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Abstract
In Sweden, concrete has traditionally been manufactured with glaciofluvial 
deposits as fine aggregate. In 2004 the production of this aggregate was 
approximately 21 million tons. Due to environmental reasons and local shortage 
of this natural resource there exists a goal to reduce the production to 12 million 
tons in year 2010. In order to compensate for the reduced production an 
alternative material which can be used as replacement has to be found. Aggregate 
from crushed bedrock is an alternative which is locally available and found in 
sufficient amounts. However, the characteristics of this type of aggregate 
generally differ from the ones of glaciofluvial fine aggregate and are known to 
generate concrete with higher water demand and lower workability. In order to 
facilitate a changeover to crushed fine aggregate, it is important to achieve a better 
understanding of the influence of crushed fine aggregate characteristics on the 
workability of concrete. The properties of the mortar phase of concrete influence 
the workability of concrete. The study of the mortar phase of concrete with 
crushed fine aggregate can therefore be valuable in predicting the influence of the 
fine aggregate characteristics on concrete workability. 

The aim of this licentiate thesis was to clarify the influence of the characteristics 
of crushed fine aggregate (0-2 mm) on the rheological properties of the mortar 
phase of concrete. This included studies of the effect of aggregate shape, quality 
and amount of fines, washed fine aggregate and superplasticizer addition. 

The experimental work was divided into three different parts, i.e., zeta potential 
study, micromortar and mortar rheology. In the zeta potential part, the interaction 
between different fines and a common type of superplasticizer was studied. The 
results indicate that the superplasticizer is preferentially adsorbed on biotite rich 
fines.

In the micromortar part, the fines fraction of different fine aggregates was studied 
separately in order to evaluate the influence of their particle shape, specific 
surface area and mineral composition. The results from this part showed that the 
quality of the fines has a large influence on the rheological properties of 
micromortars. Furthermore, the yield stress and plastic viscosity were shown to 
increase with the specific surface area of the fines. The results also suggest that 
the shape of the fines mainly influences the plastic viscosity, i.e., the viscosity of 
the micromortars with elongated fines was higher than the corresponding 
micromortars with cubic shaped fines.  

In the mortar part, different fine aggregates were studied both with their original 
and with standardized grading curves. The evaluation was done both with and 
without addition of superplasticizer and at different paste volumes. The effect of 
washed fine aggregate was also evaluated. The results show that the shape of the 
fine aggregate particles mainly influences the plastic viscosity of the mortar. The 



yield stress and, thus, the water demand of the mortar were shown to increase with 
increasing fines content. Furthermore, the results showed that washing and the use 
of superplasticizer are two potential ways to reduce the water demand of mortars 
with fine aggregates from crushed rock.

Finally, the results from this work suggests that the higher yield stress and plastic 
viscosity often shown by mortars containing crushed fine aggregate can be related 
to two main characteristics of the aggregate. The high yield stress is believed to 
mainly originate from the high amounts of fines often seen in crushed fine 
aggregates, while the higher plastic viscosity can be related to the more elongated 
particle shape of the fine aggregate. 



Sammanfattning
Tack vare gynnsamma geologiska förutsättningar har betongtillverkningen i 
Sverige huvudsakligen skett med naturgrus som finballast. Tillgången på denna 
naturresurs är dock begränsad och det råder redan idag en brist på naturgrus i 
vissa regioner. Under år 2004 var uttaget ungefär 21 miljoner ton, men på grund 
av miljöskäl och den begynnande bristen finns ett uttalat mål som säger att det 
totala uttaget skall begränsas till högst 12 miljoner ton år 2010. Detta medför att 
naturgruset måste ersättas med ett alternativt finballastmaterial i takt med att 
uttaget reduceras. Finballast från krossat berg är ett alternativ som både kan 
tillverkas lokalt och i tillräckligt stor mängd för att ersätta naturgruset. Finballast 
från krossat berg har dock generellt en mer ogynnsam kornform och ett större 
finmaterialinnehåll varför de ofta ger en betong med större vattenbehov och sämre 
arbetbarhet än motsvarande betong med naturgrus. För att underlätta en 
omställning av betongproduktionen till att använda krossat berg som finballast är 
det viktigt att skapa en ökad förståelse för inverkan av dess karakteristik på 
betongs arbetbarhet. En betongs arbetbarhet styrs i hög grad av egenskaperna hos 
dess bruksfas. En möjlig väg att vinna ökad förståelse för effekterna av krossat 
berg på betongs färska egenskaper är således att studera dess bruksfas. 

Syftet med föreliggande licentiatavhandling är att klargöra inverkan av 
krossballasts karakteristik, såsom kornform och finmaterialegenskaper, på de 
reologiska egenskaper hos betongs bruksfas. 

Det experimentella arbetet kan delas in i tre olika delar. I den första delen 
studerades växelverkan mellan ett flytmedel (sulfonerad melaminpolymer) och 
finmaterial från fem olika finballastmaterial genom zetapotentialmätningar.
Resultaten från denna del indikerar att flytmedlet endast adsorberades på två av de 
studerade finmaterialen. Utmärkande för de två finmaterialen som flytmedlet 
adsorberades på var att de innehöll relativt stor andel glimmer. 

I den andra delen, mikrobruksdelen, studerades finmaterialet separat i mikrobruk i 
syfte att utvärdera inverkan av dess kornform, specifik yta och mineralsamman-
sättning. Resultaten visar att finmaterialets kvalitet har en stor inverkan på 
mikrobrukets reologiska egenskaper. Vidare, påvisades ett samband mellan 
finmaterialets specifika yta och mikrobrukets flytgränsspänning och plastiska 
viskositet. Både flytgränsspänningen och viskositeten ökade med ökande specifik 
yta hos finmaterialet. Resultaten indikerar även att finmaterialets kornform 
huvudsakligen påverkar mikrobrukets plastiska viskositet och att stängliga 
finpartiklar genererade en högre viskositet än kubiska. 

I den tredje och sista delen studerades de ingående finballastmaterialen i 
cementbruk. Ballastmaterialen studerades både med deras ursprungliga siktkurvor 
och med anpassade siktkurvor. I arbetet utvärderades även inverkan av tvättad 
ballast och flytmedel på brukens reologiska egenskaper. Resultaten visade att 



finballastmaterialens kornform är en viktig parameter som huvudsakligen 
påverkade brukens plastiska viskositet på samma sätt som i mikrobruken. Vidare 
visade resultaten att brukens flytgränsspänning och därmed vattenbehov ökande 
med ballastens finmaterialinnehåll. Tvättning och utnyttjande av flytmedel visade 
sig var två potentiella metoder att reducera vattenbehovet hos bruk med krossad 
finballast.

Således indikerar resultaten att den relativt höga flytgränsspänning och plastiska 
viskositet som bruk med krossad ballast ofta uppvisar huvudsakligen kan relateras 
till ett överskott på finmaterial respektive en mer ogynnsam kornform hos krossad 
ballast.
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1 Introduction 
1.1 General 

In Sweden, concrete has traditionally been manufactured with glaciofluvial deposits 
as fine aggregate. However, the supply of this type of aggregate is unevenly 
distributed with scarcity in some regions, for example in the area around Gothenburg. 
Since these remaining deposits are of importance for the water supply and also of 
natural- and cultural value there is of interests to preserve them. In 2004 the 
production of glaciofluvial fine aggregate was approximately 21 million tons and 
according to political decisions the goal is to reduce the production to 12 million tons 
in year 2010. 

In order to compensate for the reduced production an alternative material that can 
replace the glaciofluvial fine aggregate has to be found. The only existing alternative, 
which is locally available and found in sufficient amounts, is aggregate from crushed 
bedrock. This type of aggregate generally differs from natural water sorted 
glaciofluvial fine aggregate in particle shape and grading. When the rock is blast and 
crushed excessive amounts of fines are generated and, consequently, the resulting 
fine aggregate will contain relatively large amounts of fines. Furthermore, the shape 
of crushed fine aggregate is often more angular with rougher surfaces than natural 
fine aggregate which are rounder with smoother surfaces. Due to these differences, 
concrete with crushed aggregate often displays larger water demand and lower 
workability than the corresponding concrete with glaciofluvial aggregate. 

In order to achieve a better understanding of the influence of crushed fine aggregate 
characteristics on the workability of concrete a research project was initiated in 2003. 
The research project was included as a part of a larger Swedish national development 
programme (MinBaS) within the mineral and aggregate industry. The programme 
was financed both by the government and the participating companies. 

In the research project on concrete, fine aggregate from a larger number of quarries 
was collected and characterised thoroughly regarding their mineral composition, 
shape, grading and specific surface area. The fine aggregates were also evaluated 
with different methods for quality control, i.e., sand equivalent and methylene blue 
test. Furthermore, their effect on the rheological properties of mortars and concrete 
was evaluated. The results from the national project have been reported in [1]. This 
licentiate thesis was partly included in the research programme.  
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1.2 Objective 

The main objective of this work was to clarify the effects of the (crushed) fine 
aggregate characteristics on the rheological properties of mortars. This included 
studies of the effects of aggregate shape, quality and amount of fines, washing and 
superplasticizer addition. Furthermore, the zeta potential of fines suspensions and 
cement pastes was studied at different amounts of superplasticizer. This part was 
conducted in order to achieve a better understanding of the interactions that occur 
between the concrete constituents and superplasticizers. 

1.3 Content of this thesis 

This licentiate thesis consists of Chapters 1 to 9 and Papers I to V. The first Chapter 
gives an introduction to the present work.  

The first part of Chapter two gives a general introduction to the subject of rheology 
and the second part reviews the rheology of cement paste and mortar.  

In Chapter three, the properties of crushed aggregate and their influence on the 
workability of concrete are briefly reviewed. 

The materials, including the characteristics of the fine aggregates, and the methods 
used are presented in Chapters four and five, respectively. 

In Chapter six, results found in Papers I-V, plus some additional results not found in 
the papers, are presented and discussed. 

Chapter seven summarizes the major findings in this licentiate thesis. 

In Chapter eight, suggestions on further research and development are presented. 

Chapter nine includes all references directed to in this licentiate thesis, including the 
references in Papers I-V. 
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2 Rheology of cement-based suspensions 
2.1 Introduction 

Rheology is a well established science which is applied in many different fields, e.g., 
food industry, pulp and paper industry and building industry, both as a method for 
quality control of products on a daily basis and as tool in basic research. By definition 
rheology is the science of deformation and flow of matter and deals with relationships 
between stress, strain, rate of strain and time [2, 3].  

In order to describe the basic concepts of rheology one often turns to the parallel plate 
model (Figure 2.1). In this model, the intervening space between the plates is filled 
with a liquid. If a force is applied on the upper mobile plane, a shear stress arises and 
the liquid is deformed. The shear stress is defined as the applied force divided by the 
area, A, of the upper mobile plane. The deformation or shear strain is expressed by 
dx/dy or with the angle . The time differential of  is called the rate of strain or shear 
rate ( ).

Mobile plane, area A

Stationary plane 

F

dy 

dx

Figure 2.1. Parallel plate model.  

Viscosity ( ) is an important material property which describes the resistance towards 
flow or the “internal friction”. It is defined as the shear stress divided by the rate of 
shear and has the SI- unit Pascal second (Pa s). A fluid can be defined as Newtonian 
or non-Newtonian. Newtonian fluids display the simplest flow behaviour, for these 
fluids there exist a linear relationship between the shear stress and the rate of shear, 
i.e., the viscosity does not vary with the rate of shear (Figure 2.2). Furthermore, the 
viscosity is also constant with respect to time. Water and glycerine are examples of 
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Newtonian liquids displaying different viscosities.  

However, many materials show a non- Newtonian behaviour. In these cases the 
viscosity varies with the rate of shear in contrary to Newtonian liquids. Non-
Newtonian behaviour are displayed by shear thinning, shear thickening and Bingham 
plastic materials. Shear thinning materials display a decrease in viscosity with 
increasing shear rate, i.e., the material appears to flow more easily with increasing 
shear rate. Polymer solutions and dispersions are examples of materials than may 
exhibit shear thinning behaviour.  

Shear thickening materials, on the other hand display an opposite behaviour, i.e., the 
viscosity increases with increased shear rate. This behaviour can be seen in highly 
concentrated suspensions.  

Bingham plastic materials do not flow until a critical yield stress is exceeded, 
thereafter a linear relationship is shown between the shear stress and shear rate. Thus, 
Bingham plastic materials behave as solids below the yield stress and flow like a 
viscous liquid when the yield stress is exceeded. The rheological properties of 
cement-based suspensions, such as mortar and concrete, are often described by the 
Bingham model: 

= 0 + 

where 0 is the yield stress. 
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Figure 2.2. Different types of flow curves. 

2.2 Rheology of particle suspensions 

The rheological properties of particle suspensions are controlled by factors of both 
physical and chemical origin. Some general factors are: 

concentration of particles 

particle shape 

specific surface of the particles 

state of flocculation  

In cement-based particle suspensions the cement hydration is also a contributing 
factor. 

The effect of concentration on the viscosity of a suspension can be described by the 
Krieger-Dougherty equation [3]: 

s 1- m)- [ ] m        (2.2) 

where s is the viscosity of the suspending medium (the liquid phase), is the 
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volume fraction of particles, m is the maximum volume fraction of particles, and [ ]
is the intrinsic viscosity. The maximum concentration is very sensitive to the particle-
size distribution and particle shape [3]. Furthermore, the flocculation of particles may 
lower m since the flocs themselves are not closely packed [3]. The maximum volume 
fraction typically falls between 0.6 and 0.7 for mono-sized spherical particles. The 
intrinsic viscosity is a measure of the effect of individual particles on the viscosity 
[4]. Figure 2.3 illustrates the effect of concentration and shape of particles, according 
to the Krieger-Dougherty equation, on the viscosity of a suspension. 

Figure 2.3. Effect of particle shape and concentration on the viscosity of particle 
suspension at a shear rate of 300 s-1 [3]. ( ) spheres; ( ) grains; ( ) plates; ( ) rods.   

The rheological behaviour of a particle suspension is also dependent on the balance 
between a range of different forces, i.e., Van der Waals, electrical double layer forces, 
steric forces, acting between colloidal particles [5]. If the summation of these forces 
results in an overall attractive inter-particle force, flocculation will be promoted. In 
concentrated suspensions these flocs create a continuous three-dimensional 
interparticle network which can display a considerable resistance to both flow and 
consolidation. On the other hand, if the overall forces are repulsive the particles will 
be dispersed and the suspension will flow readily [5]. Furthermore, in accordance 
with the discussion on m, higher loadings of solids can be used in dispersed than in 
flocculated suspensions. 
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The yield stress, often displayed by particle suspension, is determined by the number 
and strength of the particle-particle bonds per unit volume required to break in order 
to allow flow or consolidation to occur [5]. An increase in magnitude of the inter-
particle attraction will increase the strength of the bonds and, thus, increase the yield 
stress. Figure 2.4 shows how the yield stress of alumina suspensions with different 
volume concentrations decreases with the square of the zeta-potential ( 2) due to an 
increase in the net inter-particle repulsion. 

Figure 2.4. Shear yield stress properties of concentrated - alumina suspension as a 
function of 2 and the volume concentration of particles [5]. 
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2.3 Concrete - a particle suspension 

Concrete can be considered as a coarse particle suspension with a wide range of 
particle sizes, from submicron size, e.g., cement, silica and other fine particles, to 
millimetres of the coarse aggregate. Consequently, the rheological properties of 
concrete are governed by the various forces, i.e., not only by the forces of colloidal 
origin mentioned above, acting between the different constituents. The different 
forces acting between the constituents in concrete and in which particle size range 
they predominate are summarized in Table 2.1.  

Table 2.1. Different kinds of forces acting in particle suspensions, such as concrete. 
Adopted and slightly modified from [6]. 

Particle size [mm] Type of particle Kind of predominant force
> 1 mm Coarse sand, gravel shear forces, gravity

0.1-1 mm sand capillary forces

10-6-0.1 mm
cement particles, hydrates, 

aggregate fines
colloidal forces (i.e. electrostatic, 

van der Waals forces)

Since concrete is a particle suspension it can be divided into a liquid phase and a 
particle phase. It is common to consider the cement paste or cement plus an arbitrary 
part of the fine aggregate, normally the fractions < 125 μm or < 250 μm, as the liquid 
phase and the coarser aggregate as the particle phase of concrete [4, 7, 8]. This is of 
course a simplification since the cement paste by it self is a particle suspension on a 
“microscopic” level whose rheology is controlled by the same laws as any other fine 
particle suspension. However, it is an accepted approach and studies of these separate 
phases of concrete have brought a wider knowledge of the mechanism controlling the 
rheological properties of concrete and each of its phases. Figure 2.5 shows concrete 
where the micromortar is considered as the liquid phase and aggregates larger than 
125 μm as the particle phase. 
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Figure 2.5. Micromortar as the liquid phase of concrete. Slightly modified figure 
from [8]. 

In the following text the rheology of cement paste and mortar will be reviewed. 

2.3.1 Rheology of cement paste 

2.3.1.1 Flow behaviour 

The flow curve for cement pastes has been reported to fit several different 
mathematical forms [9]. The common denominator of all these functions is that all of 
them indicate the existence of a yield stress, i.e., flocculated cement paste is a 
viscoplastic material. Figure 2.6 show typical flow curves for flocculated and 
dispersed cement pastes at two volume concentrations [10]. The dispersed paste with 
the lowest concentration (w/c ratio 0.32) of cement displays a Newtonian behaviour, 
while the more concentrated paste (w/c ratio 0.23) display viscoplastic behaviour. 

Cement pastes sometimes display a difference in shear stress between the up and 
down curve when subjected to an increased shear rate followed by a subsequent 
decrease (Figure 2.7). This difference reflects some lack of equilibrium between the 
microstructure and the shear rate. This is often caused by a structural breakdown 
which occurs during shear [10]. 
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Figure 2.6. Flow curves for flocculated and dispersed cement pastes [10]. 

Figure 2.7. Flow curve for cement paste showing hysteresis when shear rate is 
increased and then decreased [10]. 

This type of flow curve is typically produced by thixotropic suspensions. Thixotropic 
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suspensions show a reversible time-dependent decrease in viscosity when subjected 
to a constant shear stress or shear rate. In cement based suspensions the hydration 
also produces hysteresis [10]. This behaviour is not strictly thixotropic since the 
process is not reversible.    

2.3.1.2 Effect of concentration 

Struble and Sun studied the flow behaviour of both dispersed and flocculated 
Portland cement pastes as a function of their particle concentration [4]. Their results 
show that the relationship between the viscosity and concentration can be described 
by the Krieger-Dougherty equation. The maximum volume fraction of dispersed 
pastes, m, was found to be approximately 0.7 and the value of the intrinsic viscosity, 
[ ], was found to be 5 in average. The viscosity of the flocculated pastes was 
significantly higher and exhibited much lower maximum volume fraction than the 
dispersed pastes. The work of Justness and Vikan has also shown that the relation 
between solid concentration and viscosity of cement slurries can be described by the 
Krieger-Dougherty equation [11]. 

