35 
0,387. Kvartäärivaiheen vaikutus vedentarpeeseen oli suurin vulkaniitilla, jolloin vesi-
sementti suhde kasvoi 0,35 - 0,357. 

 
Vedentarpeen muutos mitattiin kasvavan progressiivisesti kun enemmän kuin 2/3 ki-
viaineksesta oli korvattu murskatulla kiviaineksella. Muutos oli samankaltainen kaikilla 
koestetuilla kiviaineksilla. 

 
Fillerin vaikutusta arvioitiin normalisoimalla fillerin aiheuttama muutos vedentarpee-
seen filleri fraktion painon suhteessa kiviaineksen kokonaismäärään. Fillerin vaikutus 
mitattiin olevan 3,6 kertaa voimakkaampi kuin karkeamman jakeen vaikutus graniitti-
peräisessä kiviaineksessa ja 8,5 kertaa voimakkaampi vulkaniittiperäisessä kiviainekses-
sa. 

 
Työstettävyyskokeet suoritettiin 0-16mm betonille vahvistamaan 0-4mm betonikokei-
den pohjalta tehtyjen oletusten paikkansapitävyys myös 0-16mm betonille. Tulokset 
olivat yhdenmukaisia aiemmin mitattuihin verrattuna. 
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Abstract 

Increasing miss-balance in between the demand and availability of traditionally suitable 
geologic sources for concrete aggregates had realized a need to develop technologies to  
utilize alternative aggregate resources in an economical manner. 
 
In this study crushed aggregates from three different parent rock were examined. Two of 
these where excavated from granite rock and they had similar characteristics in mineral 
composition, particle size distribution of the fines and workability properties. Third par-
ent rock was mafic volcanite containing significant amount of hornblende which was not 
found in granite based aggregates. The volcanite had higher specific gravity, finer parti-
cle size distribution of the fines thus higher surface area and it performed differently in 
workability testing. 
 
Results from rheological testing with 0-4mm were relatively identical with the granite 
stones. Water-to-cement ratio to obtain predetermined workability increased from 0,34 
to 0,37 when crushed aggregates from granite were used comparing to natural sand. The 
water-to-cement ratio increased from 0,35 to 0,387 when crushed volcanite aggregates 
were used. The quaternary stage processing was most effective with the volcanite which 
limited the w/c increase from 0,35 to 0,357.  
 
The increase of water demand was measured to progressively increase when more than 
2/3 of the aggregates were replaced with crushed aggregate. This tendency was found to 
be relatively similar with all the aggregates studied. 
 
When the increase of water demand was normalized to the proportional weight of the 
aggregate, it was measured that the filler fraction had 3,6 times higher effect on concrete 
rheology than coarser fractions in granite based aggregate and 8,5 higher with volcanite 
based aggregates. 
 
Testing of 0-16mm concrete were conducted to verify should the presumptions with 0-
4mm concrete also apply for industrial scale concrete. The results from 0-16mm where 
analogous with the results previously measured with 0-4mm concrete. 
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Notations and abbreviations 

Al  Aluminium, element 

AR  Aspect ratio, length/width 

C [€/t] Unit cost 

CSA  Crushed stone aggregate 

ECD [µm] Equivalent circle diameter 

ESC [µm] Equivalent spherical diameter 

FE-SEM  Field-Emission Scanning Electron Microscope 

F-shape  Ratio of max and min Feret diameters 

GTK  Geological survey of Finland 

HM  Haarumäki, quarry 

K  Kalium, element 

KK  Kulmakorpi, quarry 

LDR  Laser diffraction 

L/W  Length to width ratio 

MM  Mäntymäki, quarry 

P [€/t] Unit price 

R  Roundness 

S  Sphericity 

SEM  Scanning Electron Microscopy 

SG [t/m
3
] Specific gravity 

Si  Silicon, element 

W/C  Water-to-cement ratio 

VESD [µm] Volume equivalent spherical diameter 

VSI  Vertical shaft impactor 

xFmax  Maximum Feret diameter 

xFmin  Minimum Feret diameter 

µCT  (X-ray) Computed micro tomography 

µm  Micrometer, micron, 1/1000 of millimeter 

0/4  Refers to particle size of aggregate from 0 - 4 mm 

2-D  2-dimensional (projection) 

3-D  3-dimensional 

5/16  Refers to particle size of aggregate from 5 - 16 mm 



8 

 

Introduction 

Concrete is widely used in every continent of the world. Behind the popularity of con-

crete multiple desirable characteristics can be found which makes concrete a very versa-

tile material. The desirable characteristics as a building material are high compressive 

strength, long designed lifetime, high durability against environmental conditions, abra-

sion and high temperatures. In economical point of view, concrete can often be seen 

cost efficient choice of material as concrete has generally relatively low tonnage price 

and good availability. This is usually explained with generally fair availability of the 

components of the concrete. However the availability has been affected by the constant-

ly increasing demand of concrete production which has increased use of the natural re-

sources. Wigum et. al. (2009) states that the motivation to study further the characteris-

tics of manufactured aggregates lies in the constantly increasing miss-balance in be-

tween the demand and availability of traditionally suitable geologic sources. 

 

Morrow (2011) states that urban expansion and depleted natural glaciofluvial resources 

had increased the transportation distances between the point of extraction and point of 

use. Other fundamental factors that discriminates the extraction of natural sand reser-

voirs can be found in local legislation and the increased awareness of environmental 

issues. Local legislation for sand extraction varies within different countries. In Finland 

the Ministry of Environment has launched in 1984 nature conservation program to re-

strict the use of natural sand resources (Rintala 2006). Other countries, such as Sweden 

and Denmark had imposed an additional environmental tax for natural sand extraction 

(EU commission). Wigum et al. (2009) defines aggregates non-sustainable, since aggre-

gate resources are non-renewable. Pedersen (2011) estimates, that in Norway the best 

suitable natural sand resources will be exhausted within less than 10 years. Wigum et al. 

(2009) concludes that a strong need is realized in the concrete industry to develop and 

implement technology that could utilize alternative aggregate resources in an economi-

cal manner. 

 

According to Pedersen (2011) the use of coarse crushed aggregate in concrete is fairly 

well utilized. The utilization of fine grained crushed stone aggregates in concrete pro-

duction is more challenging. In production of coarser crushed stone aggregates some 

amount of finer particles is produced as byproduct. According to Wigum et al. (2009) 
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many quarry operators have treated the 0/7 fraction as a waste material thus having poor 

mass-balance in their production. By implementing a quaternary stage to the crushing 

production the 0/7 fraction can be better utilized and the mass-balance improved. In the 

quaternary stage the aggregates are processed usually with vertical shaft impactor which 

improves the shape of the particles. The quaternary stage also contains method to adjust 

the particle size distribution of the fines to be suitable for concrete production (Cepuritis 

2016). 

 

This study focuses on the fine fraction of crushed stone aggregates and their influence 

on concrete rheology. Crushed aggregates from three different parent rocks are being 

examined. The aggregates are produced with two different levels of processing. Aggre-

gates from each quarry are examined with and without quaternary stage processing. 

This enables to study the effect of quaternary stage to the concrete rheology. Examining 

aggregates from three different parent rock enables to estimate the effectiveness for dif-

ferent rock types. 

 

The characteristics studied from the aggregates are aggregate mineralogy, particle size 

distribution of the filler fraction, statistical analysis of particle shape and aggregate 

workability characteristics. 

 

The rheological characteristics are examined with 0/4 concrete with numerous varia-

tions in aggregate compositions. The change in rheological characteristics is measured 

by gradually replacing the natural aggregates with crushed aggregates. The effect of the 

filler fraction is examined by replacing the filler fraction from natural sand with crushed 

filler. 

 

The rheological characteristics are also studied with 0/16 concrete testing where 0/5 

fraction of aggregates were manufactured. This method enabled to verify should the 

presumptions with 0/4 concrete also apply for industrial scale concrete. 
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1 Background 

1.1 Aggregate characteristics 

The characteristics of manufactured sand differ from the natural sand in terms of parti-

cle shape and size distribution. Cepuritis et al. (2016) have examined the characteristics 

of the manufactured aggregates and their influence in rheological properties of concrete. 

Their study report stated four major differences in particle characteristics between natu-

ral and manufactured sand. 

 

 Particles of manufactured sand are generally not as equidimensional or as round-

ed as natural aggregates and have rougher surface texture. 

 Crushed sand have normally higher amount of fine particles sized below 125 um 

 Particle size distribution below 125 μm sized particles is different in shape 

 Crushed sand produced from hard rock generally has lower variation in mineral-

ogy, and the surfaces are less weathered than natural sand. 

Their study measured the absolute and relative effect on fresh concrete rheology by sys-

tematically exchanging the aggregate fractions from both natural and crushed origin. 

Their results showed, that the 0,125-2 mm particle shape and < 125 μm particle proper-

ties are dominant factors affecting on the concrete workability, when the aggregate 

grading is kept constant. They found that the fraction below 125 μm particles have 

around 6-8 times larger effect on rheology when the maximum variation in rheological 

properties was normalized to correspond the proportional volume of the aggregate. 

 

To evaluate further these characteristics of particle shape and size, the principle parame-

ters of size and shape characteristics should be explained. To describe size of irregular 

shaped particles, such as aggregates, method called equivalent regular shape should be 

presented. Equivalent regular shape method enables to compare the sized of irregular 

shaped particles by defining the size of the particle based on preselected simple geomet-

rical shape. The most common approaches in the referred literature use either equivalent 

circle or equivalent spherical diameter in measurements of particle size and particle size 

distribution. Equivalent circle diameter, later referred as ECD, is used in two dimen-

sional measuring methods such as image analysis. The ECD of the particle is the diame-

ter of a circle with an area equal to the area of the two dimensional projection of the 
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particle. More definitively, ECD measured with this method is called area equivalent 

circle diameter. In this study the particle sizes in FE-SEM study are measured and re-

ported as ECD. 

 

Similar to ECD the equivalent spherical diameter, later as ESD, is based on a diameter 

of equivalent sized sphere. ESD can be measured with rather complicated technology 

called x-ray computed micro tomography combined with spherical harmony analysis, 

where three dimensional models from studied particles are built from the measurements 

with x-ray μCT instrument. The ESD is then defined as a diameter of sphere with 

equivalent volume. More definitively, ESD measured with this method is called volume 

equivalent spherical diameter, occasionally abbreviated as VESD. Other measurement 

technologies, such as laser diffraction, uses spherical assumption of the particle shape 

and computes their size based on the characteristics of their diffraction pattern. 

 

One essential shape parameter is the aspect ratio of the particle. Aspect ratio, length-to-

width ratio L/W or the F-shape factor is defined as the ratio between the maximum and 

minimum Feret diameters, xFmax and xFmin, which are the maximum and minimum dis-

tances between pairs of parallel tangents as illustrated on figure 1. 

 

 

Figure 1. Principle of measurement of minimum and maximum Feret diameters 

 

Convexity of the particle can be expressed by the convexity ratio. Convexity ratio can 

be calculated as a ratio of two dimensional projection of the particle divided by the con-

vex hull or convex area, which is the total area inside the circumscribed boundary (Mo-

ra 2000). 
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Figure 2. Principle of convexity ratio 

 

Two other essential shape parameters are sphericity S and roundness R. Sphericity is 

defined as the ratio between the surface area of a sphere, having the same volume as the 

particle to the actual surface area of the particle. Roundness is a parameter that is de-

scribing the surface features. The roundness of aggregates is usually described on an 

angularity-roundness scale. Illustration of S and R values is presented in figure 3. 

 

 

Figure 3. Scale of sphericity S and roundness R 
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1.2 Mineralogy 

As nearly all of the solid components of concrete are either minerals (aggregate) or 

mineral based products (cement) an overview to basic mineralogy was seen valid. The 

knowledge of basic mineralogy is emphasized when the characteristics of crushed ag-

gregates from different parent rock are being examined. This chapter provides an over-

view to the basics of mineralogy and characteristics of the most common minerals in 

aggregates of this study are being presented. 

 

Minerals are chemical compounds that naturally occur in solid crystallic phase. Miner-

als are the basic elements of stones. The size of individual mineral crystal in rock mass 

varies between 0,1 – 1 mm depending of the rock type. Depending on the source, it is 

estimated that the crust of the Earth contains more than 3 000 different minerals of 

which majority are extremely rare. It is estimated that 60% in volume of the crust of the 

earth forms from feldspar minerals and quartz. (Turunen 2011)  

 

Characteristics of a mineral are dependent on the chemical composition and the mode of 

origin of the mineral. Minerals are divided in to groups by their chemical composition. 

Majority of minerals consist Silicon and Oxygen, these minerals are called silicate min-

erals. Other common mineral groups are carbonates, oxides and pure elements, consist-

ing minerals such as Sulphur (S) and graphite (C). 

 

The hardness of mineral is usually expressed in Mosh scale. In Mosh scale the hardness 

of mineral can have values between 1 – 10 where 1 is hardness of talc mineral and 10 

corresponds the hardness of diamond. Benefit of the Mosh scale is that the hardness of 

minerals can be easily be identified simple tools, as the Mosh hardness of brass is 3,5, 

glass 5,5 and steel 6,5. Mosh scale is an ordinal scale meaning that the Mosh hardness 

does not directly compare the processibility of the mineral. The processibility can be 

expressed in Rosiwall scale, which is not linear to the Mosh scale. In Rosiwall scale 

Mosh 1 equals to 0,33, Mosh 4 equals to 5 and Mosh 10 equals to 140 000. (Turunen 

2011) 

 

Minerals can be classified by the symmetry of their crystal structure to the seven classes 

of crystal system. These crystal systems are cubic, hexagonal, tetragonal, orthorhombic, 

monoclinic and triclinic. When the crystal is forming, the atoms can attach to each other 
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only by one of these arrangements. The crystal system influences the crystal habit of the 

mineral. To describe the crystal system, origin is seen to be in the center of the crystal 

and three axes that crosses each other at the origin. For example, in cubic crystal system 

there are three equal length axels all perpendicular to each other and in triclinic there are 

three axels all in different lengths and different angles to each other. (Turunen 2011) 

 

More commercial approach to categorize minerals is based on their possible usage. 

These groups are: 

 Rock forming minerals, contains majority of silicates 

 Ore minerals, large group of minerals where for example metallic iron can be 

economically extracted 

 Industrial minerals, such as calcite, component in cement production 

 Gemstones, rare minerals with high ornamental value, such as diamonds 

In the table below are presented the details of four common principal minerals of the 

aggregates examined in this study. 