2.3.1.3 Effect of cement characteristics 

The fineness of the cement is an important parameter that affects the rheological 
properties of cement pastes. Often both fineness and chemical composition vary in 
work comparing the effect of different cements and, thus, the effect of solely the 
fineness is difficult to evaluate [2]. However, vom Berg evaluated the effect of 
fineness by separating a cement into individual fractions and recombining them into 
“new” cements with different particle size distributions and, thus, fineness. The 
specific surface area of the evaluated cements varied between 130 m2/kg and 690 
m2/kg. The results showed that the yield value and initial viscosity increased with 
increasing specific surface area at constant solid concentration. The results also 
showed an increase in yield stress and plastic viscosity with increasing solid 
concentration at constant specific surface [12]. 

More recently, Vikan showed similar results on the effect of fineness by evaluating 
four cements made of the same clinker but with the difference that they had been 
ground to different fineness, the Blaine value varied in the range between 356 m2/kg 
and 496 m2/kg [13]. As the flow properties of cement paste depends on several 
factors such as fineness, content of tricalcium aluminate (C3A), alkali etc. it is not 
possible to differentiate the effect of different cement only from one single factor, 
unless all other is constant [13]. However, Vikan found a linear correlation between 
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the combined cement characteristics expressed by Eq. 2.3 and the flow resistance of 
the cement paste. 

Blaine·[d·{cubic C3A} + (1-d)·{C3S}]     (2.3) 

where {} is the relative amount of  C3A and tricalcium silicate (C3S) in percentage 
determined with XRD and the factor d represents their relative reactivity. The flow 
resistance, defined as the area below the flow curve, measured in a rheometer 
equipped with a parallel plate measuring system, was either a linear or exponential 
function of the cement characteristics depending on plasticizer type and dosage. 
Griesser found similar results, in his work a fairly good correlation between the 
content of dicalcium silicate (C2S) and C3A multiplied with the blain value, 
(C2S+C3A)·Blaine, and the relative yield value was found [6].  

The effect of the chemical composition of the cement is much less marked than 
effects of concentration or fineness [2]. However, the sulphate and aluminate (C3A) 
balance may have a large effect on the rheological properties of cement paste at early 
age and its variation with time [2], i.e., due to false or rapid setting.  

2.3.1.4 Effect of superplasticizer 

The primary purpose of superplasticizer is to disperse flocculated cement particles. 
Due to the dispersion effect, the fluidity of the paste is increased, i.e., the yield stress 
and plastic viscosity is reduced [2, 14, 15].  

The superplasticizer is believed to adsorb onto the cement particles and alter the 
degree of flocculation in one of three ways:  

Increasing the zeta potential and, thus, the repulsive forces between the 
cement particles (electrostatic double layer repulsion). 

Increasing solid-liquid affinity 

Introducing a physical barrier against flocculation, steric hindrance 

The importance of steric forces in dispersing cement suspension has been stressed in 
recent years, even for superplasticizer types, i.e., lignosulphonates, that generally 
have been acknowledged to disperse through increasing the electrostatic double layer 
forces [14, 16, 17]. 



15

Uchikawa et al. measured the interactive force between polished cement clinker 
immersed in pure water and solutions of superplasticizers with an atomic force 
microscope (AFM) [16]. Furthermore, the zeta potential of cement pastes with the 
same superplasticizers was measured. The results from these measurements were 
related to the flow spread, measured with a flow cone, of the pastes. Figure 2.8 shows 
how the flow of cement pastes is linearly related to the force acting between the 
cement particles in the paste. The figure also shows that there is not necessary a linear 
relation between the flow spread of cement pastes and the zeta potential, i.e., a linear 
increase in flow spread with increasing zeta potential. From these results the authors 
concluded that other forces than electrostatic double layer forces contribute to the 
dispersion of cement paste, namely steric repulsive forces. 

Figure 2.8. The relation between flow of cement pastes and the interactive force and 
the zeta potential, respectively [16]. 

Not all of the added superplasticizer contribute to the dispersion of cement flocs in a 
productive way. Some part of the added superplasticizer may be intercalated in 
diverse hydration products and, then, not be available for dispersing cement 
agglomerates [18]. This seems to especially occur within the first minutes after water 
addition when ettringite (AFt) normally has its highest precipitation rate [18]. 

In addition to being adsorbed onto the cement particle surface some part of the added 
superplasticizer may remain dissolved in the aqueous phase, either as free polymers 
or as micelles [18, 19]. 
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The sulphate concentration in the pore solution has an important influence on the 
adsorption of superplasticizer during the first minutes of hydration. Consequently, it 
may also have an effect on the rheological properties of cement paste. Griesser 
showed that the yield stress of cement pastes passes through a minimum at a certain 
amount of sodium sulphate (Na2SO4) which depends on cement and superplasticizer 
type and the temperature [6]. This result was explained by the competitive adsorption 
onto the hydrating C3A between sulphate ions and superplasticizer molecules. If the 
sulphate concentration is too low, a high quantity of superplasticizer molecules is 
adsorbed and may, thus, be incorporated into the cement hydrates during the initial 
hydration reactions and consequently they loose their dispersing effect. On the other 
hand if the concentration is too high, a smaller amount of the superplasticizer is 
adsorbed due to the competitive adsorption of the sulphate ions [20]. The competitive 
superplasticizer adsorption mechanism is shown in Figure 2.9. 

Figure 2.9. Competitive superplasticizer adsorption mechanism. If the sulphate ion 
concentration is low a large amount of superplasticizer is adsorbed onto the surface. 
At high concentrations the surface is occupied by adsorbed sulphate ions and, thus, a 
smaller amount of superplasticizer is adsorbed [6]. 

2.3.2 Rheology of mortar 

Mortar can be considered to be fresh concrete without coarse aggregate [9]. It can be 
divided into micro mortar (or fine mortar) and mortar depending on the size fraction 
of the fine aggregate that is included in the mix. The study of mortars can be useful in 
predicting the effect of changes in mix design on the behaviour of fresh concrete.  
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Previous work on the rheological properties of micro mortar and mortar has shown 
that they undergo structural breakdown during shear and that the flow behaviour can, 
as for concrete, be described by the Bingham parameters yield stress and plastic 
viscosity [8, 21]. 

The effects of the different constituents of mortars, i.e., cement type, superplasticizer, 
fine aggregates and mineral additions, i.e., fillers, have been studied in several works, 
e.g., [8, 9, 21-24]. 

2.3.2.1 Micro mortar 

Billberg studied the effect of mineral and chemical admixtures on fine mortar 
rheology. Fine mortar was defined as all constituents of concrete of smaller size than 
250 μm [8]. In one set of experiments, a part of the cement was replaced by an equal 
weight of fillers of different origins, i.e., dolomite, crushed limestone, blast furnace 
slag, fly ash and one crushed glass filler. The findings were that the rheological 
properties, i.e., yield stress and plastic viscosity, of the fine mortar could be related to 
the particle shape and particle size distribution of the replacing filler. The results 
showed a very consistent relation between the fineness modulus (represented by the 
area above the particle size distribution curves) of the cement-filler combinations and 
the yield stress of the fine mortar. When filler with finer particle size than the cement 
was used, an increase in yield stress could be observed. The opposite was the case for 
coarser fillers. These results are consistent with the results in [12] regarding the 
fineness of the cement. Furthermore, it was also concluded that non-spherical fillers 
results in an increase of the fine mortars yield stress compared to spherical fillers.  

Esping studied the effect of the geometrical properties, i.e., specific surface area 
(BET) and shape, of eight fillers, seven limestone fillers and one glass filler, on the 
rheological properties of mortars [22]. In this work, the upper particle size of the 
mortar was 500 μm. The results from this study show a strong correlation between 
the specific surface area, according to the BET method, of the filler and the yield 
stress and plastic viscosity of the mortar, i.e., both the yield stress and plastic 
viscosity increased linearly with increased specific surface area. These results are 
consistent with the results found by Billberg and vom Berg [8, 12]. The correlation 
between the rheological properties of the mortar and the particle shape, expressed as 
F-shape, was weak to moderate. This can probably be explained by the fact that there 
only were small variations in F-shape (approximately between 0.51 and 0.58) of the 
studied filler combined with simultaneously large variations in specific surface area. 
However, the work clearly shows the influence of variations in specific surface area 
of fillers and aggregate fines on the rheological properties of mortars. 
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Westerholm and Lagerblad studied the effect of different fines (<250 μm) from 
crushed aggregates on rheological properties of the micro mortar phase of self-
compacting concrete [24]. The results showed that the plastic viscosity and yield 
stress of the micro mortars increased with increasing amounts of fines. Furthermore, 
the differences in plastic viscosity could partly be related to the particle shape, 
expressed by the F-shape. However, the observed differences between the studied 
fines, both regarding yield stress and plastic viscosity, could largely be reduced by 
the use of an effective superplasticizer. 

2.3.2.2 Mortar

Banfill has studied the effects of mixing procedure, measuring procedure and the 
relatively proportions of constituents on the rheological properties of mortars [21, 25, 
26]. He concludes that mortar shows a significant breakdown during shear and that 
the measured properties are affected by the work of shear during mixing and testing, 
but that these effects can be neglected if an appropriate test procedure is followed. In 
[25], the effect of 30 building sands on the rheology of fresh mortar was studied, only 
the mortars containing the largest amounts of clay showed a detectable structural 
breakdown during the test. This was attributed to the presence of clays since 
structural breakdown is well known in clay-water suspensions. The water demand of 
the studied sand varied over a two-fold range. The variation in water demand was 
related to the variations in the surface area of the fines fraction.  

The mix design and the properties of the different constituents have, obviously, a 
large influence on the rheological properties of the mortar. In Table 2.2, the effect of 
a change in mix design, or property of the sand, on the rheological properties of 
mortars is summarized. The general trends are basically the same as for concrete, 
why it is stated that mortar tests may be suitable for prediction of concrete properties 
[21]. 
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Table 2.2. Summary of effects of changes in mix design on the rheology of mortar 
[26]. 

Yield stress Plastic viscosity
Increase water content Decrease Decrease
Increase sand content Increase Increase
Increase cement content Increase Increase
Increase fineness of sand Increase Increase/No change
Add plasticizer Decrease No change
Add air entrainer Little change Decrease
Replace part of cement by:
fly ash Decrease Decrease
micro silica Increase Decrease

Change
Effect on
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3 Fine aggregates from crushed bedrock 
3.1 Characteristics 

The characteristics of fine aggregates from crushed rock depend on both the rock type 
and the production technique [27, 28]. In the subsections below, the characteristics of 
crushed fine aggregates will be reviewed. 

3.1.1 Mineral composition 

The mineral composition of crushed fine aggregates may vary substantially both for 
products with different origins and from the same bedrock [29]. For heterogeneous 
bedrock the mineral composition of the crushed product may vary when new parts of 
the rock are processed. During crushing enrichment of free minerals may occur in 
different size fractions of the aggregate. In [30], Lagerblad found that free mica was 
preferentially enriched in the size fractions between 75 μm and 500 μm. No or only 
small enrichment of free mica could be found in the finest fractions of the fine 
aggregates. The occurrence of free mica was also shown to depend on the coarseness 
of the rock type. In coarse grained rocks, free mica was found in coarser fractions 
than in fine grained rocks. 

The mineral composition can also vary substantially for glaciofluvial fine aggregates. 
In this case the aggregate has been subjected to weathering processes and, hence, the 
mineralogical composition, especially of the fines, has been changed during a long 
period. The weathering of the aggregates dissolves minerals, disintegrates particles 
and causes mineral transformation [29]. Weathered aggregates often display large 
specific surface areas due to the presence of very fine grained clay minerals. 

3.1.2 Particle shape and surface texture 

Crushed aggregate is generally not as round and smooth as glaciofluvial aggregate. 
They are often rather flaky and/or elongated with a rougher surface texture. The 
shape of the fine aggregate depends on both the rock type - its structure, mineral size 
and composition - and the type of crushing plant used and the operating conditions 
[28, 29, 31, 32]. 

Operation conditions during crushing which influence the particle shape are the 
reduction ratio, choke feeding and the feed gradation [31-33]. Jablonski showed that 
the optimal setting of a crusher may differ between different rock types [32]. His 
results showed that medium grained granite should be crushed with a bigger setting 
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than fine grained granite and basalt in order optimize the shape (Figure 3.1). 

In fractions dominated by free minerals, the shape will rather depend on the shape of 
the minerals than on the crushing technique. Lagerblad found that the shape of the 
particles in the 0.125-0.25 mm fraction of the fine aggregate correlated with the 
amount of free mica [1]. Mica is a flaky mineral and, thus, with increasing amount of 
this mineral the median shape of the particles turns flakier. It could also be observed 
that the flakiness of the fine aggregates decreased with increasing particles size. This 
was especially pronounced for fine aggregates with large amounts of mica. In small 
fractions, the micas occurred as free minerals while in larger fractions they were 
joined with other minerals, thus, resulting in a more cubical particle shape. 

Figure 3.1. Influence of crusher settings on the grains shape index of different rock 
types [32]. Shape index is calculated as the ratio between non-cubical particles and 
the total mass of the tested particles.  

3.1.3 Particle size distribution 

Crushed fine aggregates generally contain larger amounts of fines (< 63 μm) than 
glaciofluvial fine aggregates. Typically, between 10 % and 25 % of fines are 
generated during the production of fine aggregates [1, 34, 35]. However, the amounts 
may vary with the rock type. Generally, brittle rocks, i.e., quartz and coarse grained 
granite, generate larger amounts of fines than basic rocks [36]. 

The fines from crushed rocks do not generally contain any deleterious materials such 
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as clays [37]. However, fine aggregate from crushed granitoid rocks may contain 
sericite which is a badly ordered muscovite of clay size. 

3.1.4 Specific surface area 

The specific surface area of fines depends on factors such as the fineness, porosity, 
surface roughness and occurrence of clays and weathering products. For fines from 
crushed rock, the specific surface area should be a result of crushing technique and 
the rock characteristics.  

The specific surface area of fines from Finnish aggregates has been measured by 
Järvenpää and Poijärvi [29, 38]. In both these investigations the specific surface area 
was measured through nitrogen adsorption. However, the experimental procedures 
and equipment may have differed.  Järvenpää measured the specific surface area for 
twelve gravel fines (<0.063 mm) and seven different fines from rock products. The 
results showed a larger variation in specific surface area for the gravel fines (1800- 
14000 m2/kg) than for the fines from the rock products (1300- 2700 m2/kg).

Poijärvi reported specific surface areas between 500 m2/kg and 14000 m2/kg for fines 
(<0.125 mm) from natural aggregates and between 150 m2/kg and 19000 m2/kg for 
crushed rock products1.

3.2 Effect on the workability of concrete 

Workability is often defined in terms of the amount of the mechanical work, or 
energy, required to produce full compaction of the concrete without segregation [39]. 
The workability is affected by a number of factors: water content of the mix, mix 
proportions, aggregate properties, time, temperature, cement type, and admixtures 
[39]. Since the aggregate occupy between 60 and 80 % of the concrete volume its 
characteristics will have a profound influence on the concrete properties. 

In this section, the effects of some of the characteristics of crushed aggregate on the 
workability of concrete will be considered. However, their individual effect will 
largely depend on the overall composition of the aggregate and the concrete mix.  

1 The specific surface areas were recalculated from the unit cm2/cm3 by using the densities given in the 
paper. Expressed in cm2/cm3, the specific surface area varied between 13 100 and 374 000 for the 
natural fines and between 3900 and 534 000 for the fines from crushed rock.   
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3.2.1 Mineral composition 

The mineral composition of the fine aggregate influence the workability indirectly 
through the shape of the different free minerals. Mica is a flaky laminated mineral 
which is considered to be harmful to the properties of concrete. According to 
Danielsen and Rueslåtten, the content of free mica in glaciofluvial fine aggregate has 
proved to be the most important single variable, besides the grading, determining the 
water requirement of mortars [40]. The increase in water requirement of mortars with 
increasing content of free mica is shown in Figure 3.2.  

Dewar studied the effect of the mica content on the water requirement and strength of 
concrete [41]. His results showed that an increase in the mica content by 1 % required 
an increase of the w/c ratio by 0.02 units in order to maintain a constant workability.  
Furthermore, the results also showed that an increase in the mica content by 1 % 
reduced the compressive strength by 3 % at a constant w/c ratio.  

Figure 3.2. Water requirement index of mortars containing different amounts of free 
mica [40]. 

However, the harmfulness seems to depend also on the weathering conditions and on 
the type of mica, i.e., biotite or muscovite [40, 42]. In [40], Danielsen and Rueslåtten 
state that the detrimental effect of crushed unweathered mica on the plastic properties 
and strength of mortar is significantly greater than for naturally weathered mica.  

Müller studied the effect of the mica content in the fine aggregate on the workability 
of concrete [42]. His results showed that the effect depend much more on the nature 
of the micaceous particles than on their quantity, i.e., if they are present in the form of 
biotite or muscovite. The difference between biotite and muscovite mainly lies in the 
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chemical composition, i.e., biotite is rich of magnesium and iron while muscovite rich 
in aluminium. Figure 3.3 shows the effect of muscovite and biotite on the slump 
value of three different concrete qualities. As can be seen the muscovite has a much 
larger effect on the slump value than biotite at equal amounts. Furthermore, chlorite, 
which is an equally flaky mineral as mica, does not influence the water demand at all, 
according to [40]. Therefore, it has been suggested that beside the flaky form of mica 
the water demand is also determined by mineralogical factors. 

a)              b)

Figure 3.3. Effect of mica on concrete slump. a) shows the effect of muscovite and b) 
the effect of biotite [42]. 

3.2.2 Particle shape and surface texture 

The shape of the fine aggregate has a significant influence on the water requirement 
of concrete. As the particle shape changes from rounded or cubical to flaky/ 
elongated, the water requirement to maintain same workability increases. This can be 
related to the higher void content of irregularly shaped aggregates which results in a 
higher demand of water or paste in order to fill the voids. Alternatively, the difference 
can be related to the required interstitial space in order to allow the particles to rotate 
freely without interfering with adjacent particles. Consequently, in concrete an 
elongated particle needs a larger volume of paste than a spherical particle in order to 
be able to rotate freely and avoid particle interference (Figure 3.4). The lower flow 
induced by aggregates of unfavourable shape can then be related to an increased 
resistance to inter-particle movement [43]. 
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Particle PasteParticle Paste

Figure 3.4. Relation between particle shape and the required paste volume in order to 
avoid interference with adjacent particles [67]. 

According to Hudson and Wills, the effect of the fine aggregate shape is much larger 
on concrete quality and workability than the effect of the coarse aggregate shape [43, 
44]. This is explained by the much smaller particle size and the greater surface area to 
volume ratio than for coarse aggregate. Therefore, the effect of any detrimental shape 
or texture will be amplified in both plastic and hardened state of concrete. However, 
the adverse effects of particle shape on the workability and water demand can be 
reduced by using a superplasticizer [28]. 

In [29], Järvenpää concluded that the shape and particle porosity of the 0.125-4 mm 
fraction of the fine aggregate were the most important characteristics influencing the 
flow value of concrete (measured with the flow table test). Note, the study did not 
include effects of the fine aggregate grading. 