 

Table 1. Minerals 

Mineral Orthoclase Quartz Biotite (mica) Hornblende 

Series Tectosilicate Tectosilicate Phyllosilicate Inosilicate 

Mosh 6 7 2,5 5-6 

Specific gravity 2,6 t/m3 2,65 t/m3 2,7-3,3 t/m3 3,0-3,4 t/m3 

Formula KAlSi3O8 SiO2     

Crystal Monoclinic Trigonic Monoclinic Monoclinic 

 

 

Figure 4. From left: orthoclase, quartz, biotite, and hornblende  
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2 Manufacturing 

 

Traditional crushing plant in aggregate quarry was initially not designed to make opti-

mal products, but to provide effective size reduction of blasted rock. According to 

Wigum et al (2009) this technology was based on ore mine industry and the plants had 

tendency of producing extremely flaky particles. A modern well designed crushing 

plant operates in multiple stages where reduction ratio on each stage is more modest and 

emphasis on particle shape is given increasingly towards the final stages of the process. 

This chapter gives an overview of different stages in a typical production of manufac-

tured sand. 

 

2.1 Blasting 

Blasting of bed rock is considered to be the first stage of crushed aggregate production 

(Wigum et al. 2009). Blasting should be designed as a part of manufacturing process as 

blasting will intensely influence of generation of fines during the blasting process and in 

later phases of crushing. Metso (2014) states, that the entire process of aggregate manu-

facturing should be optimized as a one complete procedure to achieve maximum effi-

ciency. This means that each stage should be designed and optimized together, not to 

optimize blasting, crushing and screening as an individual processes. This method is 

called as integrated approach where each stage beginning from the blasting should be 

adjusted regarding the rock type. The target of the optimization is to maximize the yield 

with respect to total production costs. It is stated, that optimizing quarrying from the 

end product yield and cost point can be very complicated, and justified to do when the 

scope of operation is great enough. Usually, the understanding of interaction between 

drilling, blasting and crushing is enough to provide efficient crushing process. 

 

Drill hole diameter is considered one of the most important blasting parameter Wigum 

et al (2009). When the drill hole diameter is increased, the cost of drilling and blasting 

is decreasing but the blasting process will produce more fines, more elongated particles 

and more micro cracks on the aggregates that are unfavorable characteristics on later 

stages of the production and also for the final product. This stresses that if the blasting 

process would be optimized individually just by the cost of the blasting process, poor 

quality of the product would increase the costs of later stages. Other important parame-
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ters are drill hole deviation and detonation velocity. The rock mass properties should be 

carefully studied when designing blasting to avoid over- or under blasting. Over blast-

ing will produce more fines and generate damage to adjacent rock. Using the right type 

and right amount of explosives will decrease the cost of blasting operation and further 

processing. Wigum et al (2009) 

 

2.2 Manufacturing stages 

Modern manufacturing process of crushed sand consist traditionally three to four stages. 

Typical four staged manufacturing setup consists following stages: 

 Primary crushing, feed size: 300-2000 mm 

 Secondary crushing, feed size: 50-400 mm, highest reduction ratio of the process 

 Tertiary crushing, feed size: 0-100 mm, small reduction ratio small, focus on 

shape. 

 Quaternary crushing, improving particle shape and size distribution 

In figure 5 is described a typical production setup for concrete aggregate manufacturing. 

The production line is based on Metso crushing equipment. The capacity of the de-

scribed production line is 330 tons per hour. 

 

Figure 5. Schematic of crushed aggregate production line. (Metso) 

 



17 

 

2.3 Primary crushing 

The first stage of actual crushing process is called primary crushing. The purpose of 

primary crushing is economically reduce the size of the feed material that the material 

can be transported with the conveyer belt. The feed size can be up to 2000 mm. If feed 

material consist too large blocks, their size can be initially be reduced with pneumatic 

hammer before inserting them onto primary crusher.  Metso states that the most im-

portant feature of a primary crusher is capacity for accepting feed material without 

bridging.  

 

Primary crushing is mainly conducted by using jaw crushers. Some cases, large gyrato-

ry crushers can also be used. Jaw crusher crushes the material between a fixed and a 

moving jaw. There are two types of jaw crushers: single toggle and double toggle. Sin-

gle toggle crusher is based on and eccentric rotating shaft attached to the toggle plate 

causing compressive action. On double toggle crusher there are two toggle plates, creat-

ing chewing movement which causes compressing at both material intake and dis-

charge. In figure 6 is shown principle of single toggle and double toggle jaw crushers. 

Metso states the jaw crusher robust and reliable equipment, consequently preferred in 

primary crushing. Metso produces jaw crushers with capacity of 1600 ton per hour. 

 

Figure 6. Schematics of jaw crushers. (Metso) 
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2.4 Secondary crushing 

Secondary crushing has the highest reduction ratio of the entire process of manufacture. 

Secondary crushing is most commonly conducted by cone crushers (Cepuritis 2015). 

Cone crusher and gyratory crusher crushers have an oscillating shaft. The material is fed 

to the crusher from above and it is crushed in a crushing cavity between an external 

fixed element and an internal moving element which is mounted on the oscillating shaft 

assembly. Additional crushing occurs between the compressed particles. The additional 

crushing is called interparticular crushing. According to Collis et al. (1985) the reduc-

tion ratio of cone crushers in secondary crushing stage can vary from 1:4 up to 1:8. The 

maximum particle size of the product is controlled by the distance between the fixed 

and moving elements. Cone crusher is slightly more sophisticated technology, and com-

pared to older gyratory crusher cone crusher can produce better shaped and less flaky 

particles (Cepuritis 2015). In figure 7 is shown the principle of cone crusher and gyrato-

ry crusher.  

 

Figure 7. Schematics of gyratory crusher and cone crusher. (Metso) 

 

2.5 Tertiary crushing 

The third stage of the crushing process can be also conducted with cone crushers. On 

tertiary stage reduction ratio is usually around 1:4 to 1:6 (Collis 1985). At tertiary stage 

the feed material is processed to 0-32 in size and more emphasis is given to the particle 
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shape. Modern cone crushers can produce relatively equi-dimensional 8-32 mm parti-

cles that are suitable for concrete production. The parameter settings for tertiary crush-

ing stage are essentially important as the shape of the 8-32 mm might be impossible to 

modify later, if the crushing parameters are selected improperly. The main crushing 

parameters are the distance between the fixed and moving plates and the rotation speed 

of the shaft assembly. In the tertiary stage of crushing the rotating speed of the shaft 

should be increased to increase the amount of shock contact. The distance between the 

fixed and moving plates should be decreased to increase the rock-on-rock contact. This 

is important for both decreasing size of the particles but also to improve the shape the 

particles to be more spherical in shape.  

 

2.6 Quaternary stage 

Quaternary stage consist equipment that improves the particle shape and particle size 

distribution. As the cone crushers can produce acceptable > 8 mm aggregates, the qua-

ternary stage focuses to improve the characteristics of  < 8 mm particles to be suitable 

for concrete production.  

 

The problem with traditional three-staged crushing plants has been to maintain good 

mass-balance. The < 8 mm fraction has been seen as a waste or unwanted material. The 

first three crushing stages can produce up to 30 % of the parent rock. Adding a quater-

nary stage to the production improves the mass-balance when majority of the 0/8 frac-

tion can be utilized. 

 

Quaternary stage usually includes a vertical shaft impactor, which is used to improve 

the shape of final product (Cepuritis 2016). The vertical shaft impactor, VSI, can be 

considered as a centrifugal pump. The material is fed to the center of the impactor 

where it is accelerated by the rotating core of the impactor and discharged with high 

velocity to the outer part of the body. Impactor operation is based on rapid impact ener-

gy to the rock material. On vertical shaft impactor the material is crushed when it hits 

the outer of the body but also on rock-on-rock action. The benefit of the rock-on-rock 

action is that it reduces the wear of the wear parts of the equipment (Metso 2015). When 

the impactor is using the impact energy of the particles, the breaking of the particle is 

likely to happen along the weakest plane of the particle. The advantage of this process is 
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that it creates cubical shaped particles that are very well suitable for concrete produc-

tion. 

 

Figure 8. Metso Barmac B6150SE vertical shaft impactor (Metso) 

 

The shape of the final product is controlled by adjusting the rotating speed of the im-

pactor. The rotating speed is announced as tip speed meaning the tangential velocity of 

the outermost part of the rotating core. Cepuritis et al (2015) have studied, that tip speed 

of 45 m/s caused the end product to be less equi-dimensional compared to aggregates 

processed with higher speeds of 60 m/s and 75 m/s used in the study. According to 

Metso, Barmac can operate with tip speed up to 80 m/s. In this study all the aggregates 

were processed with tip speed of 70 m/s. 

 

According to the Cepuritis et al (2015) the shape of the aggregates improved with high-

er tip speed but higher speeds also produced higher amount of fines.  Excessive amounts 

of fines cannot be utilized in concrete production. Fine particles increase the surface 

area of the aggregates which increases the water demand of concrete. To manage the 

amount of fines the quaternary stage consist also equipment to control the particle size 

distribution. Traditionally too high amount of fines were removed with wet classifica-

tion, however this approach has many downsize such as excessive requirement of space, 

problems with sub-zero temperatures and environmental issues (Cepuritis 2015).  
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More sophisticated method to control the particle size distribution is air classification 

method. There are different types of air classification methods for cut-sizes. The most 

common air classification methods are gravitational, gravitational-inertial and centrifu-

gal. The principles of each method can be seen in figure 9. 

 

Figure 9. Gravitational, gravitational-inertial and centrifugal air classification method. 

(Metso) 

 

Gravitational method is the simplest type of air classification. The feed material is 

dropped as a continuous curtain from the top, when the feed is subjected to the air flow. 

Each particle has a gravitational force proportional to its mass. Each particle is also sub-

jected to a drag force proportional square of its diameter. Resultant force is a sum of 

these two vectors. For very fine particles, resultant is almost exactly parallel to the drag 

force. When the drag force is dominant, the particles will enter the duct with the airflow. 

In gravitational-inertial method an additional airflow is subjected from the bottom of the 

device to extract finer particles. In centrifugal method, the rotating motion of the air 

flow keeps the heavier particles on the sides of the device and only the finer particles 

continue through the center of the device with the air flow.  
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3 Cost structure 

Price of natural sand is dictated by availability and legislation. Cost structure of crushed 

sand aggregate is much more complex.  This chapter gives a brief overview of cost 

structure of crushed stone aggregates and profitability aspects against natural sand.  

 

Finnish market of fine concrete aggregates differs from our border nations Norway and 

Sweden. Unlike Finland, Sweden has already imposed a tax for natural sand excavation 

in 1996 to promote the use of crushed stone aggregates as an alternative option for natu-

ral sand excavation. Similar tax was introduced in Denmark in 1990 to limit the use of 

the natural resources. The tax rate of natural sand excavation in Sweden was initially set 

at 0,53 € per ton and it has later been increased to 1,37 € per ton. Currently there are still 

numerous operating sand pits in Finland, many within relatively short distance (40-

60km) from Helsinki, the capital of Finland. Geographically the market situation in 

Norway is completely different and is moving more towards the use of crushed stone 

aggregates. According to Norges geologiske undersøkelse (Norwegian Geological Sur-

vey) despite the higher cost of crushed stone aggregates it has increased its share from 

natural sand as a raw construction material. This is seen to be consequence of the scarci-

ty of the sand in some areas and also the higher demand on quality of the aggregates 

which natural sand cannot always satisfy. 

 

Location of the aggregate resource contributes a significant factor since transportation 

of the aggregates increases the overall costs of the product. Metso (2015) refers concrete 

aggregates as product with thin margins, therefore the sand manufacturing needs to be 

close the location where they are needed. Long transportation of aggregates may easily 

turn otherwise profitable product unprofitable. 

 

There are less accountable factors of natural sand excavation than in crushed sand pro-

duction. Excavation of sand is relatively simple and predictable process. In production 

of crushed stone aggregates are many aspects to take in to account. When producing 

crushed sand from the bed rock as much as 30-50% of the crushed rock may end up in 

to waste pile as the process produces more fine particles than needed. Amount of wasted 

rock material is dependent on the mineral composition of the bed rock and also the 

crushing method. The amount of waste effects on profitability of the end product as 

more waste is produced, more stone has to be excavated and more energy is consumed. 
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Wigum et al (2009) estimates, that up to 1,44 more times energy might be consumed in 

production of crushed stone aggregates compared to natural sand aggregates. 

 

As aggregates are used as a component of concrete, the economic efficiency should not 

be measured only as a cost of one component. Using crushed stone aggregates in con-

crete increases the water demand of the mix to maintain assigned workability. The char-

acters of the concrete are exactingly dependent on water-to-cement ratio. When the wa-

ter demand increases and same requirements for the mix still apply, the mix design has 

to be modified in order to meet the design criteria. This means increasing the cement to 

meet the initial water-to-cement ratio and to add plasticizer into the mix to improve the 

workability of the fresh concrete. Adding expensive components to the mix increases 

the cost of the product. Some studies however show, that using crushed stone aggre-

gates increases the strength of the concrete and the amount of cement could be de-

creased and still meet the designed strength with lower amount of cement. Cepuritis 

(2015). Similar results could be seen in one of the test series in this study, but the num-

ber of data points was to low and the testing program was not designed to verify the 

changes in strength between different data sets as it was designed to measure differ-

ences in workability characteristics. Lower required amount of cement could decrease 

the cost of the product thus increase the profitability against natural sand. 

 

Following are few examples of market prices and costs of natural sand and crushed 

stone aggregates. Following figures are directional and they are based on current (2017) 

market situation in Finland. Price figures are based on information given by Finnish 

suppliers. 

 

Market prices 

Product Price  € / ton 

Natural sand 0/8 9 

Natural sand 0/4 9,5 

Crushed sand, unprocessed 0/5 8 

Crushed sand, processed 0/5 10 

 

Production costs 

Product Cost  € / ton 

Natural sand 0/8 3,3 

Crushed aggregate, unprocessed  4,5 

Barmac VSI process + air classification 1,5 
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Transportation costs 

Transportation costs have great variation depending on factors for example location, 

distance, type and capacity of the vehicle. Extra fees are applied whenever the vehicle 

needs to be uploaded or offloaded. 

 

Example figures are provided by the supplier. Data is based on a vehicle with capacity 

of 50 t payload. 

km € €/km €/t €/tkm 

1 65 65 1,3 1,3 

25 125 5 2,5 0,1 

50 180 3,6 3,6 0,072 

88 303 3,4 6,06 0,068 

 

For further estimation of profitability of the product the cost of the transportation is cal-

culated with the equation (1) which is derived from the figures seen above. 

 

𝑃 =
62,5 € + 𝑋 ∗ 0,05 €

50
  

Where: 

P = cost of the transportation per ton 

X = factor regarding the distance and payload, in unit of ton kilometer 

 

Equation (1) is a rough estimator which is based on the assumption that the transporta-

tion is conducted with the truck capacity of 50 tons. The estimated cost of transportation 

has some variation (maximum of 6,6% in longer distances) for the reported prices as the 

given price data was not exactly linear. This estimation is however relatively accurate 

and quick and easy to calculate. 