3.2.3 Particle size distribution 

The particle size distribution of the fine aggregate determines the amount of water 
that is required to wet all aggregate surfaces.  A fine aggregate with a particle size 
distribution shifted towards a higher amount of fines will give a concrete with a 
higher water demand. On the other hand, if the fine aggregate is too coarse the risk of 
segregation will increase. Crushed fine aggregate usually contains higher amounts of 
fines why the water demand often is significantly higher than for natural aggregates 
[1, 34, 35]. The “optimal” grading for crushed aggregate is not necessarily the same 
as for natural aggregate. Since crushed aggregate normally has a higher void content, 
a somewhat higher amount of fines may be an advantage. The proper grading should 
therefore depend on the shape and texture [35]. 
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3.2.4 Specific surface 

Poijärvi evaluated the effect of fines on the workability, water segregation and air 
content of concrete [38]. A total of 58 different natural fines and 12 fines from 
crushed quartzite, limestone and feldspar were included in the investigation. The 
fines were characterised regarding their specific surface area, grading, shape, and 
mineral composition. The results from the concrete tests showed that the different 
fines caused considerable changes in workability and that the crushed fines generally 
generated stiffer concretes. However, no significant correlation between the 
characteristics of the fines, i.e., specific surface area, mineral composition or grading, 
and the consistency of the concrete could be found. But the stiffest concretes were 
those including fines with the highest amounts of mica. They included between 22 % 
and 28 % which corresponded to 2-2.6 % mica of the total aggregate content. 
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4 Materials 
4.1 Cement 

Swedish limestone-Portland cement, CEM II/A-L 42.5 R, was used through the work 
in this thesis. The cement, which contains approximately 13 % limestone, was 
delivered by the Swedish cement producer Cementa AB. The physical and chemical 
characteristics of the cement are shown in Table 4.1. 

Table 4.1. Physical and chemical characteristics of the cement. 
Physical data  CEM II/A-L 42.5 R 

Specific surface area (BET), m2/kg 1740 

Density, kg/m3 3080 

Chemical assay % 

CaO 62.0 

SiO2 19.6 

Al2O3 3.5 

Fe2O3 2.6 

K2O 1.0 

Na2O 0.2 

MgO 2.8 

SO3 3.6 

Cl 0.03 

4.2 Aggregates 

A total of 16 fine aggregates (0-2 mm) were used in this work. Fourteen of them 
originate from crushed bedrock (designated C1-C14) and two are natural fine 
aggregates (designated N1-N2) which were used as reference aggregates. The crushed 
fine aggregates were collected from quarries located in different regions of Sweden 
and are considered to represent the spread in characteristics that can be found in 
Swedish crushed fine aggregates. Most of the crushed fine aggregates originate from 
granitoid rocks, which dominate the Swedish bedrock. The characteristics of the 
different fine aggregates are presented below and have previously been described in 
[30]. 
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4.2.1 Grading

The grading curves of the different fine aggregates are shown in Figure 4.1. The 
figure shows large variations in the amount of fines between the different fine 
aggregates. Furthermore, all crushed fine aggregates contain significantly higher 
amounts of fines than the natural fine aggregates (N1 and N2). 
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Figure 4.1. Grading curves of fine aggregates included in this work. 

4.2.2 Mineral composition 

The mineral composition of the fine aggregates was determined by point counting on 
thin section samples, including different fractions of the aggregates, with an optical 
microscopy. During the analysis, the sample is moved automatically a specified 
distance and the particle which appears in the point is counted. The particle is 
classified either as a free mineral or a rock. A particle composed of two or more 
minerals is classified as a rock. The mineral that appears in the point determines if the 
composed particle is classified as a mafic or salic rock. For example if biotite and 
hornblende appear in the point the rock is classified as mafic, while feldspar and 
quartz give a salic rock. Further details on the analysis of the mineral composition 
and the methodology can be found in [30]. 
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The mineral composition in different fractions of the fine aggregates is shown in 
Table 4.2 through Table 4.6. The composition is given in volume percent. 

Table 4.2. Mineral composition (vol.- %) of fraction 0.075-0.125 mm of the fine 
aggregates. 

Fine aggregate Quartz Feldspar Biotite Hornblende Pyroxene Salic Mafic Other
N1 48.0 25.3 3.3 3.6 - 13.6 5.6 0.3
C1 28.0 21.5 8.0 38.5 - 1.0 2.0 1.0
C2 26.0 18.0 17.5 29.5 - 4.0 4.5 4.0
C3 34.0 20.0 36.0 4.3 2.6 1.3 1.6 0.3
C4 36.3 47.6 4.0 - - 6.3 2.3 1.3
C5 34.0 39.0 12.6 5.3 - 5.0 3.6 0.6
C6 45.0 20.6 26.6 1.6 - 4.6 0.3 0.9
C7 38.3 23.6 22.3 0.6 - 8.3 3.6 1.0
C8 45.5 27.5 22.0 1.5 - 1.5 1.0 0.5
C9 30.6 52.6 1.2 - - 15.0 - 0.6

C10 37.3 51.6 0.6 - - 5.0 3.0 -
C11 31.3 20.6 13.0 21.3 - - - 5.6
C12 33.3 25.0 13.0 19.0 - 4.0 5.0 0.6
C13 44.0 18.8 24.8 6.4 - 1.2 3.2 1.6

Table 4.3. Mineral composition (vol.- %) of fraction 0.125-0.25 mm of the fine 
aggregates. 

Fine aggregate Quartz Feldspar Biotite Hornblende Pyroxene Salic Mafic Other
N1 37.6 20.3 2.3 1.6 - 32.0 5.6 0.3
C1 34.5 23.0 7.5 27.5 - 3.0 4.0 0.5
C2 29.5 16.5 15.0 19.5 - 10.0 9.5 -
C3 22.0 21.0 42.0 8.0 - 10.0 2.0 -
C4 39.0 33.3 4.0 - - 20.0 0.6 2.0
C5 34.0 42.0 11.0 - - 8.0 2.0 -
C6 46.0 22.0 19.6 0.6 - 9.3 2.0 -
C7 25.0 30.3 20.3 - - 17.3 5.6 -
C8 44.0 31.0 18.0 1.5 - 4.0 1.0 -
C9 28.5 22.0 1.5 - - 44.0 3.5 -
C10 33.0 54.3 0.6 0.3 - 10.0 1.0 -
C11 21.3 21.3 25.0 15.0 - 10.3 4.6 2.3
C12 18.0 33.0 17.0 11.3 - 12.3 8.0 -
C13 39.2 18.0 23.6 2.0 - 12.0 4.0 1.2
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Table 4.4. Mineral composition (vol.- %) of fraction 0.25-0.50 mm of the fine 
aggregates. 

Fine aggregate Quartz Feldspar Biotite Hornblende Pyroxene Salic Mafic Other
N1 25.3 22.6 0.6 0.3 - 44.0 6.3 -
C1 21.5 29.5 4.5 26.0 - 10.5 7.5 -
C2 9.0 13.0 6.0 6.0 - 41.0 25.0 -
C3 18.6 22.0 19.6 0.3 - 24.3 14.6 0.3
C4 20.6 19.6 2.0 - - 55.6 1.0 1.0
C5 29.0 35.6 6.6 1.6 0.3 19.6 7.0 -
C6 33.0 7.0 2.0 0.3 - 50.3 7.3 -
C7 13.6 20.0 10.0 - - 46.3 9.0 -
C8 31.0 29.5 21.5 - - 13.0 4.5 -
C9 15.0 13.0 0.5 - - 69.0 2.5 -
C10 33.6 40.0 0.3 - - 24.3 1.3 0.3
C11 12.3 8.0 21.3 6.3 - 33.6 18.3 -
C12 10.6 26.6 14.6 6.3 - 28.8 13.3 -
C13 20.0 18.8 6.4 - - 42.4 11.2 -

Table 4.5. Mineral composition (vol.- %) of fraction 0.50-1.0 mm of the fine 
aggregates. 

Fine aggregate Quartz Feldspar Biotite Hornblende Pyroxene Salic Mafic Other
N1 12.3 14.6 0.3 - - 66.3 6.3 -
C1 15.0 15.5 2.0 4.5 - 41.5 21.0 -
C2 3.0 5.0 1.5 2.0 - 57.0 31.5 -
C3 4.0 16.0 4.0 - - 56.0 21.0 -
C4 5.6 7.0 - - - 85.3 2.0 -
C5 12.0 25.0 3.0 - - 50.0 10.0 -
C6 6.3 1.3 1.0 - - 78.3 13.0 -
C7 6.3 8.6 3.3 - - 73.0 8.0 -
C8 24.5 23.5 9.5 - - 34.0 8.0 -
C9 6.5 6.5 - - - 80.5 6.5 -
C10 11.3 19.6 0.3 - - 66.6 1.3 0.6
C11 2.3 1.6 4.3 1.0 - 65.6 25.0 -
C12 5.3 14.6 10.3 2.3 - 53.3 14.0 -
C13 1.0 4.8 1.6 - - 83.6 8.4 -
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Table 4.6. Mineral composition (vol.- %) of fraction 1.0-2.0 mm of the fine 
aggregates. 

Fine aggregate Quartz Feldspar Biotite Hornblende Muskovit Pyroxe Salic Mafic Other
C1 2.5 7.0 - - - - 68.5 21.5 -
C2 1.0 1.0 1.0 - - - 62.0 35.0 -
C4 1.0 1.0 - - - - 93.6 1.6 -
C5 - 4.0 - - - - 88.0 8.0 -
C6 0.5 - - - - - 88.5 11.0 -
C7 1.6 3.3 0.3 - - - 82.0 12.6 -
C8 11.5 11.0 0.5 - - - 68.5 8.5 -
C9 3.0 4.0 - - - - 89.0 4.0 -

C10 4.5 12.5 - - - - 81.6 1.2 -
C11 0.6 1.0 1.0 - - - 74.0 23.0 -
C13 2.5 0.5 - - - - 81.5 15.5 -

4.2.3 Particle shape 

The shape of different fractions of the fine aggregates were measured through image 
analysis of epoxy-baked thin section samples in optical microscopy. The 
methodology is described in [30]. The shape is described with the F- aspect, F-shape, 
F-radio and F- circle value (Figure 4.2). The F-values are divided into the following 
shapes: 

0  F- value < 0.25: very elongated 

0.25  F- value < 0.50: elongated  

0.50  F- value < 0.75: cubic 

0.75  F- value  1: circular 
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F- aspect= 
(Dmin/Dmax)

F- circle= 
((4 area)/perimeter2)

F- radio= 
(rmin/rmax)

Perimeter

Area

Dmax

Dmin

Dmax

Dmin

rmax

rmin

F- shape = 
(Dmin/Dmax)

Figure 4.2. Definitions of the shape parameters F-aspect, F-shape, F-radio and F-
circle.

The shape parameters of the different fractions of the fine aggregates are shown in 
Table 4.7 and Table 4.8. Both the mean value and the median value of the 
different F-values are presented in the tables. From the data, it can be concluded 
that the natural fine aggregate (N1) displays the most circular shape, which can be 
expected from previous knowledge on particle shape of natural aggregates and 
crushed aggregates. 
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Table 4.7. F- values (F-aspect, F-shape, F-ratio, F-circle) describing the shape of 
fraction 0.075-0.125 mm and 0.125-0.25 mm of the different fine aggregates. Both 
mean and median values are presented (mean/median). 

Fine aggregate F-aspect F-shape F-radio F-circle F-aspect F-shape F-radio F-circle
N1 0.58/0.58 0.53/0.54 0.43/0.45 0.74/0.77 0.58/0.59 0.48/0.48 0.32/0.33 0.45/0.45
C1 0.48/0.47 0.44/0.44 0.34/0.34 0.66/0.69 0.48/0.48 0.43/0.43 0.33/0.33 0.59/0.60
C2 0.43/0.42 0.40/0.39 0.31/0.30 0.60/0.62 0.45/0.44 0.40/0.39 0.30/0.30 0.53/0.54
C3 0.42/0.39 0.38/0.35 0.30/0.27 0.59/0.60 0.39/0.35 0.36/0.33 0.27/0.24 0.55/0.56
C4 0.52/0.52 0.47/0.47 0.37/0.37 0.67/0.71 0.50/0.50 ---------- 0.29/0.28 0.52/0.53
C5 0.44/0.43 0.40/0.38 0.30/0.28 0.58/0.60 0.45/0.44 0.41/0.40 0.31/0.30 0.61/0.62
C6 0.42/0.41 0.39/0.37 0.29/0.27 0.58/0.60 0.42/0.39 0.38/0.36 0.29/0.27 0.58/0.59
C7 0.42/0.41 0.39/0.38 0.30/0.29 0.60/0.64 0.46/0.44 0.40/0.38 0.26/0.24 0.46/0.46
C8 0.42/0.40 0.39/0.37 0.29/0.28 0.60/0.62 0.44/0.42 0.39/0.38 0.29/0.28 0.53/0.54
C9 0.51/0.50 0.46/0.46 0.36/0.36 0.67/0.70 0.50/0.49 0.45/0.45 0.35/0.36 0.67/0.70
C10 0.48/0.47 0.43/0.42 0.34/0.33 0.65/0.67 0.47/0.48 0.48/0.40 0.31/0.30 0.53/0.54
C11 0.44/0.44 0.41/0.41 0.32/0.32 0.62/0.65 0.45/0.45 0.39/0.38 0.27/0.26 0.49/0.49
C12 0.43/0.41 0.39/0.37 0.29/0.28 0.60/0.62 0.46/0.43 0.39/0.37 0.27/0.25 -----------
C13 0.48/0.46 0.43/0.42 0.33/0.32 0.66/0.68 0.43/0.40 0.38/0.36 0.27/0.26 0.52/0.54

Fraction 0.075-0.125 mm Fraction 0.125-0.25 mm

Table 4.8. F- values (F-aspect, F-shape, F-ratio, F-circle) describing the shape of 
fraction 0.25-0.50 mm and 0.50-1.00 mm of the different fine aggregates. Both mean 
and median values are presented (mean/median). 

Fine aggregate F-aspect F-shape F-radio F-circle F-aspect F-shape F-radio F-circle
N1 0.58/0.58 0.53/0.54 0.39/0.41 0.59/0.63 0.60/0.59 0.53/0.54 0.41/0.42 0.68/0.70
C1 0.51/0.50 0.46/0.45 0.36/0.35 0.67/0.68 0.53/0.52 0.46/0.46 0.35/0.34 0.60/0.61
C2 0.46/0.45 0.42/0.41 0.32/0.30 0.62/0.63 0.47/0.44 0.41/0.39 0.31/0.29 0.56/0.57
C3 0.45/0.44 0.40/0.38 0.30/0.30 0.56/0.57 0.48/0.47 0.43/0.42 0.32/0.32 0.62/0.63
C4 0.54/0.54 0.45/0.45 0.30/0.31 0.50/0.55 0.55/0.54 0.49/0.50 0.38/0.38 0.64/0.65
C5 0.48/0.47 0.42/0.42 0.32/0.32 0.60/0.61 0.49/0.49 0.44/0.44 0.33/0.32 0.64/0.64
C6 0.50/0.47 0.44/0.43 0.34/0.32 0.63/0.65 0.52/0.50 0.46/0.46 0.36/0.36 0.66/0.67
C7 0.50/0.49 0.46/0.43 0.26/0.22 0.4/0.44 0.54/0.55 0.47/0.48 0.36/0.37 0.62/0.64
C8 0.40/0.37 0.37/0.35 0.28/0.26 0.57/0.58 0.46/0.44 0.40/0.38 0.29/0.28 0.54/0.55
C9 0.59/0.49 0.45/0.45 0.36/0.35 0.68/0.70 0.48/0.47 0.44/0.43 0.34/0.33 0.65/0.67
C10 0.50/0.50 0.45/0.43 0.32/0.32 0.55/0.56 0.50/0.46 0.45/0.42 0.35/0.33 0.61/0.62
C11 0.41/0.40 0.37/0.34 0.25/0.23 0.48/0.48 0.49/0.45 0.43/0.41 0.33/0.31 0.60/0.59
C12 0.46/0.45 0.40/0.39 0.30/0.29 0.54/0.55 0.48/0.43 0.43/0.38 0.32/0.29 0.59/0.58
C13 0.46/0.44 0.40/0.38 0.29/0.27 0.50/0.52 0.51/0.50 0.44/0.45 0.33/0.33 0.59/0.60

Fraction 0.25-0.50 mm Fraction 0.50-1.00 mm

4.2.4 Sand equivalent value 

The sand equivalent value (SE- value) of the fine aggregates was measured according 
to the European standard, EN 933-8. The sand equivalent test is a method for quality 
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control of fine aggregates, which measures the quantity of detrimental fine dust and 
clay [45]. Figure 4.3 shows the individual values and the mean value for all fine 
aggregates and the crushed fine aggregates separately. The European standard does 
not prescribe any limits for the SE- value. However, a SE- value of 75 % is set as a 
limit for aggregates used for bridges and road constructions in Saudi Arabia [45]. The 
natural fine aggregates used as references in this work display SE- values of 
approximately 75 %. 
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Figure 4.3. Sand equivalent value of the different fine aggregates (0-2 mm). 

4.2.5 Fines 

The fines were mechanically sieved from the different fine aggregates. They were 
characterised regarding their particle size distribution and specific surface area 
(BET). In this work fines is defined as aggregate particles being able to pass through 
a 0.25 mm sieve. 

4.2.5.1 Particle size distribution 

The particle size distribution of the fines was determined with a Malvern Mastersizer 
of which the measuring technique is based on light scattering/diffraction. The 
analyses were conducted at Cementa Research AB in Sweden. Figure 4.4 shows the 
particle size distribution of the different aggregate fines. 
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Figure 4.4. Particle size distribution of the 0-0.25 mm fraction of the fine aggregates. 

4.2.5.2 Specific surface area 

The specific surface area of the fines was measured through nitrogen adsorption using 
BET theory. The measurement was conducted at Cementa Research AB, Sweden. 

The specific surface area of the fines is shown in Figure 4.5. The mean value of all 
the fines was 1634 m2/kg. From the figure it can be seen that the natural fines (N1, 
N2) and the crushed fines C5, C7 and C9 display the largest specific surface area. 
The large specific surface area of the fines from the natural aggregates is due to that it 
in contrast to most crushed aggregates contains clay minerals (from weathering). In 
sample C9 the k-feldspar is largely seriticized, which may explain the large surface. 
Sericite is a badly ordered muscovite in clay size.  
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Figure 4.5. Specific surface area of the 0-0.25 mm fraction of the fine aggregates. 

4.3 Superplasticizer 
Three types of superplasticizers were used in this work, Glenium 51, Sika Melcrete, 
and Sika 92M. Glenium 51, which was delivered by Degussa Construction Chemicals 
Sweden AB, is a polycarboxylate ether based superplasticizer with a solid content of 
approximately 35 %. This superplasticizer was used in experiments in Paper II, Paper 
IV and Paper V. 

Sika Melcrete is a sulphonated naphthalene polymer (PNS) and Sika 92M is a 
sulphonated melamine polymer (PMS), both, with a solid content of approximately 
35 %. These superplasticizers are supplied by Sika Sweden AB. The PMS 
superplasticizer was used in the surface charge and micro mortar rheology 
measurements in Paper I and the PNS was used in Paper V.  

4.4 Mineral admixtures 
In one series of experiments (mortar) an artificial paste was used as a substitute of the 
cement paste. The artificial paste consisted of a blend of undensified microsilica, 
quartz and water (the proportions is described in chapter 6.3.3). The silica is marketed 
by Elkem ASA Materials under the brand name Elkem Microsilica® 940 U. The 
quartz is marketed by Sibelco under the brand name SIKRON® M300. Both these 
minerals can be considered as inert and chemically stable at the chemical conditions 
of the experiments, i.e., dispersed in deionised water with an initial pH of 
approximately 6.5. 
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5 Methods
5.1 Rheology 

5.1.1 Micromortar 

In this thesis, micromortar was defined as all concrete constituents with a smaller 
particle size than 0.25 mm, i.e., cement, fines < 0.25 mm, water and superplasticizer. 
They were designed to represent the micromortar phase of hypothetical concretes 
with different amounts of fines in the fine aggregate. 

5.1.1.1 Mixing procedure 

The micromortars were mixed in a Hobart mixer equipped with a ball whisk. The 
mixing procedure was as follows: 

1. All dry materials, i.e., cement and fines, were mixed for 10 s. 

2. Water was slowly poured into the bowl during slow agitation (gear 1). 

3. Samples on the wall were scraped down manually; thereafter the mix was 
agitated for 60 s on high speed (gear 2). 

4. Step 3 was repeated twice prior to the measurement. 

This mixing procedure gives a total mixing time of 180 s on the high speed gear. In 
micromortars containing superplasticizer the addition was done at step 3. After 
mixing, the sample was poured into the measuring system of the viscometer and the 
measurement was started. 

5.1.1.2 Viscometer 

The rheological properties of the micromortar were characterized with a rotational 
viscometer (Haake Rotovisco CV20, Thermo Electron Corporation) (Figure 5.1). The 
measuring system consists of concentric cylinders of which the outer cylinder, cup, 
can be rotated and the inner cylinder, bob, is stationary. In order to prevent slip-
surface, the bob has a serrated surface with grooves of 0.5 mm in depth and width. 
The geometry and dimensions of the bob is shown in Figure 5.2. The cylinders 
provide a gap of 2.58 mm and are therefore suited for measurements on particle 
suspensions with a maximum particle size of approximately 0.25 mm. 
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Figure 5.1. Viscometer used for rheological characterisation of the micromortars. 

Figure 5.2. Geometry of the inner cylinder, the bob. All numbers are in mm [8]. 

5.1.1.3 Measuring procedure and evaluation 

During a measurement, the micromortar is sheared in the gap between the inner and 
outer cylinder, simultaneously the inner cylinder registers the torque generated at 
each rate of shear. The used shear sequence, developed in [8], consists of three loops 
of which the purpose of the first two is to preshear the sample in order to break down 
any structure and the last is used for calculating the yield stress and plastic viscosity 
(Figure 5.3). The yield stress and plastic viscosity were calculated by applying the 
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Bingham model (Eq. 5.1, Figure 5.4) to the recorded data in the last segment between 
the shear rates 5 and 15 s-1.
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Figure 5.3. Shear sequence used for rheological evaluation of micromortars. 

= 0 + pl.·          (5.1) 

The yield stress describes the required shear stress to initiate flow, while the plastic 
viscosity describes how easily the mortar flows. Concrete with a low slump value can 
be described as a high yield stress concrete, while self-levelling concretes can be 
considered as the opposite. 
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Figure 5.4. The Bingham model. 

5.1.1.4 Repeatability 

The accuracy of the used measuring procedure was examined through measurements 
on micromortars, with 19 vol. % of fines (< 0.075 mm). The measurements were 
done at two different dosages of superplasticizer. The standard deviation of the 
mortars plastic viscosity was 0.03 Pa s at both dosages of superplasticizer (Table 5.1 
and Table 5.2). The corresponding values for the yield stress were 1.4 and 1.3 Pa for 
the mortars with 1.3 and 1.9 mg/g superplasticizer, respectively. Thus, the accuracy 
of the measurements lies within approximately 1.5 Pa of the yield stress and 0.05 Pa s
for the plastic viscosity. 

Table 5.1. Repeatability of the rheological data for micromortars with 19 vol. % of 
fines (< 0.075 mm) and 1.3 mg/g superplasticizer.  

Measurement
Superplasticizer 

dosage [mg/g] Yield stress [Pa] Plastic viscosity [Pa s]
1 1.3 29.8 0.98
2 1.3 32.1 0.92
3 1.3 29.7 0.92

Mean value 30.5 0.94
Standard deviation          1.4   (5 %)             0.03   (3 %)
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Table 5.2. Repeatability of the rheological data for micromortars with 19 vol. % of 
fines (< 0.075 mm) and 1.9 mg/g superplasticizer. 

Measurement
Superplasticizer 

dosage [mg/g] Yield stress [Pa] Plastic viscosity [Pa s]
1 1.9 18.9 0.58
2 1.9 17.5 0.64
3 1.9 20 0.62

Mean value 18.8 0.61
Standard deviation           1.3   (7 %)             0.03   (5 %)

5.1.2 Mortar 

In this thesis, mortar was defined as all concrete constituents with a smaller particle 
size than 2 mm, i.e., cement, fine aggregate < 2 mm, water and superplasticizer. They 
were designed to represent the mortar phase of a hypothetical concrete where 65 % of 
the fine aggregate (0-8 mm) particles are smaller than 2 mm. 

5.1.2.1 Mixing procedure 

The mortars were mixed in a Hobart mixer equipped with a paddle. The mixing 
procedure was basically the same as the procedure described for the micromortars in 
chapter 5.1.1.1. The only difference was the time of superplasticizer addition. In the 
mortars, the superplasticizer was added after a first measurement in the viscometer. 
After the addition, the mortar was agitated at high speed (gear 2) in the Hobart mixer 
during 60 s. Thereafter, the mortar was poured in the measuring system of the 
viscometer and the measurement was started. 

5.1.2.2 Viscometer 

The rheological properties of the mortars were studied with a rotational viscometer 
(Contec 4- SCC, ConTec Viscometers) suited for measurement on coarse particle 
suspensions, i.e., approximately 2 mm with the used measuring system (Figure 5.5). 
The measuring system consists of concentric cylinders of which the outer cylinder 
can be rotated and the inner cylinder is stationary. The inner cylinder is ribbed and 
the outer cylinder is lined with a wavy rubber. The radius of the inner and outer 
cylinder is 65 mm and 85 mm, respectively. 
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Figure 5.5. Viscometer, ConTec 4- SCC, for mortar rheology. 

5.1.2.3 Measuring procedure and evaluation 

During measurement, the sample is sheared in the gap between the cylinders by the 
rotational motion of the outer cylinder. The outer cylinder is rotated according to a 
predefined velocity profile which is described by an up and down curve, where the 
speed is first increased stepwise from zero to 0.45 rps and then lowered again (Figure 
5.6). The velocity profile is a standard measuring procedure developed by the 
manufacturer of the viscometer. 

The generated torque is continuously registered by the inner cylinder which presses 
against a load cell. The torque and speed of rotation are recalculated to shear stress 
( ) and rate of shear ( ), respectively. By applying the Bingham model (Eq. 5.1) to 
the registered data at the down curve, the rheological parameters yield stress ( 0) and 
plastic viscosity ( pl.) are obtained. The calculation is done with the software 
FreshWin 4.0. 

The yield stress describes the required shear stress to initiate flow of the mortars, 
while the plastic viscosity describes how easily the mortar flows. Concrete with a low 
slump value can be described as a high yield stress concrete, while self levelling 
concretes can be considered as the opposite. 
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Figure 5.6. Velocity profile for the used shear sequence in the mortar measurements. 

5.2 Zeta potential measurements 

5.2.1 Instrument 

The zeta potential of powder-blended cement pastes and a few selected fines (N1, C1, 
C2, C3, and C4) was measured using a ZetaProbe (Colloidal Dynamics). The 
instrument can be used to characterize relatively concentrated suspensions, i.e., up to 
60 vol. %. It also offers automatic titration of superplasticizer continuously during the 
measurement.  

The measuring technique is based on monitoring of the electrokinetic sonic amplitude 
(ESA), which refers to the sound wave generated when an alternating electric field is 
applied to the suspension [46, 47]. The sample is placed in a measuring cell 
containing two metallic electrodes. A high frequency electric field is applied over the 
sample, which induces an oscillating movement of the particles due to their surface 
charge. The movement generates the ESA where the magnitude of the signal can be 
related to the charge of the particle. The ESA can be expressed as: 

ESA = A( )  ( / )Zμd          (5.2)
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where A( ) is an instrument constant, is the measuring frequency,  is the volume 
concentration of particles,  is the density difference between the particles and the 
suspending medium with density , Z is the acoustic impedance and μd is the 
dynamic mobility. 

The dynamic mobility, μd, is related to the charge and size of the particles and for 
dilute suspensions (< 5 % volume) it can be expressed as: 

μd = (2 /3 )G(a, )[1+f]       (5.3)

where  is the dielectric permittivity,  is the zeta potential of the particles,  is the 
viscosity of the suspending medium and G and f are complex functions of which G
depends on the particle size (a) and the measuring frequency. 

By measuring the ESA over a range of frequencies, the particle mobility and thus the 
zeta potential can be calculated. 

5.2.2 Measurements on cement pastes 

The zeta potential measurements on the cement and powder-blended cement pastes 
was conducted at a solid volume concentration of 20 % during continuous titration of 
two types of superplasticizers. The pastes were manually dispersed before the sample 
was placed in the measuring container of the ZetaProbe. Thereafter, the sample was 
agitated in the measuring container at 180 rpm until the first measurement and then 
continuously agitated at 150 rpm during the whole analysis. The measurements were 
started ten minutes after the first contact with water. After each addition of 
superplasticizer the sample was left to equilibrate during approximately four minutes 
prior to the next measurement. This means that each paste was analysed during 
approximately 40 minutes after the first contact with the mixing water.  

Since the electrolyte, i.e., the pore solution, contributes to the resulting zeta potential, 
a sample was collected from each mixture of cement and powder after 20 minutes of 
hydration to be used as background correction. 

5.2.3 Measurements on fines suspensions 

The zeta potential of the fines was studied in an artificial pore-solution at a solid 
volume concentration of 7 %. The artificial pore-solution was used in order to 
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simulate the chemical conditions found in ordinary cement pastes. The pore-solution 
was composed of CaSO4 2H20, Na2SO4 and NaOH at the molar concentrations; 12 
mM Ca2+, 100 mM SO4

2-, 276 mM Na+. The pH was approximately 12.8. Since the 
ZetaProbe can not detect large particles, the fines were sieved on a 37 μm sieve prior 
to the preparation of the suspensions. 

The first measurement of the zeta potential was conducted approximately five 
minutes after the first contact between the pore-solution and the fines. Thereafter, 
superplasticizer was added in several steps in order to monitor the change in zeta 
potential upon the addition. This was done to get an indication of the adsorption 
behaviour of the superplasticizer onto the different fines. Before each measurement, 
the suspension was agitated for five minutes in order to allow the superplasticizer to 
adsorb onto the fines. 

The zeta potential measurements were conducted at the Institute for Surface 
Chemistry in Stockholm, Sweden. 

5.3 Sand equivalent test 

The sand equivalent test is a method for quality control of fine aggregates, which 
measures the quantity of detrimental fine dust and clay. The principle of the method 
is the following: 

A test portion of sand and a small quantity of deflocculating solution are 
poured into a graduated cylinder and are agitated to loosen the clay coatings 
from the sand particles in the test portion.  

The sand is then ‘irrigated’ using additional deflocculating solution forcing 
the fine particles into suspension above the sand.  

After 20 min, the sand equivalent value (SE) is calculated as the height of 
sediment (h2) expressed as a percentage of the total height of the sediment and 
the suspended fine material (h1) (Figure 5.7). 

A high value indicates that the quantity of fine dust in the analyzed fine aggregate is 
small while the opposite holds for low values. For the time being there are no 
specified limits in the standard. Further details on the test method can be found in the 
European standard, EN 933-8. 
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Figure 5.7. Graduated cylinder for SE- test. 

5.4 Washing 

In one series of experiments (Paper III), the effect of washed fines and fine aggregate 
on the rheological properties of micro mortar and mortar were evaluated. For this 
purpose, a few selected fine aggregates were washed in the laboratory by using a 
bucket and a stirring machine. The washing procedure was conducted twice 
according to the following procedure (Figure 5.8): 

The fine aggregate was suspended in water and agitated vigorously.  

Thereafter, coarse particles were allowed to sediment during a period of 30 
seconds. 

After the sedimentation period the water phase containing suspended fine 
particles was decanted.  

The volume ratio between water and fine aggregate was approximately 3.5, thus, the 
aggregates were washed in large amounts of water. This results in an effective 
washing of the aggregates. 
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The washed fine aggregate was collected and dried in an oven at 105 °C. Thereafter, 
the particle size distribution on the fine aggregate (0-2 mm) and the fines (0-0.25 
mm) were determined by mechanical sieving and with an Malvern MasterSizer, 
respectively. The specific surface area of the fines was determined according to the 
BET (N2) method. 

Agitation Sedimentation Decantation 

Large particles Fine particles 

Washed fine 
aggregate

Figure 5.8. Washing procedure. 
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6 Results and discussion 
6.1 Zeta potential 

The zeta potential is a key factor determining the rheological properties of particle 
suspensions. Generally, a high value of the zeta potential, positive or negative, 
prevents flocculation and, thus, results in a low shear resistance [48]. Low values, 
close to zero, promote flocculation and result in immobilization of water and high 
shear resistance. 

In this thesis the zeta potential of powder blended pastes and fines suspensions was 
measured with a ZetaProbe (Paper I and Paper V). The measurements were 
conducted both with and without addition of commercially available 
superplasticizers.  

6.1.1 Cement pastes 

The zeta potential was measured on both pure cement pastes and pastes containing 30 
vol. % of limestone and glass powder. The measurements were conducted with and 
without additions of superplasticizers. The superplasticizers were a sulphonated 
naphthalene polymer (PNS) and a polycarboxylated ether type of polymer (PC) 
which are believed to disperse by increasing the electrostatic double layer forces and 
through steric hindrance, respectively. 

The zeta potentials of both the pure and the powder-blended cement pastes without 
any superplasticizer addition were negative, i.e., between -3.5 and -12 mV (Figure 
6.1). These results are in agreement with the zeta potentials reported for cement 
pastes in the literature [14, 18, 49, 50]. However, positive zeta potentials in the range 
between +2 mV and +20 mV have also been reported [14, 51, 52].  

Addition of the PNS-type of superplasticizer resulted in a sharp increase in the 
absolute value of the zeta potential of both the pure and the powder-blended pastes. 
At a certain amount of superplasticizer, the increase in zeta potential starts to level 
out. This amount has shown to correspond to approximately the amount of polymer 
needed to reach an adsorption plateau2 [53, 54]. Consequently, the results indicate 
that the required amount of superplasticizer to reach the adsorption plateau for the 
different pastes increases in the order; paste with limestone powder < paste with glass 

2 The adsorption process can be described with an adsorption isotherm. Characteristics for polymer 
adsorption isotherms are that they show a sharp increase in adsorption at low polymer concentrations, 
followed by a plateau that does not change with further additions [54]. Thus, as the adsorption plateau 
is reached no further adsorption to the surface take place. 
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powder < pure cement paste. The sharp increase in zeta potential verifies that 
electrostatic double-layer repulsion is an important component in the dispersion 
mechanism of this superplasticizer. 

In contrary, addition of the PC-type of superplasticizer slightly decreases the absolute 
value of the zeta potential of the pastes, both for the pure and powder-blended pastes 
(Figure 6.1). Previous work has shown that this type of superplasticizer carries 
negatively charged groups on the backbone, i.e., sulphate and carboxylate groups [17] 
why the adsorption of this superplasticizer should increase the zeta potential. 
However, the superplasticizer is probably weakly charged and the observed decrease 
in zeta potential is governed by an outward shift of the surface of shear upon 
adsorption of the superplasticizer. Identification of the amount of superplasticizer 
added before the zeta potential levels out indicate that the required amount increases 
in the following order; paste with glass powder < paste with limestone powder < pure 
cement paste. Since the addition does not result in a sharp increase of the zeta 
potential, steric repulsion is probably the main dispersion mechanism of this 
superplasticizer. 
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Figure 6.1. Zeta potential of powder blended pastes at different dosages of 
superplasticizer. PNS = sulphonated naphthalene polymer, PC = polycarboxylated 
ether type of polymer. 
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6.1.2 Fines 

The zeta potential of the fines was studied in an artificial pore-solution at a solid 
volume concentration of 7 %. The artificial pore-solution was used in order to 
simulate the chemical conditions in cement-based suspensions, i.e., high ionic 
strength and pH. The measurements were conducted both with and without addition 
of a superplasticizer. The superplasticizer was a sulphonated melamine-based 
polymer which is considered to disperse by increasing the electrostatic double-layer 
forces and, thus, the zeta potential when adsorbed onto the particles. 

The results show that the zeta potential of the studied fines ranged between -7 mV 
and -22 mV (Figure 6.2). As can be seen, all the fines from crushed aggregates 
display a higher zeta potential, i.e., more negative potential, than the fines from the 
natural aggregate (N1). In [29], the zeta potential for different manufactured 
aggregates varied in the range between -5 mV and -11.2 mV and the corresponding 
values for different naturally occurring fines were between -2.8 mV and -9.1 mV. 
Thus, in both investigations the fines display a negative zeta potential in 
environments characteristic for cement based systems. However, calculations using 
the DLVO theory (after Derjaguin-Landau-Vervey-Overbeck) have shown that the 
zeta potential should be approximately 20  mV or higher in order for a cement 
based particle suspension to be stabilized only by electrostatic double-layer forces 
[16, 49]. This indicates that the studied fines are unstable, i.e., they flocculate, in 
cement-based suspensions without superplasticizer. 

Addition of the superplasticizer increased the zeta potential of the suspensions 
containing fines C2 and C3 until a dosage of 1 mg/g was reached (Figure 6.2). 
Thereafter, the increase of zeta potential levels out and remains constant upon further 
addition. Thus, the results indicate that the adsorption of the superplasticizer onto 
fines C2 and C3 has reached an adsorption plateau at approximately 1 mg/g. 

The zeta potential of the suspension containing fines from the natural fine aggregate 
(N1) did not change significantly upon addition of the superplasticizer. This indicates 
that the superplasticizer is not adsorbed on these fines. Also, the fines from C4 and 
C1 did not seem to adsorb any superplasticizer. The zeta potential for these fines 
scattered around the initial value without superplasticizer. The difference between 
these fines and the fines (C2 and C3) which adsorbed the superplasticizer lies partly 
in the mineral composition. Fines C2 and C3 contained significantly higher amounts 
of biotite than the other fines (Table 4.2). One hypothesis could be that the 
superplasticizer is preferentially adsorbed onto biotite particles. 
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Figure 6.2. Zeta potential of fines suspensions at different dosages of a sulphonated 
melamine-based superplasticizer. 

6.2 Micromortar 

The objective of this part of the thesis was to provide information and knowledge 
about the influence of the characteristics, i.e., shape, specific surface area and mineral 
composition, of different fines on the rheological properties of the micromortar phase 
of concrete.  

The rheological evaluation was done at both different volume concentrations of fines 
and at one constant volume of fines at various w/c ratios. Furthermore, the effect of 
superplasticizer was studied by measuring the change in yield stress and plastic 
viscosity upon different additions. 

In this work micromortar is defined as all constituents in the concrete being able to 
pass through a 0.25 mm sieve. Thus, the results presented in this chapter concerns 
fines with an upper particle size of 0.25 mm if nothing else is stated. 