 

Increased cement demand 

Important concrete characteristics, such as compressive strength, are related to the wa-

ter-to-cement ratio of the concrete mix. When crushed stone aggregates are being used, 

the water demand of concrete to obtain same consistency increases. To achieve same 

concrete characteristics the amount of cement should be increased to meet the same 

water to cement ratio with higher water demand. The new required amount of cement 

can be calculated with equation (2) 
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𝐶2 = 𝐶𝑖 ∗ (

𝑤

𝑐
2

𝑤

𝑐
1

) 

Where: 

Ci = Initial amount of cement per cubic meter of concrete [kg] 

w/c1 = Initial water-to-cement ratio 

w/c2 = New increased water-to-cement ratio 

C2 = New increased amount of cement 

 

This method can be expanded to cover the estimation of the increased price of one cubic 

meter of concrete due to higher cement demand. The price increase of one cubic meter 

of concrete can be calculated with equation (3) 

 

𝐶 = 𝐶𝑖 ∗ ((

𝑤

𝑐
2

𝑤

𝑐
1

) − 1) ∗ 𝑃 

. Where 

C = Cost of increased amount of cement [€] 

P = Price of cement [€/kg]  

Ci = Initial amount of cement [kg] 

w/c 1 = Initial water-to-cement ratio 

w/c 2 = New increased water-to-cement ratio 

 

Aggregate water demand 

The increased water demand can be estimated from the characteristics of the aggregates. 

In this study the aggregate characteristics where studied with flow cone testing method 

conducted alongside workability testing with same aggregates. With the data perceived 

from these two test methods and the observed linear dependency with flow time and 

increased water demand, it is possible to estimate the increased amount of cement need-

ed from the flow time measured in NZ flow cone test. The increased cost of increased 

amount of cement required can be estimated with the equation (4) 

 

𝐶 = 𝐶𝑖 ∗ (

𝑤

𝑐
+ 𝐹 ∗ 𝑡

𝑤

𝑐

− 1) ∗ 𝑃 
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Where: 

C = Cost of increased amount of cement [€] 

P = Price of cement [€/kg]  

Ci = Initial amount of cement [kg] 

w/c = Initial water-to-cement ratio 

F = Flow time coefficient [1/s]  

t = Increase of flow time [s] 

 

Increased amount of cement from the flow time can also be estimated with slightly 

more simple equation (5). This method assumes the change in water demand to be linear 

in relation of flow time. This means that equation (5) only applies in relatively small 

changes in flow time. Also coefficient B needs to be previously measured close to stud-

ied water-to-cement ratios. This method does not apply to studying extremes of flow 

time variations but it gives some estimation how much a change in flow time will effect 

of the cost of final product in terms of increased demand of cement. 

 

𝐶 = 𝑃 ∗ 𝐵 ∗ 𝑡 

Where: 

C = Cost of increased amount of cement [€] 

P = Price of cement [€/kg]  

B = Flow time coefficient [kg/s] 

t = Increase of flow time [s] 

 

Both of these approaches require some information of the mix design and the parame-

ters F and B should be measured from reference mixes. The estimations are only valid if 

the mix design is kept constant. 

 

Aggregate processing 

Further processing of the crushed aggregates can decrease the cost of concrete produc-

tion by decreasing the water demand thus improving the profitability of the product. 

The additional cost of Barmac processing and air classification adds 1,5 € per ton of 

concrete. The increased cost of aggregate processing can be covered when the aggregate 

processing decreases the cement demand respectively. The decrease of cement demand 

can be calculated with equation (6) 
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𝛥𝐶𝑐 = 𝐶𝑖 ∗ ((

𝑤

𝑐
𝑢

𝑤

𝑐
𝑞

) − 1) ∗ 𝑃 

Where 

ΔCc = Cement demand cost difference [€] 

P = Price of cement [€/kg]  

Ci = Initial amount of cement [kg] 

w/c u = Water-to-cement ratio with unprocessed aggregates 

w/c q = Water-to-cement ratio processed aggregates 

 

When the increased manufacturing cost is taken in to consideration, the equation (6) can 

be expanded to cover the total change in production cost of one cubic meter of concrete. 

Total change of production cost can be calculated with equation (7) 

 

𝛥𝐶 = 𝑀𝑎 ∗ 𝑃𝑞 − 𝐶𝑖 ∗ ((

𝑤

𝑐
𝑢

𝑤

𝑐
𝑞

) − 1) ∗ 𝑃𝑐 

Where 

ΔC = Change in production cost of one cubic meter of concrete [€] 

Ci = Initial amount of cement [kg] 

Pc = Price of cement [€/kg]  

w/c u = Water-to-cement ratio with unprocessed aggregates 

w/c q = Water-to-cement ratio with processed aggregates 

Ma = Total mass of processed aggregates [t] 

Pq = Cost of quaternary stage processing [€/t] 

 

The application of the equations presented with the results obtained from this study can 

be found in chapter 6. 
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4 Aggregate characterization 

This chapter provides information of the aggregate characteristics accompanied by the 

characterization process. The chapter begins with the details of the parent rock which 

the crushed stone aggregates were quarried. The selection of the aggregates and the ini-

tial stages of processing before the aggregates were delivered to the laboratory of Aalto 

University are explained. First stages of examining the aggregates contained measuring 

the grading of the aggregates. First samples were taken to be prepared for studying them 

with scanning electron microscopy. The samples were taken also from the filler fraction 

from each sample to measure their particle size distribution using laser diffraction 

method. 

 

4.1 Parent rock 

Aggregates were delivered from three different quarries located in southern Finland. 

There were two aggregates from granite rock and one from mafic volcanite rock. It was 

provided to our knowledge by the aggregate supplier, that there was deviation in 

strength in between the two granite aggregates thus they were excavated from complete-

ly different parent rock. Also the mica content varied in all the parent rocks which was 

one of the interest as the aggregates were prepared to be used in concrete production. In 

table 2. is gathered the information that was provided from the parent rock. 

 

Table 2. Initial details of the parent rock 

Quarry ID Rock type Class Strength Mica % SG  t/m3 

Kulmakorpi KK Granite III Low Fair 2,69 

Mäntymäki MM Granite  Fair High 2,75 

Haarumäki HM Volcanite A Very high Low 2,95 

 

4.2 Process 

In addition to examine aggregates from three different parent rock, the aggregates were 

also processed with two different methods prior further examination. From each source 

unprocessed 0/5 crushed stone aggregates were delivered to the laboratory of Aalto uni-

versity. Later in the thesis, these aggregates are referred as unprocessed aggregates. 

From each source unprocessed 5/16 crushed stone aggregates were delivered to the 

Metso minerals crushing facility. At Metso crushing facility the aggregates were pro-
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cessed with Barmac B5100SE vertical shaft impactor. After the Barmac processing the 

aggregates were delivered to the laboratory of Aalto university. Later in the thesis, these 

aggregates are referred as processed aggregates. At the laboratory of Aalto university 

the processed aggregates were processed further by adjusting the amount of fines and 

also removing particles coarser than 4 or 5 millimeters, depending of the testing method 

which the aggregates were being prepared for. The Barmac processing supplemented 

with adjustments for the aggregate grading corresponds the quaternary stage of the 

crushing process. This enabled to examine the effectiveness of the quaternary stage with 

three different kind of rock material. 

 

Before the aggregates were processed with Barmac a sample from each aggregate were 

taken to be examined in order to measure properties from the aggregates crushability. 

These initial tests concluded testing the abrasiveness of the aggregate and determining 

the crushability indexes. Abrasiveness test is used to estimate the wear of the impactor 

wear parts. Crushability index is a measure of how easily the material breaks down. 

(Metso) Also the grading of the 5/16 feed material was measured. After the initial tests 

were completed, the parameters of the Barmac processing such as the tip speed and feed 

rate were programmed. All three aggregates were processed with tip speed of 70 m/s. 

The feed rate was set to be around 20 tons per hour. In figure 10 can be seen the 5/16 

Kulmakorpi aggregates at the feeder conveyer belt ready to be inserted to the Barmac 

vertical shaft impactor. During the crushing process the power input and belt capacity 

were monitored and recorded. After the crushing process a sample was taken from each 

product for further analyzing. The grading of the product was measured and compared 

to the grading of the feed material. Also the flakiness of the product was measured. The 

post processing measured values provided information of the actualized reduction ratio 

and the specific energy consumption per ton of processed aggregate. The essential pre 

and post processing measured values are presented in table 3. All the measured parame-

ters are presented in the appendices of this thesis. 

 

Table 3. Pre- and post-processing test results 

ID Crushability [%] Abrasiveness [g/t] Specific energy Reduction ratio 

KK 47 1420 2,57 kWh/t 1,79 

MM 37 1460 2,26 kWh/t 1,47 

HM 21 1260 2,43 kWh/t 1,19 
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As table 3. shows the crushability of Kulmakorpi and Mäntymäki were considerably 

higher in comparison of Haarumäki. The abrasion of Kulmakorpi and Mäntymäki were 

fairly similar where Haarumäki had slightly lower abrasiveness. Expressing the results 

by describing them, crushability index between 40-50% delineates as easy, 30-40% me-

dium and 20-30% difficult.  Aggregates with abrasiveness between 1200-1700 g/t are 

considered to be abrasive aggregates. Abrasiveness between 600-1200 g/t is classified 

as medium abrasiveness. (Metso) The abrasiveness was examined with the French abra-

siveness testing method. The unit g/t refers to the wear of the standardized testing com-

ponent which the abrasiveness was measured. It does not represent directly the wear of 

the crushing equipment, which has significantly lower wear. It is also seen in the table 

3. that the Haarumäki aggregates had very low reduction ratio compared to the Kulma-

korpi and Mäntymäki aggregates. The difference between the aggregate crushability 

characteristics can also be seen in the grading curves measured after the Barmac pro-

cessing. There can be seen significant difference of the 5 mm sieve passing value be-

tween processed Kulmakorpi and Haarumäki aggregates. 

 

 

 

Figure 10. (Right) 5/16 Kulmakorpi aggregates at the feeder conveyer belt.  

(Left) Grading curves of the processed aggregates and feed material 
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4.3 FE-SEM analysis 

The characteristics of the aggregates were further examined with field-emission scan-

ning electron microscopy. This part of the research was conducted in cooperation with 

Geological Survey of Finland, GTK. The equipment used in the research was JSM-

7100F manufactured by JEOL. The SEM analysis provided information of the aggre-

gate mineralogy and also enabled to examine characteristics of individual particles. 

 

Procedure 

Samples for SEM analyses were taken from each unprocessed aggregates. Samples were 

decided to take from three size fractions from each aggregate. Size fraction in this con-

text is meant an interval between two sieve sizes. Sieving was conducted with standard-

ized dry sieving process. Selected size fractions were below 63 µm, 125 - 250 µm and 

1-2 mm.  This enabled an additional circumstance to examine if any fractionating of 

mineral composition could be detected from samples extracted from different size frac-

tions.  

 

The samples were prepared as instructed by the geologists from the Geological Survey 

of Finland. To be able to examine fine grained samples such as aggregates with FE-

SEM the aggregates should be impregnated with epoxy. A two component epoxy pro-

duced by Struers was used in this study. Cylinder shaped epoxy samples with diameter 

of 25 mm were prepared for the study. The preparation began slickening a two sided 

tape on a glass plate. The 25 mm plastic molds were pressed firmly on the tape. The 

molds were manufactured by Struers. A thin layer of aggregate sample was placed in-

side the molds. The two components of epoxy were mixed together and the mix was let 

to settle for about 10 minutes. Settling allowed the air that has been entrained when 

mixing to exit from epoxy mix. Air voids in epoxy would decrease the area that could 

be examined with SEM as they are seen as empty space when scanning with the micro-

scope. The tape should hold the aggregates in place when the epoxy was poured gently 

in to the molds. A layer of 10-15 mm of epoxy was casted in to the molds. The samples 

were set to harden for 24 hours before removing them from the molds. 

 

When examining the samples with SEM the rate of magnification can be as high as 10 

000. Even the depth of field with electron microscopes are relatively wide, to have suc-

cessful scans the surface of the sample needs to be as level as possible. Very important 
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feature of a SEM sample is how well the scanned surface is polished. This means that 

lot of effort needs to take place grinding and polishing the surface. The initial grinding 

was done manually to remove any patchiness that may have been found on the surfaces. 

After the initial grinding, samples were sanded with gradually finer sandpapers. The 

sanding was begun with P320 by grit designator of ISO 6344 standard and continued by 

P600 and finished with P1000. After the sanding was completed samples were cleaned 

with ultrasonic cleaner to remove any contaminants from the sanding. The polishing of 

the samples was conducted with Struers polishing pastes containing micron sized pol-

ishing crystals. The polishing started with paste containing 3 µm crystals, continued 

with 1 µm paste and the final polishing was completed with ¼ µm paste. During the 

final stage of polishing the surface was inspected with optical microscopy. When signs 

of unevenness could not be observed with 50 times magnification with the optical mi-

croscopy samples were ready for coating. 

 

In this study the samples were prepared with carbon coating method. The carbon coat-

ing inhibits additional charging of the samples and improves the secondary electron 

signal. After the coating a conductive copper tape was attached to the sides of each 

sample to enable electron current to discharge from the sample. The samples were at-

tached to a sample holder which was then inserted in to the instrument. A total of seven 

samples could be studied on one scanning run. Before the scanning was able to com-

mence, the scanning parameters needed to be programmed. Each sample was initially 

identified and the area of scanning was determined. The scanning area of each sample 

was manually selected. A detection limit of 7 µm was used in the scanning. When all 

the scanning parameters were programmed, the scanning was ready to be commenced. 

The scanning of the samples was conducted with method known as feature scan. In this 

method the instrument identifies individual particles by the differences of their density. 

Each identified particle is referred as a feature. The geometrical characteristics are 

measured from each feature by the secondary electron scattering. The elements of each 

feature are determined by the characteristic x-ray spectrum emitted from each feature. 

The x-ray spectrum is compared then to the Inca minerals data base. If the spectrum had 

clear characteristics the software will automatically identify the mineral. If the spectrum 

is debated or does not match to any known mineral, the feature is defined as unclassi-

fied. Scanning of the seven samples took between 14-16 hours. All the data was collect-

ed in to csv form and was later to be analyzed further with Inca minerals program and 
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Microsoft excel. In the example below is shown the essential parameters of one scanned 

feature. The feature in question is highlighted with green in the secondary electron im-

age. 

 

Figure 11. Example of collected data in feature scan 

 

4.4 Mineral analysis 

The mineral composition of the aggregates is reported as weight percentage of the ag-

gregate. The weight percentage is calculated from the results obtained from the feature 

scan. The feature scan provides information of the measured particle sizes based on the 

measurement of the projected area of each feature. The volumes of the particles are as-

sumed to be proportional to the projected area of the scanned plane. Elements of each 

particle are identified by their x-ray spectrum and the density is calculated based on 

their known atomic weights. The data is combined to the groups of identified minerals 

and their quantities are compared to the total calculated mass of the sample. 

Figure 12. Mineral compositions of Kulmakorpi samples. 
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Figure 13. Mineral compositions of Mäntymäki samples. 