6.2.1 Effect of concentration and type of fines 

Crushed fine aggregates often contain larger amounts of fines than natural aggregates. 
These fines are also often more flaky and elongated than fines from natural 
aggregates. Therefore, it is of interest to study the effect of both these characteristics 
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on micromortar rheology. This was done by designing micromortars with different 
volume concentrations of fines. The concentrations used were chosen to represent the 
amount of fines found in concrete with natural fine aggregate (13.3 vol.-%) and 
concrete with an increased amount of fines (26.1 vol.- %), e.g., concrete with crushed 
fine aggregate. The mix design of the evaluated micromortars is described in Table 
6.1. 

Table 6.1. Mix design of the micromortars.  
Material

0 vol.- % fines 13.3 vol.- % fines 26.1 vol.- % fines
Cement 1120.4 971.8 828.2
Fines 0 351.2 690.8
Water 638.6 554 472.2
w/c 0.57 0.57 0.57
Vol.- % solids 0.361 0.446 0.528

Mix design [g/l]

Figure 6.3 shows the effect of different concentrations of fines on the yield stress of 
the micromortars. The results show increasing yield stresses with increased volume 
concentration of fines. This can be explained by an increased number of inter-particle 
links or contacts with increased concentration, which results in an increased 
mechanical strength, i.e., yield stress, of the suspension [5]. 

From the figure it can also be concluded that at the lowest concentration (13.3 vol.- 
%) there is fairly small differences between the micromortars independent of the 
characteristics of the fines (except fines C9). However, when the concentration 
increases the results are more divergent and the characteristics of the fines break 
through. At the highest concentration six of the micromortars with crushed fines (C2, 
C3, C7, C9, C12, C14) display higher yield stress and eight lower or equal yield 
stress as the micromortars with fines from natural fine aggregates. Common for the 
micromortars with the highest yield stress is that they display relatively large specific 
surface area and/or a low F-aspect value.  
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Figure 6.3. The effect of different concentrations of fines on the yield stress of 
micromortar. 

Figure 6.4 shows that the plastic viscosity of the micromortars increases with the 
volume concentration of fines. Also for the plastic viscosity, only small differences 
are observed between the different fines at the lowest concentration but as the 
concentration increases larger differences appear. The differences in plastic viscosity 
can partly be related to differences in particle shape. It is well known that any 
deviation from a spherical shape results in an increase in viscosity [3]. However, the 
plastic viscosity of micromortars is also affected by the specific surface area (or 
fineness modulus) [8, 22], why the observed differences probably are a combined 
effect. At the highest concentration ten of the micromortars with crushed fines 
displayed a higher plastic viscosity than the micromortar with fines from natural fine 
aggregates. 
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Figure 6.4. The effect of different concentrations of fines on the plastic viscosity of 
micromortar. 

6.2.2 Correlation between the characteristics of the fines and the rheological 
properties 

In this section the correlation between the characteristics of the fines and the 
rheological properties of the micromortar is discussed. In previous work a good 
correlation between the specific surface area of fine particles (mineral admixtures and 
aggregate fines) and the rheological parameters yield stress and plastic viscosity of 
micromortars has been observed [8, 22]. 

A correlation analysis of the results in this work gives a poor correlation between the 
specific surface area of the fines and the yield stress of the micromortars (r2= 0.41). 
The corresponding value for the plastic viscosity is 0.43 (Figure 6.5 and Figure 6.6). 
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Figure 6.5. Correlation between the specific surface area of the fines and the yield 
stress of the micromortars. 
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Figure 6.6. Correlation between the specific surface area of the fines and the plastic 
viscosity of the micromortars. 
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Bigas et al. found that the correlation between the specific surface area of mineral 
additions and the water demand only was valid for round and angular shaped particles 
[55]. This suggests that the reason for the poor correlation between the specific 
surface area and the yield stress and plastic viscosity, respectively, of the 
micromortars probably is due to variations in the particle shape of the fines. If the 
fines with F-aspect values below 0.40 and above 0.45 are excluded the correlation 
analysis is largely improved (Figure 6.7 and Figure 6.8). Unfortunately the 
correlation is based on a small number of measuring points. 
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Figure 6.7. Correlation between the specific surface area of the fines and the yield 
stress of the micromortars. Only fines with F-aspect values between 0.40 and 0.45 are 
included in the regression. 
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Figure 6.8. Correlation between the specific surface area of the fines and the plastic 
viscosity of the micromortars. Only fines with F-aspect values between 0.40 and 0.45 
are included in the regression. 

The correlation coefficient between the particle shape (expressed as F-aspect) of the 
fines and yield stress was 0.01 and the corresponding value for the plastic viscosity 
was 0.11 (Figure 6.9 and Figure 6.10). The poor correlation is probably due to the 
variations in specific surface area of the fines. By excluding the fines with the highest 
specific surface area (N1, C7, C9) the correlation between the shape and yield stress 
is still weak while the correlation for the plastic viscosity is largely improved (Figure 
6.11 and Figure 6.12). This suggests that the particle shape mainly influences the 
plastic viscosity of the micromortars. 
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Figure 6.9. Correlation between the F- aspect value of the fines (fraction 0.125-0.25 
mm) and the yield stress of the micromortars. 
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Figure 6.10. Correlation between the F-aspect value of the fines (fraction 0.125-0.25 
mm) and plastic viscosity of the micromortars. 
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Figure 6.11. Correlation between the F-aspect value of the fines (fraction 0.125-0.25 
mm) and the yield stress of the micromortars. The regression is based on 
micromortars containing fines with specific surface areas between 520 and 1150 
m2/kg.
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Figure 6.12. Correlation between the F-aspect value of the fines (fraction 0.125-0.25 
mm) and the plastic viscosity of the micromortars. The regression is based on 
micromortars containing fines with specific surface areas between 520 and 1150 
m2/kg.
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The content of free mica has shown to be an important variable determining the water 
requirement of mortar and concrete [40, 41]. It has even been stated that the content 
of free mica is the most important single variable, besides the grading, determining 
the water requirement of mortar [40].  

In this work no clear correlation between the mineral composition of the fines and the 
rheological parameters of the micromortar could be found. However, there is a 
correlation between the biotite content and the F-aspect value of the fines why it is 
reasonable to believe that large amounts of flaky biotite minerals mainly influence the 
plastic viscosity (Figure 6.13). 
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Figure 6.13. Correlation between the biotite content and the F-aspect value of the 
fines fractions 0.075-0.125 mm and 0.125-0.25 mm, respectively. 

6.2.3 Effect of w/c 

The effect of water to cement (w/c) ratio was studied on micromortars with a constant 
volume of fines (13.2 %). Consequently, in these tests an increase of the w/c ratio is 
accompanied by a reduction of the cement content in order to keep the volumes of 
paste and fines constant. The mix design of the studied pastes is shown in Table 6.2. 
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Table 6.2. Mix design of the micromortar.  

Material
Cement 1030.3 971.8 940.6
Fines 349.7 351.2 350.9
Water 535.7 554 564.3
w/c 0.52 0.57 0.6
Vol.- % solids 0.464 0.446 0.436

13.2 vol.- % fines
Mix design [g/l]

In Figure 6.14 to Figure 6.15 results from the measurements on micromortars with 
different w/c ratios are shown. As the figures show, both the yield stress and plastic 
viscosity of the micromortars decreases as the w/c ratio increases. This effect could 
be seen both for the micromortars with fines from crushed and natural fine 
aggregates. Since the volume of fines, A= 0.132, and paste were held constant, the 
change in properties with increased w/c ratio can be considered as a result of the 
increased amount of water accessible to wet the surfaces of the fines (and also the 
cement particles for that matter), and, thus, not due to a change in the volume-relation 
between the fines and the paste. Furthermore, the increase in w/c ratio is 
accompanied by a reduction of the cement content which results in a reduction of the 
total surface area. However, if the w/c ratio had been changed without reducing the 
cement content, the volume of paste would have increased with approximately 9.5 %. 
This difference in paste volume would have amplified the effects observed in the 
figures. 
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Figure 6.14. Effect of w/c- ratio on the yield stress of micromortars. The volume of 
fines was held constant at 13.2 vol. %. 
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Figure 6.15. Effect of w/c- ratio on the plastic viscosity of micromortars. The volume 
of fines was held constant at 13.2 vol. %. 
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6.2.4 Effect of washing 

Fine aggregates may contain excess amounts of fines or fines of poor quality, i.e., 
clays, impairing concrete quality. Washing is one potential method to improve the 
quality of such fine aggregate. In Paper III the effect of washing on the properties of a 
few fine aggregates and their performance in mortar were studied. 

The effect of washed fines on the rheological properties of micromortar is shown in 
Figure 6.16. In the figure the results for the unwashed fines are also included as 
references. From the results it can be seen that the washed fines display substantially 
lower yield stress and plastic viscosity than the unwashed fines. This effect can be 
attributed to the removal of basically all particles smaller than approximately 30 μm 
during the washing procedure. Consequently, the specific surface area of the fines is 
reduced and, thus, the yield stress and plastic viscosity of the micromortar. Another 
consequence of the removal of the finest particles is that a smaller quantity of water is 
immobilized in flocs. It can also be noted that the micromortars with washed fines 
from crushed fine aggregates display similar rheological properties as the 
micromortar with natural fines (N1). 
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Figure 6.16. Effect of washed fines (26.1 vol.- %) on the rheological properties of 
micromortars. Unwashed and washed fines are represented by filled and unfilled 
symbols, respectively. 
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6.2.5 Effect of superplasticizer 

The effect of superplasticizer on the rheological properties of micromortars 
containing different types of fines was partly studied in Paper I and Paper IV. 
Furthermore, the effect of different types of superplasticizers on the rheological 
properties of filler blended pastes was studied in Paper V. 

Superplasticizers improve the fluidity by dispersing flocculated particles, i.e., cement, 
fines and mineral admixtures. The results in Paper IV showed that, regardless of the 
fines used, it was possible to reach similar properties of the micromortars by using an 
effective superplasticizer. The effect of superplasticizer dosage can be seen in Figure 
6.17 and Figure 6.18 where the yield stress and plastic viscosity decrease linearly 
with increasing amount of superplasticizer. 
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Figure 6.17. Effect of superplasticizer (sulphonated melamine polymer) on the yield 
stress of micromortars containing different fines (< 75 μm). Paper I. 
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Figure 6.18. Effect of superplasticizer (sulphonated melamine polymer) on the plastic 
viscosity of micromortars containing different fines (< 75 μm). Paper I. 

The zeta potential measurements on the different fines indicated that only fines C3 
and C2 adsorbed any superplasticizer (Paper I). However, the results from the 
micromortar measurements do not give any indications on different adsorption 
behaviour of the fines. On the contrary, the effect of the superplasticizer was 
continuously good independent of the fines type investigated. There can be several 
explanations to this, for example the superplasticizer could preferentially be adsorbed 
on to the cement particles rather than to the fines. Superplasticizers have been found 
to adsorb stronger to C3A and C4AF than to C3S and C2S [49]. Thus, in such case the 
observed dispersing effect would mainly be governed by dispersion of flocculated 
cement particles.  

6.2.6 Conclusions on the micromortar study 

The results show that the influence of the fines characteristics is small at 
concentrations (13.3 vol.- %) similar to those found in the micromortar phase of 
concrete with natural fine aggregates. The observed differences at this concentration 
are so small that they most probably are of no practical importance in concrete 
production. 
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However, at the high concentration of fines (26.1 vol.- %) the results are more 
divergent and the characteristics of the fines break through. At this concentration a 
good correlation between the specific surface area of the fines and the yield stress and 
plastic viscosity of the micromortar was observed, i.e., a larger specific surface area 
results in a higher yield stress and plastic viscosity. This type of relationship between 
the specific surface area and the rheological parameters could also be seen in the 
results with the washed fines. Furthermore, the results suggest that the shape of the 
fines mainly influences the plastic viscosity of the micromortar. However, these 
correlations seem to be valid only for similarly shaped fines and fines of 
approximately the same specific surface area, respectively. If both of these properties 
vary simultaneously the relationship becomes more complex. 

Regarding the mineral composition of the fines, no clear relationship with the 
rheological properties of the micromortars could be established. However, biotite is a 
flaky mineral and is, thus, likely to contribute to the plastic viscosity if present in 
large amounts. The results also showed that there exist a correlation between the 
biotite content and the F-aspect value of the fines. 

6.3 Mortar 

The objective of this part of the thesis was to provide information and knowledge 
about the influence of fine aggregate characteristics, i.e., amount of fines, particle 
shape and mineral composition, on the rheological properties of mortars. Mortar was 
defined as all constituents in concrete being able to pass through a 2 mm sieve. Thus, 
the results in this chapter concerns fine aggregate with an upper particle size of 2 mm.  

The studied fine aggregates displayed different grading curves, particles shapes, 
specific surface areas of the fines fraction and sand equivalent values (SE- value). 
They were evaluated in mortars with and without addition of superplasticizer and at 
different paste volumes. In one set of experiment the grading curve of a few selected 
fine aggregates were standardized, i.e., made similar, in order to study the influence 
of the particle shape. The effect of the fines content on the mortar rheology was also 
studied.  

This chapter is mainly based on Paper II and Paper III. 

6.3.1 Effect of different fine aggregates 

The results from the mortar tests in this work clearly show that the properties of the 
fine aggregate have a strong influence on the yield stress and plastic viscosity of the 
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mortars (Figure 6.19). The yield stress and plastic viscosity varied in the range 
between 96 and 550 Pa and 1.3 and 8.8 Pa s, respectively. From the figure it can also 
be concluded that the mortars with fine aggregate from crushed bedrock generally 
display both a higher yield stress and plastic viscosity than the reference mortar with 
natural fine aggregate (N1). This is a result of both the higher amount of fines and the 
more irregular particle shape shown by the crushed fine aggregates. 

In the micromortar study the fines from fine aggregate C7 and C9 displayed the 
highest yield stresses and plastic viscosities. Thus, the high yield stress shown by the 
mortars with these fine aggregates is probably largely influenced by the properties of 
their fines. 

The extremely high yield stress and plastic viscosity of the mortar with fine aggregate 
C2 is probably due to the large amounts of fines rather than due to the quality of the 
fines. 
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Figure 6.19. Influence of different fine aggregates on the rheological properties of 
mortars.  

However, since the fine aggregates used in this investigation displayed large 
variations in the amount of fines, specific surface area and particle shape it is difficult 
to find clear correlations between these parameters and the mortar results. Regarding 
the SE-test, it was not possible to find any clear correlation between the rheological 
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parameters and SE-values above 75 %. But for lower SE-values, i.e.,  70 %, a 
significant increase in the yield stresses and, thus, water demand could be observed 
with decreasing SE-values (Figure 6.20). The relationship between the SE-values of 
the fine aggregates and the plastic viscosity of their mortars was more unclear (Figure 
6.21). 
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Figure 6.20. Yield stress of the mortars as a function of the sand equivalent value of 
their fine aggregate. 
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Figure 6.21. Plastic viscosity of the mortars as a function of the sand equivalent value 
of their fine aggregate. 
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6.3.2 Effect of w/c 

The effect of water to cement (w/c) ratio on the rheology of the mortars was studied 
in the same way as the micromortars. The mix design of the studied mortars is shown 
in Table 6.3. As can be seen in the table an increase in w/c ratio is accompanied by a 
decrease of the cement content. The cement content was reduced in order to keep the 
volume of paste and fine aggregate constant. 

Table 6.3. Mix design of mortars with different w/c ratios. 

Material
Cement 635.1 614.5 554.4
Fine aggregate 1147.7 1147.8 1147.7
Water 362 368.7 388.1
w/c 0.57 0.60 0.70
Vol.- % solids 0.638 0.631 0.611

Mix design [g/l]

Thus, in these tests an increase of the w/c ratio results in an increase of the total 
amount of water accessible to wet and disperse the fine aggregate simultaneously as 
the total surface of the cement decreases. The effect of a w/c change on the yield 
stress and plastic viscosity of the mortars is shown in Figure 6.22 and Figure 6.23. 
The mortar including fine aggregate C2 displays a very high water demand, 
expressed in terms of yield stress and plastic viscosity. According to the results, this 
mortar would require an increase of the water content with approximately 7-10 % 
(calculated for a w/c change from 0.57 to 0.75) in order to reach similar rheology as 
the reference mortar (N1). The corresponding values for the mortars with fine 
aggregate C1 and C8 are approximately 2 % and 7 %, respectively. 
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Figure 6.22. Effect of w/c ratio on the yield stress of mortars. All mortars contained 
the same volume of fine aggregate. 
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Figure 6.23. Effect of w/c ratio on the plastic viscosity of the mortars. 
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6.3.3 Effect of superplasticizer 

The results in Figure 6.19 and Figure 6.22 showed that the “water demand” of the 
mortars with the different fine aggregates varied considerably. By using a 
superplasticizer it is possible to improve the fluidity of the mortars. This is shown in 
Figure 6.24 and Figure 6.25 were both the yield stress and the plastic viscosity is 
reduced upon addition. However, the required dosage of superplasticizer to reach a 
certain yield stress differs depending on the initial yield stress and also on the 
properties of the fine aggregate. The required dosage to reach a yield stress of 30 Pa 
varied approximately between 0.07 and 0.25 % of the cement content. 
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Figure 6.24. Yield stress of mortar as a function of superplasticizer dosage. 
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Figure 6.25. Plastic viscosity of mortar as a function of superplasticizer dosage. 

6.3.4 Effect of paste volume 

Concrete with crushed aggregate often requires slightly higher paste volume in order 
to reach the same workability as a concrete with natural aggregate. The effect of 
increased paste content at constant w/c- ratio on the rheological properties of mortars 
is shown in Figure 6.26 and Figure 6.27. In these experiments an artificial paste was 
used to simulate the effect of increased cement content. The mix design of the 
mortars and the composition of the artificial paste which was successively added to 
the mortars are shown in Table 6.4. 

Table 6.4. Mix design of the mortars and the composition of the artificial paste. 
Constituents Mortar [g/l] Artificial paste [g/l]

Quartz 565 998
Silica fume 70.6 124.6
Fine aggregate 1149.8 -
Water 317.8 561.5
w/p- ratio* 0.5 0.5

* water-powder ratio
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The results show that the fine aggregate characteristics, i.e. the shape, specific surface 
area and grading curve, become of less importance as the paste volume increases. 
This is a consequence of reduced particle interference with increasing interparticle 
distance and the reduction of the total surface area of the fine aggregate. Similar 
result could be seen in the micromortar investigation (see section 6.2.1) and has also 
been reported for concrete [29, 56, 57]. For example, Murdock reported that the 
effects of grading and shape on the workability of concrete becomes negligible when 
the aggregate/ cement ratio is reduced to 2 [57]. 
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Figure 6.26. Yield stresses of mortars as a function of the volume of (artificial) paste. 
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Figure 6.27. Plastic viscosities of mortars as a function of the volume of (artificial) 
paste. 

6.3.5 Effect of fines content 

Poijärvi, among others, has shown that moderate amounts of fines generally have a 
positive effect on the properties of concrete, i.e., consistency and workability [38]. 
Increasing amounts of fines increase the required amount of water to wet the particle 
surfaces adequately and to maintain a specified workability [34]. Poijärvi’s results 
also showed that the studied fines caused considerable changes in the workability of 
the concretes. In general the crushed fines resulted in the stiffest concrete. 

The effect of the fines content on the rheological properties of mortars is shown in 
Figure 6.28 and Figure 6.29. 
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Figure 6.28. Yield stresses of mortars as function of the fines content of the fine 
aggregate. 

In Figure 6.28 it can be seen that the yield stress of all mortars starts to increase 
linearly at fines contents above 16 %. Consequently, above this fines content the 
water demand of the mortars increases due to the change in the total surface area of 
the fine aggregates. 