 

As it can be seen in figures x. the principal minerals of Kulmakorpi and Mäntymäki 

were identical. The most significant difference between these two parent rocks is the 

relation between orthoclase and plagioclase minerals. There were multiple different 

triclinic plagioclases detected with such low proportions that they were decided to be 

merged as one group of plagioclase. Both orthoclase and plagioclase belong to the feld-

spar mineral group, but since orthoclase was the only monoclinic feldspar that was de-

tected the proportion of orthoclase was decided to be reported independently from other 

feldspars. This arrangement enabled to present the main difference in mineral composi-

tion between these two otherwise relatively similar aggregates. 

 

The characteristic behavior of quartz was almost identical in both samples. The quartz 

was detected with higher portions in coarser samples and the proportional amount of 

quartz decreased gradually when the particle size of the aggregate was decreasing. With 

Mäntymäki aggregates the change in quartz portion was higher. The portion of quartz 

decreased from 45% to 23% when the particle size decreased from 1-2mm to below 63 

µm. The change in the portion of quartz had exactly same tendency in Kulmakorpi ag-

gregates but the amplitude of the change was slightly lower, from 39% to 32%. 

 

The portion of mica was clearly seen to increase in Kulmakorpi aggregates when the 

particle size decreased. The proportion of mica increased gradually from 1% in 1-2mm 

sample to 3% in below 63 µm sample. The tendency was not that clearly identified in 

Mäntymäki aggregates. Multiple different minerals belonging to mica group such as 

muscovite and various biotites were identified from both aggregates. Their proportion 

individually was so low that all the minerals belonging to mica group were decided to 
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be merged and reported as one group of mica minerals. After the feature scanning and 

statistical analyzes were completed, it was found that numerous amount of fine particles 

were under the predetermined detection limit of the feature scan. Few measurements 

were conducted manually and some of the fine particles were large enough to had clear 

x-ray spectrum and they were able to be identified. These finer particles were mainly 

identified either orthoclase or biotite. This finding could mean that the mica minerals 

might be underrepresented to some extent in the results.  

 

In both aggregates the proportion of feldspar minerals increased as the particle size de-

creased. From coarsest 1-2mm sample to finest below 63 µm sample the proportional 

amount of feldspar increased from 59% to 62% in Kulmakorpi aggregates, and from 

44% to 71% in Mäntymäki aggregates. The finest 63 µm fraction in Kulmakorpi aggre-

gates was dominated by orthoclase with 40% and by plagioclase with 63% in 

Mäntymäki aggregates.  

Figure 14. Mineral compositions of Haarumäki samples. 

 

Unlike Kulmakorpi and Mäntymäki the Haarumäki aggregates had hornblende as one of 

the principal mineral instead of orthoclase. The specific gravity of hornblende varies 

between 3,0 to 3,4 t/m
3
 which is much higher than orthoclase 2,6 t/m

3
 quartz 2,65 t/m

3
 

or plagioclase 2,7 t/m
3
. This can be seen as a ground for the higher specific gravity of 

Haarumäki aggregates in comparison of Kulmakorpi and Mäntymäki.  

The proportion of quartz was much lower in Haarumäki aggregates. The proportion was 

higher in coarser samples. The behavior of quartz was similar than in the granite aggre-

gates. Haarumäki aggregates had the lowers amount of mica minerals of the three ag-

gregates that were examined. The proportional amount of mica was only around 1% in 

Haarumäki aggregates. 
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4.5 Particle characteristics 

Characteristics of individual particles were examined with the scanning electron mi-

croscopy with the feature scanning method as described in previous chapter. Feature 

scan provides information from each detected particle such as the mineral composition, 

size and shape features. The information enables possibility for statistical analysis to 

examine characteristics of large assembly of particles containing only one mineral. This 

enables to study behavior of minerals in different size fractions. 

 

Kulmakorpi  samples 

 

Table 4. Statistics of Kulmakorpi below 63 µm sample 

  Orthoclase Quartz Plagioclase Micas 

No. Detected particles 1635 1298 1034 198 

Aspect Ratio Average 1,88 1,94 1,87 1,99 

Aspect Ratio STDev 0,6 0,68 0,59 0,79 

ECD µm average 21,22 20,79 20,39 17,97 

ECD STDev 13,98 13,37 12,98 12,21 

 

Table 5. Statistics of Kulmakorpi 125 - 250 µm sample 

  Orthoclase Quartz Plagioclase Micas 

Aspect Ratio Average 2,26 2,48 2,18 3,47 

Aspect Ratio STDev 1,1 1,45 1,02 2,87 

ECD µm average 83 86 92 90 

ECD STDev 60,4 59,4 65,8 53,1 

 

From tables 4 and 5 can be seen that the feldspar minerals orthoclase and plagioclase 

had relatively identical characteristics. In below 63 µm sample the aspect ratios of or-

thoclase and plagioclase in this sample were very close to each other being slightly be-

low 1,9. The standard deviation of the aspect ratio distribution of both minerals was 0,6 

and 0,59. The aspect ratios were assumed to be normally distributed. These measured 

values suggest that the behaviors of these minerals are very similar when the parent rock 

is being crushed. The results found in 125 - 250 µm sample contains slightly more vari-

ation yet the characteristics can be seen very identical. When analyzing these results it is 

important to note that the orientation of the elongated particles had some effect to the 

results as the assessment was based on 2-D image analysis. 
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Most variation in shape characteristics was found in minerals belonging to mica group. 

The average aspect ratios of mica particles were highest of all the minerals from the 

samples. In relation of other minerals of the parent rock mica minerals had much higher 

aspect ratios in found in 125 - 250 µm sample. Also the standard deviation of the aspect 

ratios of mica particles were significantly higher stating that the mica minerals had wide 

range of deviation in shape. Also it must be noted that mica minerals had the evidently 

the smallest average particle size in 63 µm sample but in 125 - 250 µm sample the aver-

age size of mica particles was around the same magnitude with the other minerals, even 

slightly larger than quartz or orthoclase particles. After visual assessment of the second-

ary electron images of the samples it was noted that the high deviation of mica particle 

shape and size characteristics was found in the delamination and crushing characteris-

tics of mica crystals. If the mica sheets were still closely attached the instrument could 

detect a stack of mica sheets as one mica crystal, or as individual crystals if the sheets 

were slightly erupted. The mica crystals was also find to be partially crushed in form 

where the sheets were still attached but the structure had been crushed perpendicular to 

the direction of the sheets as seen in the right most image in figure 15. This type of 

crushing was found when manually assessing the secondary electron images after the 

feature scan. The characteristics of mica minerals were found to be relatively similar in 

all the aggregates. Some variations were found in Haarumäki aggregates where mica 

minerals much lower deviation in 125 - 250 µm sample. 

 

Figure 15. Secondary electron images of Mäntymäki 1-2 mm sample.  

 

The three secondary electron images are taken with three different levels of magnifica-

tion. In the different magnifications can be seen different types of crushing of mica 

crystals. In the upper part of the left most picture, a stack of mica sheet sized of around 
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50 x 40 µm can be seen. This stack of mica sheets in feature scan could be classified as 

one particle with ECD around 45 µm and aspect ratio around 1,25. As it also can be 

seen in the left most picture that the area in between the larger mica particles is full of 

significantly smaller particles. In the middle picture delaminated mica sheets can be 

seen. In comparison to the situation in left most picture, these mica sheet could be de-

tected as individual particles with much smaller ECD and significantly higher aspect 

ratio. The particles seen in the middle picture were on the detection limit of the feature 

scan. In the right most image the structure of larger mica particle is disintegrated per-

pendicularly to the direction of the sheets. These particles seen in the picture were be-

low the detection limit but were large enough to provide clear characteristic x-ray spec-

trum and they were identified as biotite mica. These particles with around micron level 

diameter seem to have much smaller aspect ratio than the particles seen in the middle 

picture. 

 

The purpose of this visualization is to extend how difficult the statistical analysis of 

mica particles is. The situation complicates further if the micron level particles are at-

tached on the surfaces of larger particles. This phenomenon may lead in to misinterpre-

tation of the particle size distribution and the estimation of the surface area. To estimate 

the quantitatively the amount of micron level particles different approach to examina-

tion was taken into action. The procedure and results are described in chapter 4.7. 

 

Haarumäki samples 

 

Table 6. Statistics of Haarumäki below 63 µm sample 

  Plagioclase Hornblende Quartz Micas 

No. Detected particles 2002 1916 277 56 

Aspect Ratio Average 1,82 1,83 1,72 2,13 

Aspect Ratio STDev 0,54 0,54 0,43 0,78 

ECD µm average 19,33 19,97 18,3 15,92 

ECD STDev 10,44 11,58 8,71 6,86 

 

Table 7. Statistics of Haarumäki 125 -250 µm sample 

  Plagioclase Hornblende Quartz Micas 

Aspect Ratio Average 1,93 1,86 1,84 1,99 

Aspect Ratio STDev 0,72 0,63 0,61 0,81 

ECD µm average 62,47 45,94 47,6 45,63 

ECD STDev 66,62 56,61 54,41 52,29 
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At tables 6 and 7 can be seen that characteristics of hornblende mineral are relatively 

close to plagioclase and quartz in terms of aspect ratio and particle size. In 125 -250 µm 

sample these characteristics are closer to the characteristics of quartz particles. Like in 

the Kulmakorpi mica particles had highest aspect ratio of all the samples and had high-

est variation in shape. Also the diameter of mica particles was measured to be the lowest 

of all the minerals. 

 

Comparing results of the statistical particle shape analysis can be seen that the aspect 

ratios measured in this study are relatively close what Cepuritis et al. (2016) have previ-

ously measured with 2-D image analysis method. The rock types T2 and T10 in figure 

16. are relatively close to the composition of Kulmakorpi and Mäntymäki aggregates. 

As it can be seen in figure 16. that the aspect ratios measured in this study are more sim-

ilar in particle sizes below 20 µm. The trend of the aspect ratios however was opposite 

what Cepuritis et al. have measured. 

 

Figure 16. Results from 2-D particle shape analysis.  

Right: Cepuritis et al. (2016), Left: Statistical analysis from FE-SEM results 

 

Cepuritis et al. calculated in their study linear regression R
2
 of 0,8006 between the par-

ticle aspect ratios measured with 2-D image analysis and 3-D µCT technology. Their 

study stated that 2-D image analysis can provide a good limited indication of the actual 

3-D shape of the irregular crushed aggregate fines. They found higher correlation in 

around 40 µm sized particle characteristics. 

 

Summary 
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According to the statistical analysis same minerals were observed to have similar char-

acteristics in crushed aggregate samples and not to be dependable of the original com-

position of the parent rock. Quartz particles had mainly lowest aspect ratios and con-

tained lowest amount of deviation in shape characteristics. Mica minerals were usually 

the smallest particles from each sample and had the highest aspect ratios and deviation 

of the aspect ratio in every sample. 

 

4.6 LDR particle size analysis  

Particle size distribution of the filler was measured with Beckman Coulter LS 13 320 

laser diffraction particle size analyzer.  A sample of filler was extracted from each 

crushed aggregate both from unprocessed and processed aggregates. Samples were ex-

tracted by using dry sieving method collecting the particles that pass the sieve size of 

125 µm. A sample of natural sand filler was extracted using the same method. The LS 

13 320 laser diffraction device measures the particle size distribution from dry pow-

dered samples. The measurement range of the instrument is applicable for particle sizes 

from 0,4 µm to 2000 µm. Small amount of the sample, usually around 5 grams with this 

grading, are placed in to sample holder of the instrument. The device creates a rotating 

airflow by using vacuum which forces the sample to flow through the analyzer in con-

tinuous stream. The analyzer contains 126 detectors which each measure light intensity 

variations per unit area which can be converted to a scatter pattern.  The scatter pattern 

is converted either by Frauenhofer or Mie theory of scattering light to the equivalent 

spherical size of the particle. The data is collected from the analyzer with Beckman 

Coulter software which creates a csv file from each test. The results can be monitored 

simultaneously while the testing is being performed. The software allows comparing the 

particle size distribution curves from each individual test. If significant variations could 

not be seen between the results from same sample the csv files were exported and the 

particle size distribution was calculated as an average of three individual tests from the 

same sample. This method reduces the divergence in the results and minimizes the pos-

sibility of error in the measurement process. 
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Figure 17. Particle size distributions of fillers 

 

As it can be seen in figure 17. all the crushed aggregates had much more fine particles 

compared to the natural sand filler. Particle size distributions of Kulmakorpi and 

Mäntymäki are relatively similar in shape and Haarumäki filler is seen to be significant-

ly finer. Natural sand filler did not contained measurable amount particles below 16 µm 

in size where all the crushed fillers had some amount of particles below 1 µm in size. 

Kulmakorpi and Mäntymäki had both 2,5% of the filler (0,3% of total) and Haarumäki 

4,1 % of the filler (0,5% of total) smaller particles than 1 µm in size. The proportional 

amount of fine particles from total amount of the aggregate is estimated by the infor-

mation gathered from laser diffraction analysis combined to the amount of 125 µm pass-

ing value with dry sieving method. Figure 18 shows the combined grading of the aggre-

gates. 
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Figure 18. Aggregate size distribution 1 µm – 4 mm 

 

In figure 18. can be seen grading curves of the aggregates (right) extended to the micron 

level particle size distribution (left). As it can be seen in the graph the shape of 

Haarumäki grading curve is vastly different than Kulmakorpi or Mäntymäki. Haarumäki 

contains higher amount of fines and the distribution of fines is different in shape. Ac-

cording to these findings Haarumäki aggregates are seen to have highest surface area 

thus estimated to have highest water demand in concrete production. More attention to 

the extremely fine particles that increases the surface area even further is presented in 

the next chapter. 

 

The effect of Barmac processing to the distribution of fines was also examined with the 

laser diffraction method. It was observed that the Barmac processing had nearly no ef-

fect of the particle size distribution of the fines in granite based aggregates Kulmakorpi 

and Mäntymäki. The Barmac crushing method is based on the impact energy of the ag-

gregate meaning the particles need to contain certain amount of energy for the crushing 

to be effective. (Metso) If the particle is extensively small in diameter thus having very 

low mass, it is difficult to obtain the energy required to crush the particle on impact. 

Another explanation for the similar particle size distributions might be found in the 

mineral structure of the parent rock. When the particle size is decreasing to the size of 

individual mineral crystals, increasingly amount of energy is needed to break the miner-

al crystal structure. Also as the kinetic energy is proportional to mass lighter particles 

would need substantially higher speed to obtain high enough amount of kinetic energy. 

It is studied (Cepuritis, tark) that the effectiveness of the Barmac process is predictable 

when the particle size is higher than 2 mm. In figure 19 is shown the particle size distri-
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butions of processed and unprocessed filler. From the figure can be seen that the shape 

of the distribution is almost identical in Mäntymäki aggregates before and after the 

Barmac processing. However at Haarumäki aggregates can be seen change in the shape 

of the distribution as the Barmac process had seemed to increase the portion of 125 µm 

particles. 

 

Figure 19. Effect of Barmac processing to the particle size distribution 

 

These results only describes the shape of the distribution and do not show the change in 

total amount of the fines. Results of Kulmakorpi aggregates are not showed in the graph 

to improve visualizing. Behavior of Kulmakorpi aggregates was almost identical with 

Mäntymäki aggregates. All the measurement data can be found in the appendices of this 

thesis. 

 

4.7 Attached fine particles 

At the early stage of the experimental part of this work, it was noted that after the dry 

sieving process a great amount of very fine particles were still attached on the surface of 

the larger aggregates. It is observed in previous studies (Cepuritis et al. 2015) that the 

particle size distribution of filler of the crushed sand influences on water demand of the 

concrete. An additional aspect of research more about this fine dust was added in to the 

experimental part of this work. 

 

Following approaches where implemented to characterize the fine particles attached to 

the surface of the crushed stone aggregates. 
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 Estimating the total amount <63 μm particles attached to the surface of larger (ie 

+1mm particles) 

 Studying the method of removal of the dust 

 Defining the particle size distribution of the hidden small fraction 

 Estimating the additional surface area 

 Finding what mineral composition is the surface dust, and is it possible to find 

out any trends on what minerals are attached to each other 

At the first stage of the study of the surface dust a samples of dry sieved aggregates 

were assessed with optical microscope. After a brief visual assessment of different 

crushed stone aggregates from different sources a sample of Haarumäki aggregates from 

dry sieved fraction of 4-8mm was selected to further study. The decision to select 

Haarumäki 4-8mm aggregates was based on the high amount of the dust particles that 

could be seen on the surface with 50 times magnification on the optical microscope. 

 

First step on the study of the surface dust was to estimate the total amount of the dust 

attached on the surface of larger particles. The process began by drying the selected 

aggregate in the temperature of +105c for approximately two hours. The initial moisture 

content of the aggregates was measured earlier to be 0,7%. After the aggregates were 

dried a sample of 500,0 g was measured. The first attempt to remove the surface dust 

was with water and a fine sieve. After the wet sieving process the aggregates were dried 

for visual inspection with optical microscope. The amount of the small particles was 

clearly decreased but still a great amount of very fine particles were seen attached to the 

surface.  

 

The next step to remove the fine particles from the surface was to insert the aggregates 

to a Ultrasonic device where the aggregates were covered with Industol solution. The 

ultrasonic washer exposes the sample with high frequency sound waves which creates 

small bubbles to the solution. Each cycle with the washer was completed by the preset 

program of the machine. The duration of one cycle is about 3 minutes. After each cycle 

the Industol was collected and the aggregates were placed in to a new container with 

new and fresh Industol. The cycles were repeated until the Industol solution stayed clear 

and no more dust dispersed to the solution. A total of six cycles were completed until 

the solution stayed clear. After the final sixth cycle with ultrasonic washer the aggre-
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gates were dried again in the temperature of +105 degrees of Celsius. After drying the 

surface was assessed with optical microscopy and no clear sign of fine particles were 

seen. At this stage when no particles were seen with magnification of 50x and also no 

particles were seen to disperse, can be said that the true majority of the particles were 

removed from the surface. 

 

The water from initial washing as well as the Industol from all of the phases with the 

ultrasonic washer was collected and placed in to the petri dishes. After the water and 

Industol were evaporated the samples of fine particles were collected from the bottom 

of the petri dishes where they were sedimented. The collected sample was then dried, 

powdered and measured. This sample was studied further with a laser diffraction device. 

The initial mass of the sample was 500,0 grams. The mass of the dried 4-8mm aggre-

gates after the washing process was 495,9 grams. The total deviation in mass is 4,1 

grams. The total mass of the fine particles that was collected from the petri dishes was 

3,75 grams. From these figures can be seen that there is only 0,35 grams of inaccuracy 

in the masses. The 0,35 g error most likely is explained by the fact that these extremely 

fine particles has a tendency to attach in the surfaces, such as the container of the ultra-

sonic washer device or the surfaces of the petri dishes. Also the moisture content of the 

aggregates may vary slightly despite the fact that the aggregates were carefully dried 

before each weighing. Also the accuracy of a weighing device has direct effect of the 

accuracy of the results.  

 

According to the measurements of this particular sample, it was found that the 4-8mm 

fraction contained approximately 0,75% in weight of very fine particles attached to the 

surface. Regarding the deviation in total mass and the accuracy of the method, the true 

amount of this very fine fraction can be vary approximately +- 0,2% of total weight of 

the sample. This test result gives only an estimate of the total amount of the fine parti-

cles in the aggregates. To be able to get more reliable and realistic image of the amount 

of fine particles, the whole process should be repeated multiple times for different sam-

ples. As this process is extensively time consuming the depth of the study was limited in 

this aspect only to study the characteristics of the surface dust of Haarumäki sample 

with this method.  
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The powdered sample extracted from the Haarumäki 4-8mm aggregate was then studied 

with the laser diffraction device. After the aggregates were extracted and powdered the 

method to measure the particle size distribution was following the exact same procedure 

as measuring the filler fraction of the aggregates. The total of 3,75 grams of the sample 

was divided into three close to equal sized subsamples. The subsamples were inserted 

individually to the feeder of the device. After each test run the results of the test were 

exported in to a csv file. Each test run contained approximately one gram of the sample. 

After completion of two successful tests the deviation between the results of the tests 

was extremely low and the results were considered to be reliable. The raw data of the 

test runs can be seen in appendix x. The test results from each run were combined in 

excel and the particle size distribution was calculated as the average value of each data 

set. The PSD curve was then calculated with the interval of standardized sizes. The par-

ticle size distribution of the fine particles from extracted Haarumäki sample can be seen 

in figure 20. 

 

Figure 20. Particle size distribution of attached fine particles extracted from the 

Haarumäki 4-8mm sample. 

 

As it can be seen in the figure 20 the fine particles extracted from the surface of the 

Haarumäki sample contained great amount of particles with diameter smaller than 30 

μm. It is also notable that the extracted sample contained high proportion of sub-micron 

sized particles. This fraction of extremely fine particles increases significantly the sur-

face area of the aggregate. Compared to the grading curve of the natural sand filler seen 

in the graph with green, the natural sand filler does not seem to contain any particles 

smaller than 16 microns. According to this result the fine particles attached to the sur-

face are extensively smaller than natural sand filler particles. The total effect of the at-
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tached particles to the grading curve of the Haarumäki filler is presented in figure x. 

Measured with dry sieving method, it was estimated that the Haarumäki aggregates con-

tains 12,987% of weight particles smaller than 125 μm. It was estimated previously in 

this chapter that the total amount of the fine particles that cannot be seen in dry sieved 

grading curve presents 0,75% of total weight of the aggregates. The particle size distri-

butions from Haarumäki filler and extracted surface dust were scaled to represent their 

total fractions of Haarumäki aggregates. In figure 21 is shown the particle size distribu-

tion of the filler measured with LDR with continuous line, and the corrected particle 

size distribution calculated with the effect of the surface dust with the dashed line. 

 

Figure 21. The particle size distribution of Haarumäki filler corrected with the effect of 

the surface dust. The surface dust increases the proportional amount of filler from 

12,987% to 13,737%. The dust effects the shape of the particle size distribution mainly 

in below 16 μm sized particles. 

 

In the FE-SEM studies a great number of micron level particles were seen in every 

sample. It was found in the secondary electron images that great proportion of these fine 

particles were attached in to the surface of the larger particles. In figure 21. can be seen 

two secondary electron images with different magnification from the same Mäntymäki 

1-2mm sample. The larger particle in the picture is detected as a plagioclase and as seen 

in the picture in the micro fracture and in the surface of the plagioclase grain a submi-

cron scaled particles of biotite can be seen. The biotite particles were under the detec-

tion limit on the feature run with the FE-SEM study, meaning that all the information of 

submicron scaled particles is missing in the particle analysis provided with the FE-SEM 
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study. The biotite particles seen in figure 22. were still large enough to be able to get 

clear x-ray spectrum of their elements and with this method these particles were able to 

identify as biotite. This method was done completely manually as there were no suitable 

software available to produce a statistical model for these submicron particles attached 

to the surfaces. 

 

Figure 22. Biotite particles attached on the surface of plagioclase  

 

As no software were available to create a model of attached fine particles the number of 

data points in this extent was relatively low being close to 100 data points comparing 

the FE-SEM feature run where the number of data points were in thousands. With the 

manual detection the fine attached particles were mostly detected to be mica minerals, 

mainly biotite. Also a great number of feldspar minerals were detected especially on 

Kulmakorpi samples, where the finest detected fraction was dominated by orthoclase 

particles. In further studies it is recommended to study the possibility to increase the 

level of automatization in detection of the smaller particles. This would enable to use 

much higher number of data points to achieve accuracy close the accuracy of the feature 

run. By this data the more accurate statistical modelling could be created to find out if 

there are certain trends between different minerals and their tendencies to attach to cer-

tain minerals.  This data could be useable when evaluating the usability of parent rock 

for crushed stone aggregates to be used in concrete production.  

 

For further studies it is recommended to study characteristics of the attached particles. 

This study did not provide a possibility to examine how much the air classification 

method decreases the amount of the attached particles. The surface area of the particles 

was only estimated by calculating from the particle size distribution. As the surface area 
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of the filler is dominant factor for water demand it is recommended to study further the 

additional surface area of the attached particles with more accurate methods. The real 

effect on rheology should be examined further. The strength development of Haarumäki 

was higher compared to its counter parts despite higher water-to-cement ratio. The ef-

fect of fine particles to the strength developments should be studied further. 
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5 Research of workability characteristics of concrete 

In the experimental part of this study the workability characteristics of concrete were 

examined. The objectives of the experimental program could be expressed with three 

aspects of interest. 

 

 How much the workability of the concrete is influenced when the natural sand is 

gradually replaced by crushed stone aggregates, and is the increased water-

demand linear in relation of the amount of crushed stone aggregate used 

 How much the quaternary stage of crushing improves the characteristics, namely 

decreases the water demand 

 What portion of the increased water demand can be explained by the characteris-

tics of the particles in the filler fraction  

As this study provided a possibility to study three different types of aggregates with 

different mineral composition trends between the rheological test results and mineral 

composition of the parent rock could be examined.  

 

5.1 Research program 

The research program was designed to study the influence of crushed stone aggregates 

with two approaches. A sample containing only natural sand was set to be the reference 

in both approaches. First approach measures the differences in relation to the reference 

when the proportional amount of crushed stone aggregates was increased. Nataraja & 

Priyanka (2011) have conducted their study with similar approach by replacing the nat-

ural sand with crushed stone aggregate up to 50% of weight of the aggregate. In this 

study the selected proportions of crushed sand aggregates were 33%, 66% and 100%.  

 

In previous studies on the subject (Cepuritis et al. 2016), (Pedersen 2011) has examined 

the effect of filler fraction to the rheological properties. Cepuritis (2016) et al. found 

that the properties of the filler fraction would have 6-8 times higher effect on the rheol-

ogy than the coarser fraction when the results were normalized according by the unit 

weight of the aggregate. In the second approach in this study the filler fraction of the 

sample was replaced either with natural filler on the crushed stone samples or with 

crushed filler on the natural sand samples. Comparing results with the reference sample 
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and 100% of crushed aggregate sample provided information of the effect of the filler 

fraction. 

 

Following logic was outlined to identify the samples. The two letter abbreviation de-

fines the source of the aggregate 

 

KK = Kulmakorpi 

MM = Mäntymäki 

HM = Haarumäki 

 

The letter B after the two letter identifier means that the aggregate is processed with 

Barmac vertical shaft impactor. In samples where Barmac processed aggregates are 

used all of the crushed stone aggregates are processed with Barmac. If the sample does 

not conclude the letter B on its identifier, this means that the aggregate in question is 

unprocessed crushed stone aggregate. 

 

Additional identifier always refers to the content of crushed stone aggregate. In other 

words the fractions in the identifier refers to the fraction of the crushed stone aggregate 

of the total aggregates. Letters DF and DL refers to divided grading curve. These sam-

ples are divided at the particle size of 125 microns. Abbreviation DF means that the 

sample contains crushed particles that are finer than 125 microns. DL means that the 

sample contains crushed particles that are larger than 125 microns. In this report the DL 

samples are occasionally referred as samples, where filler fraction is replaced with natu-

ral filler. The logic is presented graphically in the figure 23. All the 0-4mm samples are 

prepared with the same method. 
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Figure 23. Naming of the combined aggregates 

 

The first workability testing was decided to do with the NZ flow cone. On this stage 

adjustments could be made for the grading of the aggregates. Also the studied variables 

and combinations with aggregates could be re-evaluated for further testing.  

After flow cone tests, the flow table tests were conducted for the same aggregates used 

previously in flow cone testing. As flow table testing is more time and resource con-

suming the number of aggregate combinations was reduced slightly. Selected combina-

tions for further research were selected that the flow table testing would cover all the 

extremes and also provide adequately accurate information of the internal variations of 

different combinations.  

 

The last part of rheological research was conducted for 0-16mm concrete. The main 

purpose of this part of the experiment was to confirm, would the assumptions that were 

made previously in flow cone tests for 0-4mm concrete, also apply in industrial scale 

with 0-16mm concrete. As this thesis focuses on the fine grained crushed stone aggre-

gates, it was decided that the concrete would consist crushed aggregates in 0-5 mm frac-

tion and natural aggregates in 5-16 mm fraction. Only the extremes were selected for 

the testing of 0-16mm concrete. 
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The fundamental advantage of conducting flow table tests alongside the flow cone test 

was that the results from these two different methods were possible to compare with 

each other. This provided an additional possibility to examine the accuracy and suitabil-

ity of flow cone testing method when rheological characteristics of crushed stone aggre-

gates are being researched. The used research methods throughout this study provided a 

chain of experiments that enabled to gather information in multiple levels from aggre-

gate mineralogy, to aggregate workability characteristics to their effect of concrete rheo-

logical characteristics. The great diversity of experimental methods provided an addi-

tional prospect of how compatible results can be gathered with different research meth-

ods. 

 

The following chapters go through the experimental researches in the chronological 

order as they were conducted in this study. 

 

5.2 Flow cone 

The flow cone gives indirect results from the rheological characteristics of the aggre-

gate. In the flow cone testing method the flow time of 1000 g of aggregate trough the 

device is measured. The other measurement parameter is void content of the aggregate. 

When measuring the void content the packing of the aggregates should be always exe-

cuted with same method avoiding any additional compression to increase the dry densi-

ty of the aggregates. In flow cone testing method the aggregate flows through the cone 

onto a container which has smaller volume than the 1000 g of aggregate. This ensures 

that the container is always packed with same method. The excessive aggregates are 

being peeled off on top of the container and the aggregates are weighed. By knowing 

the specific gravity of the aggregates and the volume of the container the void content 

of the aggregate can be calculated. 