The effect of the fines content on the plastic viscosity of the mortars appears to be 
more complicated than the effect on the yield stress. For the mortar with fine 
aggregate N1 virtually no effect could be observed within the studied range of fines 
contents (Figure 6.29). For the mortars with crushed fine aggregate the results 
indicate that the plastic viscosity pass through a minimum at a certain fines content, 
which seems to differ with the type of fine aggregate.  

Similar effects have been observed for concrete, where the fines content at which the 
viscosity passes through the minimum has been found to depend on both the w/c ratio 
and the aggregate to cement ratio (a/c ratio) [2]. This suggests that the effect found in 
the mortars would be more pronounced at a higher a/c ratio.  

However, the phenomenon could be explained in terms of particle friction. At the 
lowest fines content there is not enough fines to fill out the voids between the larger 
aggregate particles which results in a high internal friction and thus a high viscosity. 
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As the fines content increases the friction between the larger aggregate particles 
decreases and consequently the viscosity. When the fines content increase even 
further the plastic viscosity may increase due to the increase in the total surface area 
of the fine aggregates. The magnitude of the increase might also depend on the 
particle shape of the fines. The fines (C3) which resulted in the most significant 
increase in plastic viscosity displayed the lowest F-aspect value and contained the 
highest amount of biotite (see section 4.2). 
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Figure 6.29. Plastic viscosities of mortars as a function of the fines content of the fine 
aggregate. 

6.3.6 Effect of aggregate shape 

The particle shape of the fine aggregate has shown to have a larger effect on the water 
requirement of concrete than that of the coarse aggregate [35, 43, 44]. In order to 
evaluate the influence of particle shape on the rheological properties of mortars the 
grading curves of a few fine aggregates were standardized. This was done by 
combining different fractions of the fine aggregates to a grading curve similar to the 
one for fine aggregate N1 (see Figure 4.1). 

The results from the mortar tests show that the major difference between glaciofluvial 
fine aggregate (N1) and the crushed fine aggregate can be seen in the plastic viscosity 
(Figure 6.30). The difference can be considered to be a particle shape effect, i.e., the 
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higher viscosity of the mortars with crushed fine aggregate is a result of increased 
particle interference and friction between non-spherical particles. 
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Figure 6.30. Yield stress versus plastic viscosity for mortars containing fine 
aggregates with similar grading curve as fine aggregate N1. 

A correlation analysis between the different F-values and the plastic viscosity of the 
mortars give correlation coefficients between 0.82 and 0.88 (Figure 6.31). A change 
in F-aspect from 0.59 to 0.41, thus a change from a cubic to elongated shape, resulted 
in almost a threefold increase, i.e., 2.7 times, of the plastic viscosity. However, how 
these differences in plastic viscosity of the mortar affect the workability and rheology 
of concrete is a subject of further research. 

The corresponding correlation coefficient values for the yield stress are 0.09 and 
0.31, i.e., the shape of the aggregate seems to have a limited influence on the yield 
stress (Figure 6.32). 
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Figure 6.31. Correlation between the different F-values of the fine aggregate and the 
plastic viscosity of mortars. 
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Figure 6.32. Correlation between the different F-values of the fine aggregate and the 
plastic viscosity of mortars. 
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Furthermore, the results found in Figure 6.30 together with the results in Figure 6.19 
emphasize the importance of the grading curve on the water demand of mortar. This 
can be exemplified with the results for fine aggregate C2 and C3. When the grading 
curve of fine aggregate C2 were standardized, which lead to a large reduction of the 
amount of fines, the mortar (C2S) displayed nearly the same yield stress as the 
reference mortar (N1) (see Figure 6.30). Consequently, the standardization of the 
grading curve resulted in reduction of the mortars yield stress from 554 Pa to 122 Pa. 
Similar results are seen for fine aggregate C3. In its original grading the mortar was 
too stiff to be characterized in the viscometer, but when the grading curve was 
standardized it (C3S) displayed nearly the same yield stress as the reference mortar 
(N1). However, even though the yield stresses were comparable with the mortar 
containing fine aggregate N1 the plastic viscosity still was significantly higher due to 
particle shape effects. In order to reach the same viscosity an increase in paste volume 
is required. 

6.3.7 Effect of washing 

Fine aggregates may contain excess amounts of fines or fines of poor quality, i.e., 
clays, impairing concrete quality. Washing is one potential method to improve the 
quality of such fine aggregate. In Paper III the effect of washing on the properties of 
fine aggregates and their performance in mortar were studied. 

Figure 6.33 shows the effect of washed fine aggregate on the rheological properties of 
mortars. The mortars with washed fine aggregate displays significantly lower yield 
stresses than the mortars with unwashed fine aggregate. This is a direct consequence 
of the removal of the very fine particles during the washing procedure. These 
particles contribute to the water demand through their large specific surface area and 
are also of such size that they may flocculate and immobilize mixing water under the 
influence of colloidal forces. Thus, the results show that the finest particles in the fine 
aggregates significantly influence the yield stress, and therefore the water demand, of 
the mortars. This was also verified in the micromortar tests of the fines fraction. 
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Figure 6.33. Effect of washed fine aggregate on the rheological properties of mortars. 
Unwashed and washed fine aggregates are represented by filled and unfilled symbols 
respectively. The mortar with the unwashed fine aggregate C3 was to stiff to be 
characterized in the viscometer. 

However, the mortars with washed fine aggregate displayed slightly higher plastic 
viscosity than the mortars with unwashed fine aggregate. This is probably a result of 
increased particle interference due to the loss of fines in the washing procedure. The 
fines act as “lubricants” between the coarser particles and, thus, when the fines are 
removed the particle interference increases and consequently the viscosity. 

6.3.8 Conclusion of the mortar study 

The results from the mortar study show that the properties of the fine aggregate have 
a large influence on the rheological properties of mortars. The fines content was 
shown to have a significant influence the yield stress and, thus, the water demand of 
the mortar. The results showed that the yield stress of all mortars increased linearly 
above a fines content of 16 %.  

The influence of the fines content on the plastic viscosity of the mortars seems to be 
more complex. The results indicated that the viscosity of the mortar passes through a 
minimum at a given fines content, which seems to be related to the properties of the 
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larger fractions, i.e., larger than 0.25 mm in this case, of the fine aggregate. The 
observed behaviour was explained by alteration of the interparticle friction between 
coarse fine aggregate particles with changing amount of fines. These results, together 
with the results from the tests with washed fine aggregates, show the lubricating 
effect of the fines.  

Furthermore, the results clearly show that the particle shape, expressed as an F-value, 
of the fine aggregates mainly influences the plastic viscosity of the mortar. The 
change in viscosity can be related to increased interparticle friction as the shape 
deviates from a spherical shape. In this work, it was not possible to find any 
correlation between the shape of the fine aggregate and the yield stress of the mortars. 

However, the effect of the fine aggregate characteristics on the rheological properties 
of the mortars depends largely on the paste volume. As the paste volume was 
increased both the yield stress and the plastic viscosity of the mortars decreased. This 
was interpreted as a consequence of the increased interparticle distance and, thus, 
reduced particle interference with increasing paste volume. Simultaneously, a 
reduction of the surface area occurs which leads to a reduced water demand. 

Finally, the mortars containing crushed fine aggregate generally displayed both 
higher yield stress and plastic viscosity than the mortar with the natural fine 
aggregate (N1). The higher yield stress is believed to mainly be generated by the 
larger amounts of fines found in crushed fine aggregates. The higher plastic viscosity 
is shown to mainly originate from particle shape effects and, thus from the more 
angular shape of the crushed fine aggregates. 
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7 Conclusions 
The main results from this thesis can be summarized as following: 

The zeta potential measurements showed that the interaction between the fines 
and the superplasticizer differed between the fines studied, i.e., the results 
indicate that the superplasticizer only was adsorbed on two of the evaluated 
fines. This could indicate that concrete made with different fine aggregates, 
may require different amounts of superplasticizer to reach a given workability 
due to different adsorption behaviour of the fines. 

The particles shape of the fines and fine aggregate mainly influence the plastic 
viscosity of the micromortar and mortar, respectively. As the shape of the 
aggregate changed from a “spherical” shape, the viscosity increased. 
However, for the micromortar this relationship was only valid for fines with 
similar specific surface areas. 

An increased specific surface area of the fines was shown to increase both the 
plastic viscosity and yield stress of the micromortars. However, the best 
correlation was found for the yield stress of the micromortar. 

No clear relationship between the mineral composition and the rheological 
properties could be established. However, biotite is a flaky mineral why high 
amounts of this mineral are likely to contribute to the plastic viscosity. 
Furthermore, the zeta potential measurements indicated that the used 
superplasticizer was more prone to adsorb onto the fines which contained the 
largest amounts of biotite.  

The yield stress of the mortars was shown to increase linearly with the content 
of fines in the fine aggregate, due to the increase in total surface area of the 
aggregate. The influence on the plastic viscosity was more complex, it seems 
to pass through a minimum at a fines content which differed between the fine 
aggregates. This effect is believed to result from alterations of the interparticle 
friction between larger aggregate particles. 

The effects of the fine aggregate on the rheological properties of mortar 
depend largely on the paste volume, i.e., the amount of fine aggregates in the 
mortar. An increased amount of paste was shown to result in both a lower 
yield stress and plastic viscosity of the mortars. This was interpreted as a 
result of both increased interparticle distance and a reduction of the total 
surface area of the fine aggregate. 
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The results suggest that the higher yield stress and plastic viscosity shown by 
mortars containing crushed fine aggregate can be related to two main 
characteristics of the fine aggregates. The high yield stress is believed to 
mainly originate from the high amounts of fines found in crushed fine 
aggregates. The higher plastic viscosity can be related to the more angular 
particle shape of crushed fine aggregates. 

Finally, the results show that washing and the use of superplasticizer are two 
potential ways to improve the workability, expressed in yield stress and 
plastic viscosity, of mortars with fine aggregates from crushed rock. 
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8 Further research and development 
The following items are of interest for further research and development: 

In this thesis it has clearly been shown that the characteristics of the fine 
aggregate have a strong influence on the rheological properties of mortars. 
The results showed that the shape of the fine aggregate mainly affected the 
plastic viscosity of the mortars. In future research it is important to establish 
how these differences in mortar appears in concrete. 

Self-compacting concrete (SCC) is a concrete that generally requires a higher 
amount of fine particles in order to achieve its key properties. Since the 
production of fine aggregate generates a large quantity of fine particles, i.e., 
fines, a topic for further research could be to study the potential to use this 
property of the fine aggregate in the production of SCC. 

The results in this work indicated that the superplasticizer only was adsorbed 
on some of the fines. Since superplasticizer is a key constituent in modern 
concrete technology their interaction with fines of different origin is an 
interesting topic for further research. 

Current concrete mix design models are developed for natural fine aggregate 
and do not take the particle shape into account. Therefore, there is a need to 
develop current models to take particle shapes into account. In this context 
there is also a need for detailed studies on the effect of crushed aggregate on 
the rheological properties of concrete. 

This licentiate thesis has only concerned the effect of different fine aggregates 
on the rheological properties of mortars. Their effect on the hardened 
properties such as frost resistance, alkali-silica reactivity, shrinkage, and 
compressive strength is also a subject of further research.  
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RÉSUMÉ
Dans cette étude, l’influence des roches concassées très fines (< 0.25 mm) est 
examinée en considérant les propriétés rhéologiques du béton en phase mortier. 
Neuf différents granulats fins sont considérés dans l´essai. Le potentiel zeta de 
cinq échantillons a été mesuré avec différent dosages de superplastifiant pour 
pouvoir étudier l’interaction entre la surface des granulats et le superplastifiant. 
Les caractéristiques rhéologiques des mortiers sont étudiées à différentes 
concentrations volumiques de granulats et à différentes concentrations d´eau 
/ciment (W/C). Les mortiers ont également été étudiés à différents dosages de 
superplastifiant. Les résultats obtenus montrent que les granulats fins ont 
différentes caractéristiques de surface, et indiquent que le superplastifiant n’est 
absorbé que dans certains cas. Les résultats de la caractérisation rhéologique des 
mortiers montrent que la quantité élevée d’eau nécessaire au béton avec des 
granulats peut être partiellement expliqué par les caractéristiques du béton en 
phase mortier. 

ABSTRACT 
This paper concerns the influence of fines from manufactured aggregates on the 
rheological properties of the micromortar phase of concrete. Fines from nine 
different aggregates were included in the experimental work. The zeta potential of 
five of them was measured at different additions of superplasticizer in order to 
study the interaction between the surface of the fines and the superplasticizer. The 
rheological properties of the micromortars were studied at different volume 
concentrations of fines and at different concentrations in the paste phase, i.e., w/c- 
ratios. Furthermore, the micromortars were studied at different dosages of a 
superplasticizer. The results show that the fines have different surface properties, 
i.e., zeta potential, and indicate that the superplasticizer only is adsorbed on some 
of them. The results from the rheological characterisation of the micromortars 
indicate that the higher water demand of concrete with manufactured aggregates 
partly can be traced to the properties of the micromortar phase of the concrete. 
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1. INTRODUCTION 

Aggregate is the major constituent of concrete, occupying 60- 80 % of the total 
volume of the concrete mass [1]. The characteristics of the aggregate will 
therefore have a profound influence on the properties of both the fresh and 
hardened concrete. A shortage of natural aggregates in many parts of the world 
will increase the demand of manufactured aggregates from bedrock. 
Manufactured aggregates generally differ from natural aggregates in particle 
shape and surface texture, mineral composition and amount of fines [2, 3]. Many 
of the aggregate properties depend on the rock type used and the crushing 
technique [3-5]. These differences often lead to a higher water demand and 
reduced workability of concretes with manufactured aggregates.  
The fines fraction of the aggregate is generally acknowledged to improve the 
workability and the cohesiveness of the concrete when used in right proportions. 
However, the importance of the different characteristics, i.e., specific surface, 
particle size distribution, particle shape, and surface chemistry, of the fines is not 
well understood. In an extensive study on the effects of fines on the properties of 
concrete including fines from 58 different sources, no significant correlation could 
be found between the specific surface area or mineralogical composition of the 
fines and the concrete properties [6]. Neither the author of [7] could see any effect 
of the variations in the specific surface area of the fines on the specific water- 
requirement coefficient. On the other hand, in [2] the decreased workability with 
increasing fines content was attributed to the increase in specific surface area of 
the aggregate. In a more recent work, the specific surface of fines, with particles 
up to 0.5 mm in size, was found to correlate well with the rheological properties, 
i.e., yield stress and plastic viscosity, of mortars [8]. However, this was for one 
type of fines from natural aggregate, which normally has a more rounded particle 
shape. In [9], the authors found that the correlation between the specific surface 
area of mineral additions and the water demand only was valid for round- and 
angular- shaped particles. Irregularly- shaped particles displayed up to four times 
higher water demand than rounded and angularly shaped particles of equivalent 
fineness.
Research on the influence of the particle shape and the surface chemistry of the 
fines is limited. The surface properties, i.e., zeta potential, may influence the 
flocculation behaviour of the particles and thus the rheological properties of the 
suspension. The influence of the zeta potential on a suspension’s stability can be 
seen in Fig. 1 where a low value results in flocculation/agglomeration and a high 
value improves the stability. 
The objective of this research was to provide information and knowledge about 
the characteristics of manufactured fines and their influence on the rheological 
properties of the micromortar phase of concrete. In this work we define 
micromortar as all constituents in the concrete able to pass through a 0.25 mm 
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sieve. Thus, the upper particle size of the fines is set to 0.25 mm. The rheological 
evaluation was done at both different volume concentrations of fines and at a 
constant volume of fines at various concentrations of the suspending phase, i.e., 
different volume concentrations of cement and water. Furthermore, the zeta 
potential of some of the fines was measured at different additions of 
superplasticizer in order to study the interaction between the surface of the fines 
and the superplasticizer. 

2. EXPERIMENTAL INVESTIGATION 

2.1 Electroacoustic measurement 
The surface charge of the particles, expressed as zeta potential, was measured 
using a ZetaProbe (Colloidal Dynamics). The instrument can be used to 
characterize relatively concentrated suspensions, i.e., up to 60 % volume. It also 
offers automatic titration of superplasticizer continuously during the 
measurement. In this work particle suspensions of 7 % volume were analyzed 
during continuous titration of a common superplasticizer used in cement- based 
particle suspensions. To simulate the environment in cement- based systems an 
artificial cement pore solution with high ionic strength and pH (approx. 12.8) was 
used as the suspending medium.  
The measurement technique is based on monitoring of the electrokinetic sonic 
amplitude (ESA), which refers to the sound wave generated when an alternating 
electric field is applied to the suspension [11, 12]. The sample is placed in a 
measuring cell containing two metallic electrodes. A high frequency electric field 
is applied over the sample, which induces an oscillating movement of the particles 
due to their surface charge. The movement generates the ESA where the 
magnitude of the signal can be related to the charge of the particle. The ESA can 
be expressed as: 

ESA = A( )  ( / )Zμd           (1)

where A( ) is an instrument constant, is the measuring frequency,  is the 
volume concentration of particles,  density difference between the particles and 
the suspending medium with density , Z is the acoustic impedance and μd is the 
dynamic mobility. 
The dynamic mobility, μd, is related to the charge and size of the particles and for 
dilute suspensions (< 5 % volume) it can be expressed as: 

μd = (2 /3 )G(a, )[1+f]        (2)
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where  is the dielectric permittivity,  is the zeta potential of the particles,  is 
the viscosity of the suspending medium and G and f are complex functions of 
which G depends on the particle size (a) and the measuring frequency. 
Through measurement of the ESA over a range of frequencies the particle mobility 
and thus the zeta potential can be calculated. 

2.2 Rheological measurement 
The rheological properties of the particle suspensions, called micromortars, were 
characterized with a rotational viscometer (HAAKE Rotovisco CV20, Thermo 
Electron Corporation) (Fig. 2). The measuring system consists of concentric 
cylinders of which the outer cylinder is rotating and the inner cylinder is 
stationary, registering the generated shear stress. The cylinders provide a gap of 
2.58 mm and therefore the system is suited for particle suspensions with a 
maximum particle size of approximately 0.25 mm. 
During a measurement, the sample is sheared in the gap between the inner and 
outer cylinder while the inner cylinder registers the torque generated at each rate 
of shear. The used shear sequence, developed in [13], consists of three loops of 
which the purpose of the first two is to preshear the sample and the last is used for 
calculating the Bingham parameters (Fig. 3). 
The Bingham parameters, yield stress and plastic viscosity, were calculated from 
the recorded data in the last segment between 5 and 15 s-1. In addition to the 
Bingham parameters the thixotropic behaviour of the micromortars was evaluated. 
This effect appears as a gradual decrease in viscosity under shear stress followed 
by a gradual recovery when the stress is removed [28]. The flow curve of a 
thixotropic suspension is typically shaped as a hysteresis loop. In this work we 
estimated the degree of thixotropy of the different micromortars simply by 
calculating the resulting area from the first loop seen in Fig. 3. 