 

Sample preparation 

The flow cone testing was the first experimental study of the aggregate workability 

characteristics. Consequently many modifications for the aggregate grading took place 

in the initial part of preliminary testing series with the flow cone. The very first grading 

curve of the reference natural sand aggregates was based on Läyliäinen 0/8 betonihiekka 
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that is used commercially in concrete production in Finland. The grading of the aggre-

gates how ever needed to be modified as it was found that if the maximum grain size is 

over 4 millimeters the aggregates would not flow through the flow cone device. The 

initial modification for the grading curve was to cut the maximum grain size to be 4 

mm. The modification was done by dry sieve. 

 

Next preliminary tests were conducted for Kulmakorpi 0/5 unprocessed crushed stone 

aggregates. In the first test, it was found out that without any modification for the grad-

ing curve the test could not be completed since the aggregates consisted larger particles 

that blocked the device. Aggregates were sieved to have maximum grain size of 4 mil-

limeters. After removing the over 4 millimeter particles it was found that the flow of the 

aggregates were discontinuous and any of the test could not be completed as the flow of 

the aggregates clogged where there still aggregates on the device. The same phenomena 

was found also with Haarumäki crushed aggregates with maximum grain size of 4 mil-

limeters. The phenomena can be explained by high content of fine particles. At this 

point a decision was made to merge the grading curves of all the aggregates to be as 

identical as possible with the modified Läyliäinen sand grading curve with the maxi-

mum grain size of 4 millimeters. After few preliminary tests were successfully complet-

ed for crushed stone aggregates, the modified grading curve was decided to be applied 

for all the test series. 
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Table 8. Proportions of aggregates in grams per 1000g of sample 

Name \ Sieve 
[mm] 0-0,063 

0,063-
0,125 

0,125-
0,250 

0,25-
0,5 0,5-1 1-2 2-4 

LAB 23 49 120 169 193 217 229 

_DF 23 49 120 169 193 217 229 

_DL 23 49 120 169 193 217 229 

nn 23 49 120 169 193 217 229 

1/3 15 33 80 112 129 145 153 

  8 16 40 56 64 72 76 

2/3 8 16 40 56 64 72 76 

  15 33 80 112 129 145 153 

        
        Natural sand   

      Crushed sand   
       

 

The samples containing both natural sand and crushed stone aggregates were produced 

by measuring predetermined amount of sample from each fraction. The amount of natu-

ral sand and crushed stone aggregates in each sample can be seen in table 8. After the 

components of the aggregates were combined the aggregates were mixed before insert-

ing them into the flow cone device. It was noted that the samples containing both natu-

ral sand and crushed sand had tendency to have initially slightly higher flow times and 

after few tests the flow time decreased in to level where it remained steady. These com-

bined aggregates had also initially slightly higher void content which also decreased 

within few tests. This could be explained that initially the mixed aggregates are not be-

ing mixed into homogeny state thus their void content is higher due to poor compaction 

of the aggregate. Combined aggregates were set to flow through the device at least three 

times before the results were collected.  

 

Results 

At least three successful tests were completed for each sample. The measuring data was 

collected into the field logs that can be found in the appendices of this thesis. While 

performing the flow cone test additional attention was given to consistency of the re-

sults. When testing one aggregate, it should perform more or less similar every time. If 

great deviation was found on the results the value of the test result was neglected. Great 

deviation in flow time was mainly caused by partial or total blocking of the cone. These 

results were recorded as DNF for did not finished. Some error for measuring the void 
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content could be caused while peeling the excessive aggregates from the measurement 

container. Improper technique in peeling may cause additional packing of the aggregate 

which creates error to the void content. When at least three valid data points were form-

ing a clear individual group of results, the test was considered to be successful and the 

result was announced as an average value of measured void content and flow time. The 

results were reported with accuracy of 0,1 seconds in flow time and 1% in void content. 

 

Figure 24. Example of flow cone test measurements from Kulmakorpi series 

 

In figure 24. is shown the measured values from Kulmakorpi series. Results from Bar-

mac-processed products are removed from this table to reduce the number of data points 

to improve the visualization. From the figure 22 can be seen, that the measured data 

points from different samples forms clear individual groups. As seen in the figure that 

the LAB sample with only natural sand provides the most compact group of results and 

most scattering can be seen with KK_DF sample where the filler fraction of natural sand 

sample is replaced by crushed stone filler. As there is a clear difference between the 

different samples it can be stated that the method clearly detects deviations from differ-
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ent aggregates. Small deviation within individual groups expresses the accuracy of the 

method. 

 

Figure 25. Flow cone test results. Kulmakorpi series 

 

According to NZS 3111:1986 the blue envelope is evaluated that the aggregates within 

the envelope would have good rheological properties in concrete production. As it can 

be seen from figure 25, that only the KK sample, which consists 100% of unprocessed 

crushed stone aggregates and KK_DL where 125 micron filler is replaced with natural 

sand filler, are outside of the envelope. All other results are within envelope and they all 

seemed to be located quite accurately on diagonal line or curve on the void content – 

flow time chart. Slight deviation can be seen with the results where the filler fraction is 

containing other aggregates than the coarser fractions. It can be seen that the samples 

with filler fraction replaced with crushed filler are being slightly above the curve and 

samples with natural sand filler slightly below the curve.   
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The total increase in flow time between natural sand and unprocessed Kulmakorpi ag-

gregates is 8,3 seconds. When one third of the natural aggregates are replaced with un-

processed crushed stone aggregates, the flow time can be seen to increase 33% of the 

total time difference between natural sand and 100% crushed stone aggregates. The 

flow time increases to around 60% of the total difference when 2/3 of the aggregates are 

replaced with unprocessed crushed stone aggregates. With the Kulmakorpi series the 

amount of unprocessed crushed stone aggregate was identified fairly linearly increase 

the flow time. 

 

A significant improvement can be seen in flow time with the Barmac processed aggre-

gates compared to unprocessed aggregates. As seen in the figure the Barmac processed 

aggregates are well within the envelope even when 100% of the used aggregates where 

crushed stone aggregates. The difference in flow time between natural sand and Barmac 

processed aggregates is only 4,3 seconds. This means that the Barmac processing cuts 

the flow time by 48% compared to the flow time of unprocessed aggregates. The sample 

containing 100% of Barmac processed aggregates seemed to have lower flow time and 

void content than the sample containing 2/3 of crushed unprocessed aggregates and 1/3 

of natural sand. It is also notable that samples KKB_DL and 1/3KK are all within 0,1 

seconds from each other but they have 2% difference in void content, when 1/3KK and 

2/3KKB have only 0,26% difference in void content and have 0,4 seconds of difference 

in flow time. 

 

The flow time decreased 2,3 seconds (28%) when the filler fraction of KK sample was 

replaced with natural sand filler. The decrease in flow time when filler fraction was re-

placed by Barmac processed sample was 1,5 seconds (35%). Same figures when the 

filler fraction was replaced with crushed filler from natural sand sample the increase in 

unprocessed crushed filler was 2,3 seconds (28%) and Barmac processed filler 1,2 sec-

onds (28%). From these figures can be derived that the filler fraction is responsible of 

nearly one third of the total increase of flow time in Kulmakorpi series. This should be 

said with caution as it was previously discovered in earlier part of this study, that after a 

dry sieving process large amount of filler sized particles were still attached onto the 

surfaces of larger particles. This means, that even when the filler fraction has been re-

moved with dry sieving process, there are still crushed filler sized particles on KK_DL 

and KKB_DL samples that might affect negatively on flow time. The higher relative 
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change in flow time on KKB_DL sample comparing to KK_DL could be explained by 

the notably elongated 1-4 mm sized particles on KK_DL sample that had tendency to 

block the cone partially and completely. This tendency was remarkably slighter on 

Barmac processed particles. 

 

Figure 26. Flow cone test results Mäntymäki series 

 

Similar to the Kulmakorpi results, the sample containing only unprocessed crushed 

stone aggregate had highest void content and longest flow time. Data points are located 

fairly closely to the diagonal curve on void content – flow time table. On Mäntymäki 

series three samples are located outside of the desired envelope. 

 

The flow time is decreased with Barmac processing by 3,6 seconds, representing 57% 

of the total difference of flow times between natural sand and unprocessed crushed ag-

gregates which was measured to be 8,3 seconds. Results of MM1/3 sample and 

MMB2/3 are very close to each other. 
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The increase of flow time as a function of proportional amount of crushed stone aggre-

gate was not as linear as in Kulmakorpi series. When 1/3 of the aggregates where 

crushed stone aggregates the flow time increased 30%, and when 2/3 of the of the ag-

gregates where crushed stone aggregates the flow time increased 78% of the total dif-

ference of flow times between natural sand and unprocessed crushed aggregates. 

 

Replacing the filler fraction with crushed filler from the natural sand sample increased 

the flow time 1,9 seconds (23%) Replacing the filler fraction with natural filler from 

crushed aggregate sample decreased the flow time seconds 1,4 (17%). 

 

Figure 27. Flow cone test results, Haarumäki series 

 

On Haarumäki series only the sample containing only unprocessed crushed aggregates 

is outside of the envelope. The total increase of flow time is 8,0 seconds. By conducting 

the Haarumäki test series the samples with high amount of unprocessed crushed stone 

aggregates had a high tendency to block the cone causing multiple interrupted tests. The 

HM sample had the highest ratio of interrupted tests as 8 out of 11 tests for the sample 
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ended prematurely as the cone was blocked preventing all the particles to flow through 

the cone. Coarser 1-4 mm Haarumäki aggregates were visually assessed to be the most 

elongated particles from the three unprocessed aggregates used in this study.  

 

In Haarumäki series the Barmac processing decreased the flow time by 5,1 seconds, 

which represents 64% of the total difference between natural sand and unprocessed HM 

sample. It is notable, that HMB sample has 1,9 seconds lower flow time than HM2/3 

sample. 

 

Replacing the filler fraction with crushed filler from the natural sand sample increased 

the flow time 2,0 seconds (25%) Replacing the filler fraction with natural filler from 

crushed aggregate sample decreased the flow time 2,6 seconds (32%). It is important to 

note here, that the coarser fractions of crushed aggregates still contained filler sized par-

ticles as it is described on chapter 4.7. This phenomena might effect of the flow time 

and thus understate the effect of filler in flow cone test. 

 

Summary 

Comparing to the natural sand using the unprocessed crushed stone aggregates in-

creased the flow time 8,3 seconds with granite aggregates Kulmakorpi and Mäntymäki, 

and 8,0 seconds on Haarumäki aggregates. Flow time increased relatively linearly in 

relation of the increased amount of crushed stone aggregates. 

 

Filler fraction was measured to effect on average 27% of the total change of flow time. 

Replacing the filler from crushed aggregates with natural filler was seen to have slightly 

higher impact on flow time. 

 

Barmac processing reduced the change in flow time by 48% of Kulmakorpi sample and 

64% in Haarumäki samples. All the test results from Barmac processed products were 

inside of the desired envelope. Samples with 100% Barmac products performed better 

than combined products with 2/3 of unprocessed crushed aggregates. 
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5.3 Flow table 

The workability characteristics, namely the water demand of the mix to obtain prede-

termined workability, were researched with the method that Punkki and Penttala have 

described in their report. The testing procedure was conducted according to SFS EN 

1015-3 standard. The required water demand for each sample was examined by prepar-

ing at least two mixes of concrete from same aggregate. Each mix was prepared with 

predetermined water-to-cement ratio. Each mix would provide one data point, which 

concludes information of water-to-cement ratio and measured flow diameter. The scope 

was to get at least two data points from each sample with flow diameters as close to 180 

mm as possible. One data point should be slightly below and one point of slightly above 

the assigned diameter. When the data points are close to each other and on both sides of 

the assigned diameter, the change in between the two points can be assumed to be line-

ar. This enables to estimate the required water-to-cement ratio for 180 mm flow diame-

ter with linear interpolation. First mix from each aggregate sample was aimed to have 

water-to-cement ratio that would provide slightly lower flow diameter than 180 milli-

meters. If the flow diameter was deviating significantly from designed 180 mm, new 

mix was prepared with adjusted water-to-cement ratio. The flow table test was conduct-

ed as described in chapter 5. The flow diameter was measured along two perpendicular 

lines and reported as their average value. If the deviation was less than 5% the test was 

considered to be reliable. When two data points close to 180 mm diameter of each sam-

ple was gathered, the data was inserted onto excel sheet and the water demand for 180 

mm was then interpolated by using excel. In figure 26. is shown an example of results 

from Kulmakorpi series. The 180 mm line is highlighted and the intersection between 

the dashed lines and 180 mm line represents the water-to-cement ratio demand for 180 

mm flow diameter for each sample. 

 

Figure 28. Data points from flow table test of Kulmakorpi series 
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Before the first official series, few preliminary mixes were prepared to found applicable 

plasticizer dosing and aggregate-to-cement ratio. The cement used in all of the mixes 

was Plus Cement produced by Finnsementti. The very first preliminary tests were con-

ducted without any plasticizer and higher aggregate-to-cement ratio. The results were 

consistent, but the water demand for predetermined workability was very high. Second 

preliminary mix was conducted with 1,5 aggregate-to-cement ratio which was then se-

lected to be the ratio used for the entire study as it was proven to provide proper results. 

The plasticizer dosing for second preliminary mixes was 2,0% of the weight of the ce-

ment. Plasticizer used was MasterGlenium SKY 600 which is a new generation poly-

carboxylate ether-polymer based superplasticizer produced by BASF. Third preliminary 

mixes were conducted with plasticizer dosing of 1,5% of weight of the cement . Both 

mixes provided reliable results and the variations in water-to-cement were analogous. 

Mixes with lower plasticizer dosing provided larger differences in between water de-

mand thus it was selected to be the dosing used in all of the official series. At the pre-

liminary testing different mixing times were tested. It was noted that after around one 

minute from adding the water, the consistency of the mix changed rapidly from dry or 

stiff to plastic. The rapid change in consistency was more visible in mixes with high 

amount of crushed stone aggregates and happened later than of the mixes with only nat-

ural sand aggregates. Consequently it was noted, that if the workability of the mix was 

tested before the phase of rapid decrease of consistency, the flow diameter of the mix 

was substantially lower compared to the diameter of the same sample with same water-

to-cement ratio with longer mixing time. In preliminary testing it was noted that the 

phase of rapid decrease of consistency took place around 1,5 to 2,5 minutes of total 

mixing time.  After successful preliminary testing, the following mix design was decid-

ed to be used in all of the flow table testing. 

 

Mix design 

 

Cement 

Amount: 667 g per mix 

Type: Plus Cement, CEM II/B-M (S-LL) 42,5 N 

Fineness, Blaine: 420-470 m
2
/kg 
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Plasticizer 

Amount: 3,3 g; 1,5% of the weight of the cement 

Type: BASF MasterGlenium SKY 600 ; Polycarboxylate ether-polymer superplasticizer 

Dry content: 17,5%, water content of plasticizer was noted on calculated total amount of 

water 

 

 

Aggregates 

Amount: 1000 g per mix 

Aggregate-to-cement ratio: 1,5 

Aggregate size: 0 to 4 mm 

 

Grading: The grading curve of each sample was prepared with dry sieving to be as iden-

tical as possible with the previously presented designed grading curve of the aggregates. 

The aggregate samples used in flow table test were exactly the same samples that were 

used previously in flow cone test.  

 

Mixing procedure 

The superplasticizer was mixed with the water prior the mixing of the concrete. This 

was done to ensure that as great amount as possible of the plasticizer settle up in the mix 

as evenly as possible. This was considered to be important as the total amount of plasti-

cizer is extremely small, and even 0,1 g deviation of plasticizer dosing would effect on 

the result of the test. 

 

The mixing of the concrete was performed with Hobart planetary mixer. Setting for low 

mixing speed was used. Mixing speed was remained constant for entire time of mixing.  

 

 Mixing was started with 30 seconds of dry mixing with only aggregates and ce-

ment 

 After 30 seconds of mixing 2/3 of water was gradually added into the mixer 

 After 90 seconds of mixing the rest of the water was added into the mixer 

 Total mixing time used was 3:00 minutes 
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Results 

The flow table test was performed alongside with the flow cone tests. This enabled to 

gather information of the variations in workability and also to compare the test results 

from flow table with the flow cone test results. In this chapter representative results of 

flow table test are been selected to be presented. The comparison of the results with 

flow cone test is presented in the next chapter. All the measurement data from all the 

completed tests can be found in the appendices of this thesis. 

 

Figure 29. Flow table test results. Kulmakorpi series 

 

Figure 29. shows results from flow table test conducted for mixes produced with Kul-

makorpi aggregates. In the figure can be seen that samples KK_DF and 1/3KK have 

almost similar water demand. Also samples KK_DL and 2/3KK have almost same wa-

ter demand with each other. The difference in water demand between natural sand sam-

ple LAB and unprocessed KK sample is 0,030. When 33% of the aggregates are 

crushed stone aggregates water-to-cement ratio demand is increasing with 27% from the 

total increase between LAB and KK. When 66% of the aggregates are crushed stone the 

increase of water-to-cement ratio demand is 50% from the total. This means that the 

increase of water demand is not linear in respect of the proportional amount of crushed 

stone aggregates. 

 

From the results can be seen that replacing the filler fraction from the crushed stone 

aggregates with natural sand the water demand decreases 0,0162 which represents 54% 

of the total increase of water demand. This endorses the presumption that the fineness of 
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the filler intensely effects on the water demand of the aggregate. It is also important to 

note, that the crushed filler was removed from this sample by dry sieving. As it is stated 

previously, the process does not remove the filler sized particles completely as there 

still are fine particles attached on the coarser particles after dry sieving. A recommenda-

tion for future research would be to study how much to water demand decreases further 

when more effective methods of removal are being used to remove the crushed filler 

from the aggregates. 

 Figure 30. Flow table test results, Haarumäki series 

 

The water-to-cement ratio demand increased by 0,0349 from 0,352 with natural sand to 

0,387 when 100% of unprocessed Haarumäki crushed stone aggregates where used. 

When 2/3 of aggregates where unprocessed crushed stone aggregates, water-to-cement 

ratio demand increased 0,0165 which corresponds 47% of the total increase. This 

change is relatively close to the results that was obtained from Kulmakorpi and 

Mäntymäki series. 

 

The major deviation from the two other types of aggregates was the behavior when the 

filler fraction was replaced. Replacing the filler fraction from natural sand sample with 

crushed Haarumäki filler (sample HM_DF) the water-to-cement increased 0,0213 which 

represents 61% of the total change. As it is described in chapter 4.6 the shape of the 

Haarumäki filler particle size distribution was considerably finer in comparison of Kul-

makorpi and Mäntymäki fillers. The excessive increase of water demand can be ex-

plained by profoundly increased surface area of the aggregates. The change in water-to-

cement ratio demand when filler fraction of unprocessed Haarumäki sample was re-
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placed by natural filler was only 0,003 representing 8,6% of the total increase of water 

demand. The small effect of natural filler in this case can be explained with two factors. 

Haarumäki aggregates was optically assessed to contain highest amount of fine particles 

attached to the surfaces of the larger particles. Caused by this phenomena there are still 

fine particles increasing the surface area of the aggregate even the filler fraction was 

sieved with dry sieving method. The second explanation can be the shape of larger un-

processed Haarumäki particles. The HM sample had highest tendency to block the flow 

cone device most likely due to their tremendously elongated and flaky shape. The sec-

ond assumption is supported the outcome that after Barmac processing the water-to-

cement ratio demand decreased by 0,0297 representing 85% of total increase in water 

demand. 

 Figure 31. Relative increase of water demand in relation of proportional amount of 

crushed aggregates 

 

One essential aspect of interest in the flow cone testing was to investigate how much the 

water demand increases in relation of increase of proportional amount of crushed stone 

aggregates. Additionally it was decided to examine is the relation between these param-

eters linear.   

 

This research program provided excellent opportunity to study these interactions, as 

there were three different aggregates produced from three different parent rocks. Two of 
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the samples, Kulmakorpi and Mäntymäki are both granite based crushed aggregates and 

their mineral composition is fairly similar consisting mainly feldspar minerals. 

Haarumäki in the other hand is classified as mafic volcanite contained high amount of 

hornblende mineral. 

 

As it can be seen in the graph, trend lines from all of the samples cut the horizontal line 

of 50% increase in water demand in when 60-70% of the aggregates were replaced with 

manufactured aggregates. This means that the water demand increases more rapidly at 

after more than 2/3 of the aggregates are crushed stone aggregates. From the figure can 

be also be seen that the granite based aggregates performed relatively similar. Behavior 

of Haarumäki aggregates differs slightly from granite based aggregates. 

 

Summary 

Behavior of Mäntymäki and Kulmakorpi were relatively similar. Results from 

Haarumäki series differed from the granite based aggregates. Greatest deviation was 

found in the effect of filler fraction and Barmac processing. 

 

Replacing the filler fraction with natural filler from crushed aggregate samples de-

creased the water demand by 54% with Kulmakorpi sample and only 8,7% with 

Haarumäki sample. Percentages are measured from the total alteration of water demand 

between natural sand and 100% manufactured sand. 

 

Replacing the filler fraction of natural sand with crushed filler increased the water de-

mand by 26% in Kulmakorpi sample and 61% of Haarumäki sample. When the change 

in rheology is normalized to the change in unit volume of the aggregate, it can be calcu-

lated that the filler fraction had 3,6 higher effect to the rheology in Kulmakorpi sample 

and 8,5 higher effect in Haarumäki sample. These results are close to the values that 

Cepuritis et al. (2016) have measured. They measured that the below 125 μm particles 

had 6-8 times higher effect to the rheology than the coarser fractions. 

 

The increase of water demand in relation of proportional amount of crushed stone ag-

gregates was measured to be progressive. After when 2/3 of the aggregates were manu-

factured the water demand was increased 50% of the total alteration between natural 

sand and 100% manufactured sand.  
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Technical hitches 

The major problem in the testing process was related to the variating quality of the ce-

ment. The manufacturer reports the fineness of Plus Cement to be in region of 420-470 

m
2
/kg meaning that there is a possibility of 50 m

2
/kg variation in fineness with different 

batches of the cement. The flow table testing method is so sensitive that it can easily 

detect the increased water demand caused by the increased fineness of the cement. That 

led into the situation where test series performed with different batches of cement gave 

results that were not comparable. The research plan was modified due to this misfortune 

situation that each series was performed and studied individually. For further research-

ing it is recommended ensure the fineness of the cement to remain as uniform in quality 

as possible. 

 

Other problem was related in the extreme sensitivity of the superplasticizer dosing. The 

total amount of the dosing per each mix was only 3,3 grams. Even 0,1 grams of inaccu-

racy caused changes in workability thus generated error to the results. Measuring the 

plasticizer dosing by accuracy of 0,1 grams was extremely difficult, consequently the 

procedure was modified to first dilute the 1:10 plasticizer to water solution and then 

measure the required amount of water-plasticizer mix for each test. 

 

Some difficulties was caused by to testing environment. As the mixer was constantly 

used to the mixing, it was required to clean up with water between each test. As the mix 

sizes were relatively small and water-to-cement ratios were relatively low, the possible 

moisture of the mixer may have added some extra water to the mixes and thus increased 

the water-to-cement ratio. Even the mixer was dried carefully after it was cleaned it is 

possible that the moisture content of the mixer bowl varied causing error to some re-

sults. 

5.4 Regression analysis 

The fundamental advantage of conducting flow table tests alongside the flow cone test 

was that the results from these two different methods were possible to compare with 

each other. This provided an additional possibility to examine the accuracy and suitabil-

ity of flow cone testing method when rheological characteristics of crushed stone aggre-

gates are being researched. 
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In the flow cone testing only the properties of the aggregates are being examined. The 

flow cone test will provide information of how fluently the aggregate will flow and well 

the aggregates are packed in natural state. The workability characteristics of a fresh 

concrete mix are more complex as they are not only dependent of the aggregate charac-

teristics. The situation changes when the aggregates are being introduced to water, ce-

ment paste and possible admixtures such as plasticizers. The purpose of comparing the 

results of flow cone test and flow table test was to examine how accurately the changes 

of concrete workability can be measured from the aggregate characteristics. High coef-

ficient of determination with the results would provide a possibility to estimate the ef-

fectiveness of crushing process or suitability of rock material without making test mix-

es. 

 

Figure 32. Regression analysis of Kulmakorpi results. 

  

In figure 32. can be seen regression analysis of Kulmakorpi results between flow cone 

and flow table tests. When analyzing the results between flow time and corresponding 

water demand coefficient of determination is as high as 0,91 in Kulmakorpi sample. R
2
 

in analysis of void content to water demand is also fairly high 0,77. In both of the 

graphs seen in figure 30 it can be seen that the samples with continuous grading curves 

ie 1/3KK and 2/3KK are located closer to the regression line than the samples with di-

vided samples DL and DF. This suggests that the flow cone method has provided more 

accurate information of the samples with continuous grading curves. 
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Figure 33. Regression analysis. Mäntymäki series. 

 

In Mäntymäki series coefficient of determination is calculated concluding results only 

from the samples with continuous grading curve. As it can be seen from the graphs the 

R
2
 values are very high, over 0,9 in both flow time to water demand and void content to 

water demand. 

 

Figure 34. Regression analysis. Haarumäki series. 

 

As seen in figure 34. the Haarumäki results have much more scattering and the coeffi-

cient of determination is much lower in comparison of Kulmakorpi and Mäntymäki 

samples. R2 value of 0,3854 is very low thus in the case of Haarumäki sample, the void 

content can not be held as an proper estimator of the workability characteristics of con-

crete. 

 

  



72 

 

Summary 

Granite based aggregates Kulmakorpi and Mäntymäki had very high coefficient of de-

termination between the results of flow time to water demand. Based on the results the 

flow time seemed to provide very accurate estimation of the water demand. Void con-

tent provided over 0,9 R
2
 value only in Mäntymäki series, when the results contained 

only samples with continuous grading curve. 

 

The mineral composition of Haarumäki aggregates is largely different from the two oth-

er aggregates tested. From the much lower correlation between the results the void con-

tent can not be held as a proper estimator of the workability characteristics with this 

type of aggregates. However the flow time provided still relatively acceptable estimator 

of the rheological characteristics. 

 

5.5 Concrete testing 

The main purpose of the 0/16 concrete testing was to verify if the assumptions made 

with the 0/4 concrete would apply also in industrial scale concrete. As the 0/4 concrete 

testing is much less time and effort consuming it provided much versatile possibilities to 

examine multiple variations with much reasonable effort. In the 0/16 concrete testing 

total of six mixes with crushed stone aggregates were prepared and one reference mix 

containing only natural aggregates. 

The mix design was based mix used previously in Aalto-university laboratory in part of 

an extensive concrete research project. The original mix design was modified slightly to 

suit better to examine the properties of crushed stone aggregates. After one preliminary 

casting the plasticizer dosing was to be increased to 1,4% estimated to provide accepta-

ble consistency with reasonable water-to-cement ratios.  

 

Mix design 

 

Target consistency class: F5, 560 - 620 mm 

 

Cement 

Amount: 425 kg / m3  

Type: Plus Cement, CEM II/B-M (S-LL) 42,5 N 
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Fineness, Blaine: 420-470 m2/kg 

 

Plasticizer 

Amount: 1,4% of the weight of the cement 

Type: BASF MasterGlenium SKY 600 ; Polycarboxylate ether-polymer superplasticizer 

 

Aggregates 

Amount: 1700 425 kg / m3  

Grading: The grading curve of the aggregates were kept as close to the assigned grading 

curve as possible. Grading curve can be seen below. It was designed that each mix 

would consist natural aggregates sized 5-16 mm and six mixes were prepared to consist 

only crushed stone aggregates sized 0-5 mm. 

 

Figure 35. grading of the aggregates for 0/16 concrete testing 

 

Six mixes were designed to contain crushed stone aggregates sized 0-5mm. A non-

standard sieving process was performed to remove over 5 mm sized particles from the 

sample. In 0-16mm concrete testing, crushed aggregates from all three quarries were 

examined. From each source prepared two castings, one with unprocessed aggregates 

and on after Barmac processing. A reference mix was prepared by using only natural 

aggregates. The grading of reference mix was as close as possible to the grading curve 

presented above. 

 

Water-to-cement ratio to achieve F5 consistency was tested with one preliminary cast-

ing using only natural aggregates. Water content was slightly adjusted and as the first 
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official casting with natural aggregates provided flow diameter of 585 millimeters the 

mix design was seen to be acceptable. The water content for the mixes with crushed 

stone aggregates estimated by the results gathered previously from the flow table test-

ing. The water content for further mixes adjusted along the testing program processed 

by the workability of the previous mixes.  

 

Mixing procedure 

 

 Mixing was started with 30 seconds of dry mixing with only aggregates and ce-

ment 

 After 30 seconds of mixing 80% of water was gradually added into the mixer 

simultaneously with the plasticizer 

 After 60 seconds of mixing the rest of the water was added into the mixer 

 Total mixing time used was 3:00 minutes 

 

Testing procedure 

Immediately after the mixing procedure was completed the flow table test for 0/16 con-

crete was performed. The testing procedure was conducted according to standard SFS-

EN 12350-5. The flow diameter was measured along two perpendicular lines and the 

flow diameter was reported as their average value. After the flow table test the density 

of the fresh concrete was measured.  

 

Six standard testing cubes were casted from each mix. The cubes were 100x100x100 

mm in size. Right after casting the cubes were covered with a plastic cover. After 24 

hours of casting the cubes were removed from their molds and set for curing into a 

room with RH 95% and temperature of 20 degrees of Celsius. The testing age for the 

cubes were 7 days and 28 days. 

 

Second measurement of flow diameter was performed after 30 minutes of mixing. 

Measurement was performed with the same method as previously. 
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Results 

 

Figure 36. Results from the 0/16 flow table test, immediately after mixing 

 

The green bar in the graph represents the target consistency of the fresh concrete mix. 

As the graph shows the reference mix with only natural sand has the desired consistency 

with the lowest water-to cement ratio. Estimation of required water content was most 

successful in Haarumäki series. Only peculiar result was found with unprocessed Kul-

makorpi aggregates. 