2.3 Preparation of samples 
2.3.1 Electroacoustic measurement 
The surface charge, i.e., zeta potential, of five of the fines was analyzed with the 
ZetaProbe. Since the ZetaProbe can not detect large particles, the fines were 
sieved on a 37 μm sieve prior to the preparation of the samples. To simulate the 
chemical environment in cement paste an artificial pore- solution was used as 
electrolyte. The electrolyte was made of CaSO4*2H20, Na2SO4 and NaOH giving 
the following molar concentrations; 12 mM Ca2+, 100 mM SO4

2-, 276 mM Na+

and a pH of approximately 12.8. The particle concentration of the suspensions 
was 7 vol. - %. 
The change in zeta potential upon the addition of superplasticizer was also 
monitored in order to get an indication of the adsorption behaviour on different 
fines. This was done by stepwise titration of the superplasticizer to the suspension. 
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To let the superplasticizer reach some adsorption equilibrium the suspension was 
agitated for five minutes before each measurement was conducted. 
The measurements were conducted at the Institute for Surface Chemistry in 
Stockholm, Sweden. 

2.3.2 Rheological measurement 
All the micromortars were mixed in a Hobart mixer equipped with a ball whisk 
(Fig. 4). The mixing procedure was as follows: 

1. All dry materials, i.e. cement and fines, were mixed for 10 s. 
2. Water was slowly poured into the bowl during slow agitation (gear 1). 
3. Samples on the wall were scraped down manually; thereafter the mix was 
agitated for 60 s on high speed (gear 2). 
4. Step 3 was repeated twice prior to the measurement. 

This mixing procedure gives a total mixing time of 180 s on the high speed gear. 
In micromortars containing superplasticizer the addition was done at step 3. After 
mixing, the sample was poured into the measuring system of the viscometer and 
the measurement was started. 

3. MATERIALS

3.1 Cement 
A commercially available cement, CEM II/A-L 42.5 R, delivered by the Swedish 
cement producer Cementa AB was used in the experiments. The cement is co-
ground with limestone and contains approximately 13 percent limestone. Physical 
and chemical data of the cement are shown in Table 1. 

3.2 Fines 
The fines used in this work constitute of a part of a larger material included in a 
Swedish research program on the use of manufactured aggregates in concrete 
[14]. The fines were selected to represent the variations in properties of the larger 
material. 
A total of nine fines were used in this work of which eight originate from crushed 
granite rocks and one is from a naturally occurring aggregate (glaciofluvial), also 
mainly of granite origin. The mineral compositions of these fines in fractions 
0.075-0.125 and 0.125-0.250 mm are shown in Table 2 and Table 3. 
The particle size distribution, specific surface area and F-aspect of the fines are 
shown in Fig. 5 and Table 4. F- aspect is defined as the ratio between the shortest 
and longest distance in an ellipsoid with the same area as the particle (Fig. 6). The 
F- aspect was determined on epoxy- baked thin section samples with light 
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microscopy coupled to an image analysis program (Micro Image). The 
methodology is described in detail in [15]. 
The particle size distribution was determined with a Malvern Mastersizer and the 
specific surface area through nitrogen adsorption using BET (abbreviation for 
Brunauer, Emmett and Teller) theory. Both measurements were conducted at 
Cementa Research AB in Slite, Sweden.  

3.3 Superplasticizer 
In the surface charge and rheological measurements a sulphonated melamine 
polymer (Sika 92M) was used as superplasticizer. The additive is a High Range 
Water Reducer (HRWR) with a solid content of approximately 35 %. 

4. RESULTS AND DISCUSSION 

4.1 Zeta potential 
The zeta potential is the potential at the plane of shear between the fixed liquid 
layer adjacent to the solid phase, i.e. the fines, and the liquid in the bulk phase 
[16]. Changes in the concentration of adsorbed species or surface constituents 
result in an alteration of the zeta potential. Furthermore, a shift of the slipping 
plane, i.e., through adsorption of superplasticizer to the surface, also result in a 
change in zeta potential. Generally, a high value of the zeta potential, positive or 
negative, prevents flocculation and, thus, result in a low shear resistance [17]. 
Low values, close to zero, promote flocculation and results in immobilization of 
water and high shear resistance.  
The zeta potential of the fines studied in this work ranged between -7 mV and -22 
mV (Fig. 7). As can be seen, all the manufactured aggregates display a higher zeta 
potential, i.e., more negative potential, than the fines from the natural aggregate. 
In [18], the zeta potential for different manufactured aggregates varied in the 
range between -5 mV and -11.2 mV and the corresponding values for different 
naturally occurring fines were between -2.8 mV and -9.1 mV. Thus, in both 
investigations the fines display a negative zeta potential in environments 
characteristic for cement based systems, i.e., high ionic strength and pH. The zeta 
potentials reported for cement are in the range between -4 mV and -15 mV [19-
22]. Positive zeta potentials in the range between +2 mV and +20 mV have also 
been reported in the literature [21, 23, 24]. However, calculations using the 
DLVO theory have shown that the zeta potential should be approximately 20
mV or higher in order for a cement based particle suspension to be stabilized only 
by electrostatic repulsive forces [19, 25]. This indicates that neither cement nor 
fines are stable in this environment without addition of a superplasticizer. 
In this investigation, a sulphonated melamine- based superplasticizer was 
continuously titrated to the suspensions of fines. The main mechanism of this type 
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of superplasticizer is electrostatic stabilization. That is, the sulphonate groups 
carries negative charges that increase the electrostatic repulsion when the 
superplasticizer is adsorbed onto the particles and, thus, improve the stability. 
This can be seen in the results for fines C2 and C3 where the zeta potential 
increases at addition and reaches constant zeta potential at approximately 1 mg/g 
(Fig. 7). Several works have shown that the adsorption plateau of polymers on 
particles and the level- out of zeta potential coincide [26, 27]. This indicates that 
the superplasticizer - fines suspension has reached an adsorption plateau at 
approximately 1 mg/g.  
The zeta potential of the suspension containing fines from natural aggregate (N1) 
does not change significantly upon addition of the superplasticizer. This indicates 
that the superplasticizer is not adsorbed on these fines. Also, the fines from C4 
and C1 do not seem to adsorb any superplasticizer. The zeta potential for these 
fines scattered around the initial value without superplasticizer. Common for fines 
C2 and C3 which adsorbed the superplasticizer is that they contain significantly 
higher amounts of biotite than the other fines (table 2). 

4.2 Rheology 
The rheological properties, i.e., yield stress and plastic viscosity of micromortars 
containing different fines both from manufactured and naturally occurring 
aggregates have been investigated. The thixotropic behaviour of the micromortars 
was also assessed through analysis of the resulting flow curve from the first loop 
in the shear sequence, i.e., by calculating the area between the up and down curve.
The rheological characterization of the micromortars was done at different volume 
concentrations of fines, A= [volume fines/total micromortar volume], different 
volume concentrations of cement, volume cement/ (volume cement+ water)], 
and at various dosages of superplasticizer. 

4.2.1 Effect of volume concentration of fines 
The results show increasing and more divergent yield stresses with increased 
volume concentration of fines (Fig. 8). The fines from manufactured aggregates 
gave micromortars with up to twice as high yield stress, at the highest volume 
concentration, than the fines from the natural aggregates. The micromortars with 

A= 0.13 and A= 0.26 correspond to the micromortar phase in a normal Swedish 
concrete with natural aggregates and one with manufactured aggregates, 
respectively. This indicates that the higher water demand of concretes with 
manufactured aggregates partly can be traced to differences in composition of the 
micromortar phase of the concrete and to the characteristics of the fines. 
The plastic viscosity also increases with the volume concentration of fines (Fig. 
9). At the highest volume concentration, the micromortars with manufactured 
aggregates displayed 2.3 to 2.7 times higher plastic viscosities than the one 
containing fines from the natural aggregate. It is well known that any deviation 
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from a spherical shape results in an increase in viscosity if the volume phase is the 
same [28]. Thus, the observed differences are partly a particle shape phenomenon 
since the F- aspect of the fines varies (Table 4). The viscosity of cement pastes 
has been found to vary with the volume concentration according to the well 
known Krieger-Dougherty equation [29]. In the figure curves calculated with the 
Krieger-Dougherty equation, equation 3, has been plotted.

s 1- m
[ ] m         (3)

The calculations were made simply by considering the paste, with the viscosity s,
as the liquid phase and the fines as the particle phase. Thereafter the curves were 
fitted by varying the intrinsic viscosity, [ ], and the maximum solids 
concentration, m. Even though this was done in a pragmatic way it indicates that 
it might be possible to use this equation to calculate the rheological properties, 
i.e., the plastic viscosity, of micromortars. 
The thixotropic behaviour of the micromortars also increases with increasing 
volume concentration of fines (Fig. 9). The micromortars containing fines from 
manufactured aggregates showed a higher degree of thixotropy than the 
micromortar containing fines from natural aggregates. The micromortar 
containing fines from C3 showed a significantly higher degree of thixotropy than 
all the other micromortars. 

4.2.2 Effect of the solid volume concentration in the paste phase 
In Fig. 11 to Fig. 13 results from measurements on micromortars with different 
volume concentrations in the paste phase, are shown. The solid volume 
concentration of fines was held constant, A= 0.133, and as shown in Fig. 10, the 
yield stresses increases with increasing concentration in the paste phase. The 
change in concentration,  corresponds to a change in w/c ratio from 0.60 to 0.52.  
The change in plastic viscosity is relatively moderate when the concentration 
increases from 0.35 to 0.36 (Fig. 12). However, since the increase in 
concentration also was relatively small, corresponding to a change in w/c ratio 
from 0.60 to 0.57, the expected change in plastic viscosity is small. A further 
increase in concentration results in a more pronounced increase in viscosity. The 
change in rheological properties can be considered either as a result of the change 
in rheological properties of the paste phase or as a result of the change in amount 
of water accessible to wet the surfaces of the fines. 
The change in thixotropy with the volume concentration of the paste phase can be 
seen in Fig. 13. Thixotropic behaviour is governed by the surface properties of the 
particles, but the differences in measured zeta potential between the fines used in 
this work are small and can not solely explain the observed behaviour. Fines C2 
displayed the highest thixotropy at both volume concentrations. This can be due to 
its higher specific surface area and smaller particle size. 
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4.2.3 Effect of superplasticizer 
The effect of superplasticizer was measured on micromortars containing fines 
sized < 0.075 mm. Superplasticizer improves the fluidity by dispersing flocculated 
particles, i.e., cement and fines. This can be seen in Fig. 14 where the yield stress, 
independently of the type of fines, decreases with increased dosage of 
superplasticizer. However, the yield stresses of the different micromortars differ 
depending on the properties of the fines. The yield stress of the micromortars 
including fines from C4 and C1 more or less coincide. Also the micromortars 
including fines from C3 and C2 displays similar yield stresses.  
A correlation analysis between the yield stress and the specific surface area (from 
measurements on the fraction 0-0.25 mm) of the fines gives a correlation 
coefficient in the range between 0.72 and 0.99. 
The zeta potential measurements indicated that only the fines C3 and C2 adsorbed 
any superplasticizer. The results from the micromortar measurements do not give 
any indications on different adsorption behaviour dependent on the type of fines. 
There can be several explanations to this, for example the superplasticizer could 
preferentially be adsorbed on to the cement particles rather than to the fines. 
Superplasticizers have been found to adsorb stronger to C3A and C4AF than to 
C3S and C2S [19]. Thus, in that case the observed dispersing effect would mainly 
be governed by dispersion of flocculated cement particles. 
The dispersion effect of the superplasticizer also decreases the plastic viscosity of 
the evaluated micromortars (Fig. 15). As for the yield stress the plastic viscosity 
of the micromortars containing fines C4 and C1 almost coincide, but the viscosity 
for the micromortars with C2 and C3 differs. The micromortar with C3 shows 
similar values on the viscosity as the one with N1. The higher viscosity can be a 
particle shape effect since C3 contains relatively high amounts of biotite with poor 
shape, i.e., small F- aspect value. Correlation analysis between plastic viscosity 
and specific surface area of the fines gives correlation coefficients in the range of 
0.37-0.67. Thus, the correlation was much better between yield stress and specific 
surface area than between plastic viscosity and specific surface area. 
As a result of increased dispersion stability upon addition of superplasticizer, the 
thixotropy of the micromortars decreased (Fig. 16). The micromortars with fines 
from C3 showed the highest thixotropy followed by fines N1 and C2. The 
correlation between surface area and thixotropy was poor, with correlation 
coefficients in the range of 0- 0.34. 

5. CONCLUSIONS 

The zeta potential of fines and their interaction with superplasticizer have been 
studied in an artificial environment similar to the pore solution in cement 
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suspensions. The results show that the fines are negatively charged with charges 
ranging between -7 mV and -22 mV. Thus, all fines suspensions are unstable in 
this environment. Furthermore, the fines from manufactured aggregates displayed 
higher zeta potential, i.e., a more negative potential, than fines N1 from the 
natural aggregate. The results from measurement with superplasticizer indicate 
that the adsorption behaviour depends on the properties of the fines. Adsorption 
only occurred on two of the fines (C2 and C3) which required approximately 1 
mg/g to cover the surface, i.e., before the zeta potential levels out. 
The rheological parameters yield stress, plastic viscosity and thixotropy increased 
with the volume concentration of fines. The micromortars with manufactured 
fines displayed up to twice as high yield stress as the micromortar with fines 
originating from natural aggregates. This indicates that the higher water demand 
of concrete with manufactured aggregates to a large extent can be traced to the 
properties of the micromortar phase of the concrete. The results also show that the 
viscosity increase with increasing volume concentration of aggregates follows the 
well known Krieger- Dougherty equation. The viscosity was up to 2.7 times 
higher with fines from manufactured aggregates. 
The volume concentration of the paste phase controls the water accessible to wet 
the surfaces of the fines. The results show increasing yield stresses, plastic 
viscosities and thixotropy with increased volume concentration in the paste phase. 
Addition of a superplasticizer decreases the values of the rheological parameters. 
The differences in adsorption observed during the zeta potential measurement 
were not traceable in the rheological properties. This can be due to preferentially 
adsorption to the surfaces of the cement rather than to the fines. Consequently, the 
observed dispersing effect is mainly governed by dispersion of flocculated cement 
particles. 
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Fig. 2 Viscometer for characterisation of the micromortars. 
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Fig. 4 Hobart mixer equipped with a ball whisk. 

Table 1 - Physical and chemical characteristics of 
the cement. 

Physical data  CEM II/A-L 42.5 R

Specific surface area 
(BET), m2/kg 

1740

Density, kg/m3 3080 

Chemical assay %

CaO 62.0
SiO2 19.6 

Al2O3 3.5 

Fe2O3 2.6 

K2O 1.0 

Na2O 0.2 

MgO 2.8 

SO3 3.6 

Cl 0.03 
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Table 2 - Mineral composition (vol. - %) of fraction 
0.075-0.125 mm of the fines. 

Fines Quartz Feld
-spar

Biotite Horn-
blende

Pyr-
oxene

N1 48.0 25.3 3.3 3.6 -
C1 28.0 21.5 8.0 38.5 - 
C2 26.0 18.0 17.5 29.5 - 

C3 34.0 20.0 36.0 4.3 2.6 

C4 36.3 47.6 4.0 - - 

C5 34.0 39.0 12.6 5.3 - 

C6 45.0 20.6 26.6 1.6 - 

C7 38.3 23.6 22.3 0.6 - 
C8 45.5 27.5 22.0 1.5 - 

Table 3 - Mineral composition (vol. - %) of fraction 
0.125-0.25 mm of the fines. 

Fines Quartz Feld
-spar

Biotite Horn-
blende

Pyr-
oxene

N1 37.6 20.3 2.3 1.6 -
C1 34.5 23.0 7.5 27.5 - 

C2 29.5 16.5 15.0 19.5 - 

C3 22.0 21.0 42.0 8.0 - 
C4 39.0 33.3 4.0 - - 

C5 34.0 42.0 11.0 - - 

C6 46.0 22.0 19.6 0.6 - 

C7 25.0 30.3 20.3 - - 

C8 44.0 31.0 18.0 1.5 - 



16

0
10
20
30
40
50
60
70
80
90

100

1 10 100 1000
Size [μm]

Pa
ss

in
g 

[%
]

N1 C1
C2 C3
C4 C5
C6 C7
C8

Fig. 5 Particle size distribution of the different fines. 

Table 4 - Specific surface area and F- aspect of 
the different fines. 

Fines Specific 
surface
area
[m2/kg]

F-aspect

0.075-
0.125

F-aspect

0.125-
0.250

N1 2650 0.58 0.59
C1 610 0.47 0.48 
C2 1150 0.42 0.44 

C3 976 0.39 0.35 

C4 520 0.52 0.50 

C5 2800 0.43 0.44 

C6 890 0.41 0.39 

C7 2490 0.41 0.44 
C8 780 0.40 0.42 
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Fig. 6 F- aspect, defined as the ratio between the shortest (Dmin) and the longest 
(Dmax) distance in an ellipsoid with the same area as the particle. 
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Abstract 

This paper presents results from a laboratory study on the influence of crushed 

fine aggregate on the rheological properties, i.e., yield stress and plastic viscosity, 

of the mortar phase of concrete. The effect of grading, particle shape etc. of the 

fine aggregates has been evaluated with the use of a viscometer suited for coarse 

particle suspensions. The evaluation has been done at different dosages of 

superplasticizer and paste volumes by the use of an inert artificial “cement paste”. 

The results show that the properties of the fine aggregate have a strong influence 

on the rheology of the mortars, which in turn has an effect on the rheology of 

concrete. The high yield stress of the mortars with crushed fine aggregate mainly 

originates from the relatively large amounts of fines. The fines also contribute to 

the higher plastic viscosity, but the results show that it also is a result of the 

particle shape of the fine aggregates. 

However, the influence of the properties of the fine aggregate is largely dependent 

on the paste volume of the mortar. By increasing the paste volume, negative 

effects of poorly graded and shaped aggregates can be eliminated or significantly 

reduced.

Keywords: Rheology, particle size distribution, aggregate, mortar, concrete  
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1. Introduction

In Sweden most crushed rock is of granitic origin and there is a demand for using 

the fine aggregate from this rock type in concrete. This fine aggregate differs from 

natural water sorted glaciofuvial fine aggregate in grading and particle shape. 

When the rock is blast and processed excessive amounts of fines is produced 

resulting in a fine aggregate with higher amounts of fines. The shape of the 

crushed fine aggregate is often more angular with rougher surfaces than natural 

fine aggregate which are rounder with smoother surfaces [1]. The finer particles 

are mainly granitoid rock minerals like feldspar, quartz and mica in different 

amounts. The natural aggregate is of similar origin but weathering has apart from 

rounding the particles changed the proportions and removed most of the weak 

minerals like the flaky micas. Due to these differences, concrete with crushed 

aggregate often display larger water demand and lower workability than the 

corresponding concrete with glaciofluvial aggregate. 

In this article some results from a Swedish research programme (MinBas) on the 

use of crushed fine aggregate in concrete are presented. The fine aggregates have 

been analyzed thoroughly, both regarding their material properties, i.e., 

petrography, particle shape, grading and sand equivalent, and their rheological 

behaviour in micromortar, mortar and concrete. This article presents results from 

the mortar tests and describes the influence of the physical properties of the fine 

aggregate on the rheological properties of the mortar phase of concrete. Results 

from the micromortar and concrete experiments are presented separately [2, 3]. 
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2. Experiments 

2.1 Materials 

2.1.1 Cement 

A Swedish cement (CEM II/A-L 42.5 R), was used throughout the investigation. 

The cement, with 13 % co-ground limestone, was delivered by the Swedish 

cement producer Cementa AB. The specific surface area, according to the BET 

method, of the cement is approximately 1740 m2/kg.