 

Unprocessed Kulmakorpi aggregates were initially mixed with water-to-cement ratio of 

0,422. This mix seen to be very watery already in the mixer and it segregated complete-

ly after casting. The next Kulmakorpi mix was designed with significantly lower water-

to-cement ratio and it had relatively large flow diameter. This led to a conclusion that 

the moisture content of the aggregate differed from the assumed moisture content caus-

ing more water than required entering the mix. 

 

The water to cement ratio demand to achieve F5 consistency increased 0,057 from 

0,367 with only natural sand to 0,424 with unprocessed Haarumäki aggregates. After 

Barmac processing the water-to-cement ratio demand for F5 was 0,385 which means 

0,039 improvement or 68%. This improvement is relatively similar comparing the re-

sults with the 0/4 flow table tests where Barmac processing decresed the water demand 

of Haarumäki aggregates by 85%.  

 

The results of these two tests are not directly proportional as the mix design and testing 

procedure were different. It is notable that the 0/16 concrete contained 62% crushed 
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aggregates where 0/4 concrete was prepared with 100% of crushed stone aggregates. 

However the trend in these two tests are almost equal, as the arrangement of the results 

are similar in both tests. When disregarding the KK point, the increase of water demand 

and the effect of Barmac can clearly be confirmed with these results. This concludes 

that the 0/4 gives and relatively accurate estimation of the workability characteristics of 

industrial scale concrete. 

 

Compressive strength 
 

 

Figure 37. Results from the compressive strength testing 

 

In figure 37. is collected the results from compressive testing. The test was conducted 

using test cubes with dimensions of 100 x 100 x 100 mm. From each concrete three 

cubes were tested and the strength is reported as their average. The early strength was 

measured at the age of 7 days and the second testing was conducted 28 days after cast-

ing. The compressive strength was tested only from the 0/16 concretes produced previ-

ously for the workability testing. 

 

The results of the 7 day strength are presented with blue markings. From the results can 

be seen that the reference concrete with only natural sand and the lowest water to ce-

ment ratio has highest strength. The early strength of the different concretes are seen to 

decrease as the water-to-cement ratio is increased. Only exception is the Haarumäki 
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concrete which has almost as high early strength than reference concrete despite 0,057 

higher water-to-cement ratio. On this particular sample of Haarumäki, only one testing 

cube could be tested instead of three testing cubes used with every other concrete. With 

the Haarumäki samples included the coefficient of determination for water-to-cement 

ratio relation to compressive strength is very low, only 0,0156. 

 

The results of the 28 day strength are presented with red markings. As it can be seen in 

the figure 35 the results are seen to be located closer to the linear regression line of wa-

ter-to-cement ratio to compressive strength with higher  coefficient of determination of 

0,5722. Similar to the 7 d results the highest compressive strength the highest compres-

sive strength was measured from the reference concrete with lowest water-to-cement 

ratio. Like in 7 d results the only clear exception from the regression line is the 

Haarumäki concrete which has higher strength than Mäntymäki with lower water-to-

cement ratio. According to the results, without the Haarumäki exception the water-to-

cement ratio is seen to be the dominant factor of compressive strength of the concrete.  
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6 Discussion 

This study provided a possibility to examine characteristics of crushed stone aggregates 

produced from three different parent rock. From the results of this study can be stated 

that the characteristics of crushed stone aggregate are dependable on the mineral com-

position of the parent rock as two of the studied aggregates examined had relatively 

similar mineral composition thus relatively similar characteristics both aggregate shape 

and size and also workability properties. Aggregates with different mineral composition 

had varying characteristics, crushability and workability properties. 

 

The filler particle size distribution of the granite aggregates were similar in shape where 

volcanite aggregates had much finer particle size distribution. The processing with ver-

tical shaft impactor changed the amount of the filler but did not effect of the shape of 

the particle size distribution with the granite aggregates. With volcanite aggregates 

slight deviation was able to be detected with the shape of the distribution. 

 

The concrete workability testing was conducted alongside the flow cone. All the sam-

ples that contained crushed stone aggregates had higher flow time and also higher water 

demand than natural sand. The total increase from natural sand to 100% crushed sand 

was around 8 seconds with all the aggregates tested. The samples containing both natu-

ral and crushed aggregates had variation when comparing the counterparts from differ-

ent parent rock. The granite based aggregates had similar characteristics and the volcan-

ite had significantly different characteristics. Flow cone testing results had very high 

correlation with the results of concrete workability testing. According to the results flow 

time provides relatively valid estimate of the water demand of the concrete. 

 

When the increase of water demand was normalized to the proportional amount of ag-

gregate, it was found that the filler fraction had 3,6 times higher effect on rheological 

properties than the coarser fraction with granite aggregates and 8,5 times higher effect 

with the volcanite aggregate. As the volcanit filler had higher surface area it can be stat-

ed that the surface area is a very dominant factor for workability. 

 

According to the test results quaternary stage crushing is seen very effective to decrease 

the water demand thus improve the rheological characteristics of the concrete. The ef-

fectivity of crushing was seen to be dependable on parent rock mineralogy as the effec-
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tiveness with granite aggregates were similar with each other and not as high as with 

volcanite aggregates. The crushability characteristics of the aggregate were seen to be 

related also to the mineral composition of the parent rock. 

 

Quaternary stage crushing improves significantly the workability characteristics, but it 

also increases the manufacturing cost of the aggregates with 1,5 € per ton. As it has 

been presented previously, the crushed stone aggregates increase the water demand 

which has to be compensated by increasing the amount of cement when the desirable 

consistency needs to be obtained with the same water-to-cement ratio. The increased 

cost of cement in one cubic meter of concrete is first calculated with equation (3) with 

the values obtained from Haarumäki 0-16mm concrete testing results. 

 

𝐶 = 𝐶𝑖 ∗ ((

𝑤

𝑐
2

𝑤

𝑐
1

) − 1) ∗ 𝑃 

. In Haarumäki 0-16mm concrete mix: 

 

P = Price of cement = 0,09 €/kg 

Ci = Initial amount of cement = 425 kg 

w/c 1 = Initial water-to-cement ratio = 0,367 

w/c 2 = New increased water-to-cement ratio = 0,424 

 

Increased cost of one cubic meter of concrete due to increased cement demand = 5,94 € 

 

When the equation (7) is applied with the Haarumäki test results the total effectiveness 

of quaternary stage processing can be calculated. 

 

𝛥𝐶 = 𝑀𝑎 ∗ 𝑃𝑞 − 𝐶𝑖 ∗ ((

𝑤

𝑐
𝑢

𝑤

𝑐
𝑞

) − 1) ∗ 𝑃𝑐 

In Haarumäki 0-16 mm concrete mix:  

 

Ci = Initial amount of cement = 425 kg 

Pc = Price of cement = 0,09 €/kg 

w/c u = Water-to-cement ratio with unprocessed aggregates = 0,424 
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w/c q = Water-to-cement ratio with processed aggregates = 0,385 

Ma = Total mass of processed aggregates = 1,072 t 

Pq = Cost of quaternary stage processing 1,5 €/t 

ΔC = Change in production cost of one cubic meter of concrete 2,27 € 

 

With the mix desing used in this study the Barmac processing decreased the cost of pro-

duction of one cubic meter of concrete by 2,27 €. 

 

In this study, very high ( R2 - values near 0,90 ) linear correlations was found in flow 

time measured in NZ flow cone test and water-to-cement demand measured with flow 

table. These flow cone tests were conducted for 0-4mm aggregates as 4 mm is the limit 

for accurate results in flow cone tests. Also higher plasticizer amount was used than in 

0-16mm due to fineness of the mix. Therefore the results are not directly comparable 

with each other. In the results of KK+KKB series, water-to-cement ratio demand in-

creased from 0,36 to 0,41. Measured flow times were respectively 23,2 and 31,5. Coef-

ficient of determination of the data set was 0,98. On this measured interval, the change 

of water-to-cement ratio demand increased 0,006 for each second measured in flow 

cone test. 

 

With the data perceived from these two test methods and the observed linear dependen-

cy with flow time and increased water demand, it is possible to estimate the increased 

amount of cement needed from the flow time measured in NZ flow cone test. The in-

creased cost of increased amount of cement required can be estimated with the equation 

(4) presented previously in chapter 4. 

 

𝐶 = 𝐶𝑖 ∗ (

𝑤

𝑐
+ 𝐹 ∗ 𝑡

𝑤

𝑐

− 1) ∗ 𝑃 

 

Where: 

C = Cost of increased amount of cement [€] 

P = Price of cement [€/kg]  

Ci = Initial amount of cement [kg] 

w/c = Initial water-to-cement ratio 
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F = Flow time coefficient [1/s] From KK+KKB series measured value for 

the coefficient F was 0,006 1/s 

t = Increase of flow time [s] 

 

Increased amount of cement from the flow time can also be estimated with slightly 

more simple equation (5) 

𝐶 = 𝑃 ∗ 𝐵 ∗ 𝑡 

Where: 

C = Cost of increased amount of cement [€] 

P = Price of cement [€/kg]  

B = Flow time coefficient [kg/s] From KK+KKB series measured value 

for the coefficient B was 7,112 kg/s 

t = Increase of flow time [s] 

 

Both of these approaches require some information of the mix design and the parame-

ters F and B should be measured from reference mixes. The numeric values for factors F 

and B apply accurately only for the mixes used in this study. The estimations are only 

valid if the mix design is kept constant. 

 

From the experiments conducted in this study, with the mix design parameters used on 

all the mixes, on average of 7,1 kg increase of cement demand per cubic meter of con-

crete was calculated to relate one second of increase of flow time. With the mix design 

parameters used in this study, one second increase of flow time will correspond 0,64 € 

increase of total cost of one cubic meter of concrete.  

 

Factors for profitability 

As previously described in chapter 4, there are numerous factors effecting the total cost 

of crushed sand used in concrete production. Even the slightest change in critical pa-

rameters, such as amount of waste stone, transportation distances etc., can change the 

profitable choice onto unprofitable or vice versa. This means that solid figures cannot be 

given to apply general situation. The example below is based on many fixed parameters 

described previously and the given cost and price data that applies in current market 

situation in Finland. The cost structure of the product and process is relatively similar as 
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all the parts of production are necessary. Result varies if the relation of prices and costs 

changes or the mix design is modified. 

 

When studying the situation from the manufacturing point of view, from the given cost 

information can be seen that the excavation of one ton of 0/8 natural sand costs around 

3,3 €. The cost of first three stages of crushed sand production from bed rock to unpro-

cessed sand costs around 4,5 € per ton. This product is not well suitable for concrete 

production without further processing. The cost of Barmac processing added with air 

classification adds an extra 1,5 € per ton to the cost. From this figures can be seen that 

the manufacturing costs are 2,7 € higher in crushed sand compared to natural sand. 

 

The cost difference preferable for natural sand means that if every other cost compo-

nents in the production are fixed for both types of aggregates, using natural sand is more 

economical option. The situation changes if the natural sand is exposed to an environ-

mental taxation. With all the other parameters fixed tax rate higher than 2,7 € per ton 

would make the crushed sand more economical. The real situation is however more 

complicated as the production of concrete consist many other cost components. For ex-

ample if only the natural sand is required to be transported, even a few kilometer trans-

portation would cut the difference much smaller. In hypothetical situation where the 

natural sand would require only one kilometer of transportation, the difference in over-

all cost would be only 1,4 € per ton. In this case, higher than 1,4 € of environmental tax 

would make the crushed sand more economical. 1,4 € is really close to the tax rate of 

natural sand excavation in Sweden which is currently 1,37 €. The required distance for 

transportation is rarely only one kilometer. The next paragraphs describe the cost struc-

ture of different transportation cases and profitability of crushed sand over natural sand. 

 

Only in some occasions, construction site is located exactly at the aggregate resource, 

meaning that in majority of cases transportation costs can be added in both processes. 

The next example applies to situation where both aggregates require transportation. The 

first kilometer of the transportation is the most expensive, as it contains all the addition-

al fees for waiting times, loading and offloading. After that, the change in transportation 

cost is assumed to be linear in relation of the distance. As there are fewer natural sand 

resources than possible crushed sand resources, the required transportation distances for 

natural sand can be longer. In the first example when both aggregates require transporta-
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tion, both options are exposed to the initial fee of 1,3 € per ton. That leaves whole cost 

difference of 2,7 € for additional kilometers of transportation of natural sand aggregates. 

With the equation x presented previously and the cost information available, the crushed 

sand becomes economical option if the distance of transportation is 55 kilometers long-

er with natural sand than crushed sand. 

 

In case the construction site consist large amount of rock excavation that could be uti-

lized in concrete production, the crushed sand becomes even more economical option. 

In this case, the crushed stone aggregate does not require additional transportation and it 

is not exposed to the most expensive part of the transportation which is the first kilome-

ter of transportation. From the manufacturing cost difference of 2,7€ per ton only the 

natural sand aggregates are exposed to the 1,3 € per ton of initial transportation fee, 

leaving only 1,4 € per ton for the actual transportation of the aggregates. With the as-

sumptions presented in this chapter, crushed sand becomes more economical option if 

the natural sand needs to be transported to the site further than 29 kilometers away. An 

additional feature should be taken in to calculations in this situation if the excavated 

rock is not utilized at the site, additional costs are being generated by the transportation 

of the excavated rock from the site and also if the rock is then treated as a waste materi-

al it is possible to expose to additional waste handling fees. The supplementary costs of 

handling of the waste rock are all directly enforcing the option of crushed stone aggre-

gate. 

 

 

Figure 38. Cost of transportation per ton 
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In the figure 38 is presented the total cost of transportation per one ton of aggregates. 

The dark blue line represents the total cost of transportation. The red line represents the 

breakeven point in the situation when crushed sand can be manufactured on the site and 

only the natural sand requires transportation. Green line represents breakeven point in 

the situation, where both aggregates require transportation. If the transportation distance 

of natural sand is over 55 kilometers greater than the distance of crushed sand, despite 

the higher manufacturing cost of crushed sand it becomes more economical option. 

 

As it is discussed in chapters 4 and 6, the profitability of crushed stone aggregates con-

tains multiple factors. In the estimation of profitability of crushed stone aggregates 

should be considered 

 

 Higher manufacturing cost of crushed stone aggregates 

 Additional cost of quaternary stage processing 

 Higher water demand effecting cement demand of the concrete 

 Possible additional costs of admixtures such as plasticizer 

 Availability of natural sand resources 

 Availability of suitable parent rock 

 Particularly if the construction site has high amount of rock excavation 

 Additional costs of handling the waste rock if the excavated rock is not 

utilized at the site 

 Market prices of natural sand 

 Additional taxation of natural sand excavation 

 Transportation distances of aggregates 

Despite the higher manufacturing cost of crushed stone aggregates in comparison of 

natural sand, the total cost of concrete production can be lower with crushed stone ag-

gregates when all the determining factors are taken in to consideration.  
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