2.1.2 Artificial paste 

Normal cement reacts, stiffens and hardens. Thus in the experiments an artificial 

paste was developed and used as a substitute of the cement paste. The artificial 

paste consisted of a blend of dispersed silica fume, fine quartz and water. The 

silica used is marketed by Elkem ASA Materials under the brand name Elkem 

Microsilica® 940U. The fine quartz is marketed by Sibelco under the brand name 

SIKRON® M300. Both the silica fume and quartz can be considered as inert and 

chemically stable at the chemical conditions of the experiments, i.e., dispersed in 

deionised water with an initial pH of approximately 6.5. 

2.1.3 Fine aggregates 

A total of 14 fine aggregates (0-2 mm) were used in this work. Thirteen of them 

originates from crushed granitoid rocks (C1 to C13) and one is a natural fine 

aggregate (N1), mainly of granitoid origin. The crushed fine aggregates were 

taken out from quarries located in different regions of the old Svecofennian shield 

in Sweden and are, thus, expected to give a good representation of the spread in 

properties found in Swedish crushed fine aggregates. Fine aggregate N1 is 

commercially available for concrete production and was used as the reference fine 

aggregate. It is typical of the sort used for concrete production in Sweden.  The 

fine aggregates have been characterised thoroughly regarding their physical 
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properties. The shape of the aggregates, which is described with an f- value, i.e., f- 

aspect, f- shape, f- radio and f- circle (Fig. 1), has been measured through image 

analysis of epoxy-baked thin section samples in optical microscopy. Both cut and 

lying particles have been analysed and the results show that in the cut samples the 

shape is mainly coming from flakiness. The f- values are divided into the 

following shapes; 

0  f- value < 0.25: very elongated 

0.25  f- value < 0.50: elongated

0.50  f- value < 0.75: cubic/ circular 

0.75  f- value  1: circular 

The specific surface area and the particle size distribution of the fines, i.e., 

particles smaller than 0.25 mm, were also measured. The specific surface area was 

measured through nitrogen adsorption using BET theory while the particle size 

distribution was measured with an instrument based on light scattering/ diffraction 

(Malvern mastersizer). Both these analyses were conducted at Cementa Research 

AB in Slite, Sweden. 

In addition to the mentioned analyses the fine aggregates were also analysed with 

the sand equivalent test (SE- test). The test was done in accordance with the 

European standard EN 933-8. 

Further details on the properties of the fine aggregate and the methodology used 

are given in the research reports [4, 5]. 

In table 1 the SE- value, specific surface area and the different f- values are 

presented. The presented f- values are mean values of the f- value of the different 
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size fractions of the fine aggregates. Table 2 shows f- values for several fractions 

of a few fine aggregates that are studied more in detail in the section on 

standardized grading curves below. 

From table 1 it can be concluded that fine natural aggregate N1 has the most 

rounded particles, which was expected since water sorting and weathering gives 

particles with more rounded shape and smoother surfaces than crushed 

aggregates. Furthermore, the fines, < 0.25 mm, from fine aggregate N1 display a 

relatively large specific surface area; only two of the fines from the crushed fine 

aggregates displayed a larger (C5 and C9) area. The large specific surface area of 

the fines from N1 is probably due to presence of extremely fine- grained 

weathering clays. 

The grading curves of the fine aggregates used in the investigation are shown in 

Fig. 2. From the figure it can be concluded that the crushed fine aggregates 

contain significantly larger amounts of fines, up to more than twice as much, than 

the reference fine aggregate N1. However, the fines, < 0.25 mm, from N1 is more 

fine-grained than the other fines. This can be seen in Fig. 3 which shows the 

particle size distribution of the fines fraction. The amount of particles smaller than 

10 μm in the fines fraction from the crushed fine aggregates varied between 3 and 

11.5 % (Fig. 3). 

2.1.4 Superplasticizer 

The superplasticizer used in this investigation was Glenium 51 from Master 

Builders. Glenium 51 is based on a modified polycarboxylate ether type of 

polymer and the dry content is approximately 35 %. 
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2.2 Characterization of mortars 

2.2.1 Mix design 

The mortars were designed to represent the mortar phase of a hypothetical 

concrete with a given mix design. In this work we chose to work at a constant 

water to cement ratio and constant cement content. The mix design of the mortars 

is described in Table 3. 

Furthermore, in one series of experiments we worked with mortars containing an 

inert artificial paste. The paste volume of these mortars was successively 

increased, i.e., in three steps from a paste volume of 57 % to 68 %, by adding 

more of the artificial paste. Thus, the mortars can be considered to represent 

mortars which contain different amounts of cement at a given w/c- ratio. The 

artificial paste was used to avoid any time dependence effects of the cement 

hydration during the experimental time. The composition of the initial mortar and 

the paste added are shown in table 4.  

The mortars and the artificial paste were mixed for four minutes in a Hobart mixer 

equipped with a paddle stirrer (Fig. 4). Immediately after mixing the mortar was 

transferred to the viscometer, in which the rheological parameters were measured 

twice on each sample. Between each measurement the sample was homogenised 

manually by stirring with a trowel. 

2.2.2 Rheological measurements 

The rheological properties of the mortars were studied with a rotational 

viscometer (Contec 4) suited for measurement on coarse particle suspensions (Fig. 

5). The measuring system consists of concentric cylinders of which the outer 

cylinder can be rotated and the inner cylinder is stationary. The inner cylinder is 

ribbed while the outer cylinder is lined with a wavy rubber. During measurement, 
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the sample is sheared in the gap between the cylinders by the rotational motion of 

the outer cylinder. The outer cylinder is rotated according to a predefined velocity 

profile which is described by an up and down curve where the speed is first 

increased stepwise from zero to 0.45 rps and then lowered again (Fig. 6). 

During the measurement the generated torque is continuously registered by the 

inner cylinder. The torque and speed of rotation are recalculated to shear stress 

( and rate of shear ( ), respectively. By applying the Bingham model (Eq. 1) to 
the registered data at the down curve, the rheological parameters yield stress ( 0)

and plastic viscosity (μpl) are obtained. The calculation is done with the software 

FreshWin 4.0. 

 = 0 + μpl   (1) 

The yield stress describes the required shear stress to initiate flow of the mortars, 

while the plastic viscosity describes how easily the mortar flows. Concrete with a 

low slump value can be described as a high yield stress concrete, while self 

levelling concretes can be considered as the opposite. 

3. Results and discussion 

3.1 Mortar rheology 

The rheological properties of mortars containing different types of fine 

aggregates, i.e., fine aggregates from crushed bedrock, have been evaluated with a 

viscometer suited for coarse particle suspensions. The fine aggregates displayed 

different grading curves, particles shapes, specific surface area of the fines 

fraction and SE- values. The mortars were analysed both with and without 

addition of a superplasticizer and at different paste volumes by utilising an 

artificial paste. In one set of experiment the grading curve of a few selected fine 
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aggregates were standardized, i.e., made similar, in order to study the influence of 

the particle shape. 

3.1.1 Influence of different fine aggregates 

The results clearly show that the properties of the fine aggregate strongly 

influence the yield stress and plastic viscosity of the mortars (Fig. 7). These 

results are consistent with the results found in the concrete tests within the 

research programme, where the slump value of the concretes varied between 5 

mm and 200 mm depending on the fine aggregate used [3]. In the mortar tests the 

yield stress and plastic viscosity varied in the range between 96 Pa and 550 Pa and 

1.3 Pa s and 8.8 Pa s, respectively. The strong influence of the fine aggregate 

properties on mortar rheology has also been shown in [6] where the water demand 

varied over a two fold range depending on the properties of the fine aggregate.   

Since the fine aggregates used in this investigation displayed large variations in 

the amount of fines, specific surface area and particle shape it is difficult to find 

clear correlations between these parameters and the rheological properties of the 

mortar. No significant correlation between the SE- value and the rheological 

parameters could be observed, but the mortars displaying the highest yield stress 

did also include the fine aggregates (C2, C7 and C9) with the lowest SE- value. 

However, all the crushed fine aggregates contained relatively large amounts of 

fines and consequently have a larger surface area which needs to be wet in order 

for the mortar to be workable. The large amounts of fines are believed to be the 

major reason for the higher water demand of the mortars with crushed fine 

aggregates, i.e., higher yield stress and plastic viscosity. 

This is clearly true for fine aggregate C2 which suffers from very high amounts of 

fines, especially in size fractions smaller than 0.125 mm (see Fig. 2). The mortar 
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containing fine aggregate C3 was too stiff to be measured in the viscometer. This 

fine aggregate also contains high amounts of fines and furthermore the 

petrography analysis shows that it also contains high amounts of biotite [4], 

especially in the fines fraction, which is known to have a negative effect on the 

workability of concrete [7]. The mortars with fine aggregate C7 and C9 displayed 

a high yield stress and a relatively low plastic viscosity. This differs from the 

general pattern in Fig. 7 where a high yield stress is accompanied by a high plastic 

viscosity. Consequently, this means that these mortars display a high initial 

resistance to motion, but well in motion they flows more easily than a mortar with 

corresponding yield stress but a higher plastic viscosity.

3.1.2 Influence of particle shape 

In order to evaluate the influence of particle shape on the rheological properties of 

mortars the grading curves of a few fine aggregates were standardized. This was 

done by combining different fractions of the fine aggregates to a grading curve 

similar to the one for fine aggregate N1 (see Fig. 2). The rheological parameters 

yield stress and plastic viscosity of mortars containing the fine aggregates with 

standardized grading curves are shown in Fig. 8.   

The results show that the major difference between the mortars with glaciofluvial 

fine aggregate (N1) and the crushed fine aggregate can be seen in the plastic 

viscosity. The difference can be considered to be a particle shape effect, i.e., the 

higher viscosity of the mortars with crushed fine aggregate is a result of increased 

particle interference between non-spherical particles. It is well known that any 

deviation from a spherical particle shape results in an increase in viscosity if the 

measurement is done at the same phase volume [8]. A correlation analysis 

between the plastic viscosity and the different f- values in table 1 gives a 

correlation coefficient between 0.82 and 0.88 (Fig. 9). A change in f- aspect from 
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0.59 to 0.41, thus a change from a cubic to elongated shape, resulted in almost a 

threefold increase, i.e., 2.7 times, of the plastic viscosity. However, how these 

differences in plastic viscosity of the mortar affect the workability and rheology of 

concrete is a subject of further research. 

The corresponding correlation coefficient values for the yield stress are 0.09 and 

0.31 (Fig. 10), i.e., the shape of the aggregate seems to have a limited influence on 

the yield stress. The results also show that the major reason for the high yield 

stress and plastic viscosity of the mortar with fine aggregate C2 shown in Fig. 7 is 

the large amounts of fines. As mentioned above the mortar with fine aggregate C3 

(original grading) was too stiff to be analyzed in the viscometer, but when the 

grading curve was standardized it displayed similar yield stress as the mortar with 

aggregate N1. However, the plastic viscosity was more than twice as high due to 

particle shape effects. 

3.1.3 Influence of superplasticizer 

The results in figure 7 showed that the “water demand”, expressed by the 

rheological parameters, of the mortar with crushed aggregate was slightly higher 

and in some cases much higher than the corresponding mortar with aggregate N1. 

By using an effective superplasticizer it is possible to reduce the yield stress and 

plastic viscosity of the mortars (Fig. 11 and Fig. 12). However, the required 

dosage of superplasticizer to reach a certain yield stress differs depending on the 

initial yield stress and also on the properties of the aggregate. The required dosage 

to reach a yield stress value of 30 Pa of the studied mortars in Fig. 11 varied 

approximately between 0.07 % and 0.25 % of the cement content. 
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3.1.4 Influence of paste volume 

Concrete with crushed aggregate often requires slightly higher cement content in 

order to reach the same workability as a concrete with glaciofluvial aggregate. 

The effect of increased cement content at constant w/c- ratio on the rheological 

properties of mortars is shown in Fig. 13 and Fig. 14. In these experiments an 

artificial paste was used instead of a real cement paste in order to simulate the 

effect of increased cement content. The results show that the importance of the 

fine aggregate characteristics, i.e. the shape, specific surface area and grading 

curve, becomes less important with increasing paste volume. This is a 

consequence of reduced particle interference with the increased interparticle 

distance and the simultaneous reduction of the aggregate volume. Similar results 

have been reported for micromortar and concrete [2, 3, 7, 9]. The results also 

show that for some of the mortars, a slight increase of the paste volume is 

sufficient to bring down the yield stress to the same level as the initial value of the 

mortar with fine aggregate N1, while others require a higher paste volume than 62 

%. The required increase in paste volume in order to bring down the plastic 

viscosity seems to be slightly larger.  

Conclusions 

In this paper, results from a study of the influence of crushed fine aggregates on 

the rheological properties of the mortar phase of concrete have been presented. 

The results show that the rheological properties and water demand of mortars are 

strongly dependent on the properties of the fine aggregate. The higher yield stress 

of the mortars with crushed fine aggregate is believed to mainly originate from the 

relatively high amounts of fines often found in crushed fine aggregate. This was 

clear for the mortars with fine aggregate C2 and C3 which displayed very high 

yield stresses. The high amount of fines also contributes to the plastic viscosity by 

increasing the interparticle friction. However, the results also show that the higher 
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viscosity of the mortars with crushed fine aggregates is a particle shape effect. A 

change in the F- aspect value from 0.59 to 0.41 resulted in almost a three folded 

increase of the plastic viscosity.

The results also show that the effects of poorly graded and shaped fine aggregates 

can be eliminated or reduced by increasing the paste volume of the mortars. This 

is consistent with the results from concrete tests and can partly be considered to be 

a result of decreased interparticle interference with increased paste volume.

Furthermore, the high yield stress and the plastic viscosity resulting from the high 

amounts of fines can effectively be reduced by the use of an effective 

superplasticizer.
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Fig. 1. Definitions of the different f- parameters describing the roundness of the 
particles. 

Table 1. Sand equivalent value, specific surface area, f- aspect, f- shape, f- radio 
and f- circle of the fine aggregates. The specific surface area was measured on the 
0-0.25 mm fraction of the fine aggregates. The f- values are average values of 
measurements on individual fractions in the interval 0.075 mm to 1.0 mm. 

Fine 
aggregate

Sand 
equivalent (%)

Specific surface 
area [m2/kg] F-aspect F-shape F-radio F-circle

N1 75 2650 0.59 0.53 0.40 0.64
C1 69 610 0.49 0.45 0.34 0.65
C2 57 1150 0.44 0.40 0.30 0.59
C3 56 976 0.41 0.37 0.28 0.59
C4 76 520 0.53 0.47 0.34 0.61
C5 68 2800 0.46 0.41 0.31 0.62
C6 68 890 0.44 0.41 0.31 0.63
C7 64 2490 0.47 0.42 0.28 0.55
C8 89 780 0.41 0.37 0.28 0.57
C9 41 4140 0.49 0.45 0.35 0.69
C10 82 840 0.48 0.42 0.32 0.60
C11 80 870 0.44 0.39 0.28 0.55
C12 74 1030 0.43 0.38 0.28 0.58
C13 76 920 0.45 0.40 0.30 0.59
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Table 2. Particle shape of different fractions of a few fine aggregates expressed as 
f- aspect, f- shape, f- ratio and f- circle. 

Fine
aggregate 0.075-0.125 0.125-0.25 0.25-0.50 0.50-1.0 0.075-0.125 0.125-0.25 0.25-0.50 0.50-1.0

N1 0.58 0.59 0.58 0.59 0.54 0.48 0.54 0.54
C1 0.47 0.48 0.50 0.52 0.44 0.43 0.45 0.46
C2 0.42 0.44 0.45 0.44 0.39 0.39 0.41 0.39
C3 0.39 0.35 0.44 0.47 0.35 0.33 0.38 0.42
C4 0.52 0.50 0.54 0.54 0.47 ---------- 0.45 0.50
C8 0.40 0.42 0.37 0.44 0.37 0.38 0.35 0.38

0.075-0.125 0.125-0.25 0.25-0.50 0.50-1.0 0.075-0.125 0.125-0.25 0.25-0.50 0.50-1.0
N1 0.45 0.33 0.41 0.42 0.77 0.45 0.63 0.70
C1 0.34 0.33 0.35 0.34 0.69 0.60 0.68 0.61
C2 0.30 0.30 0.30 0.29 0.62 0.54 0.63 0.57
C3 0.27 0.24 0.30 0.32 0.60 0.56 0.57 0.63
C4 0.37 0.28 0.31 0.38 0.71 0.53 0.55 0.65
C8 0.28 0.28 0.26 0.28 0.62 0.54 0.58 0.55
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Fig. 2. Grading curves of the fine aggregates. 
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Table 3. Mix design of the mortars. 
Constituents Amounts [g/l] 
Cement 635 
Fine aggregate, 0-2 mm 1148 
Water 362 
w/c- ratio 0.57 
Superplasticizer* 0- 4.5 
* With a dry content of 35 % by weight. 

Table 4. Mix design of mortars with the artificial paste and the paste used to 
adjust the paste volume of the mortars. 
Constituents Mortar 

[g/l]
Artificial
paste [g/l] 

Quartz 565 998 
Silica fume 70.6 124.6 
Fine aggregate 1149.8 - 
Water 317.8 561.5 
w/p- ratio* 0.50 0.50 
* water/powder – ratio. 
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Fig. 4. Hobart mixer equipped with a paddle stirrer. 

Fig. 5. Viscometer, Contec 4, with concentric cylinders used for characterisation 
of mortars. 
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Abstract

In this paper, results from a study on the effects of washing on the material 

properties, i.e., particle size distribution, specific surface area and sand equivalent 

value, of fine aggregates and the rheological properties of their mortars are 

presented.

The fine aggregates, which mainly originated from crushed rock, were washed in 

the laboratory and characterized regarding their material properties both prior to 

and after the washing procedure. The effect of the washed fine aggregates on the 

rheology of mortars was evaluated with a viscometer suited for measurements on 

coarse particle suspensions. The fines fraction of the fine aggregates was studied 

separately in micromortars in order to evaluate the effect of washing on their 

performance.  

The results show that basically all particles smaller than 10 μm were removed 

during the washing procedure. Consequently, this resulted in a decrease in 

specific surface area and a higher sand equivalent value of the fine aggregate. A 

reduction of the specific surface area implies that the water demand decreases. 

This could also be verified in the mortar tests where the yield stress of mortars 

was significantly reduced when the washed fine aggregates were used. 
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1 Introduction 

Fine aggregate produced by blasting and crushing of bedrock often contain 

relatively large amounts of fines. The amount of fines produced varies with the 

rock and crushing technique used and can sometimes be as high as 40 % of the 

production. Fragile rocks such as coarse-grained granites and quartz rock often 

generates more fines than mafic rocks, e.g., diabase and gabbro [1].

The generated fines may be of poor quality or in excess amounts and are in those 

cases unwanted in concrete since they impair the workability and increase the 

water demand. One way to improve a fine aggregate with fines of poor quality is 

to remove this fraction and add a mineral admixture of suitable quality.  

Screening is an extensively used method to size aggregate. However, the 

screening efficiency decreases rapidly with the fineness of the material [2], why 

the potential of screening as a method to remove fines on an industrial scale seems 

to be limited. Sizing of material smaller than 0.25 mm is normally done by 

classification. In classification the separation process is based on the velocity 

differences of which the grains fall through a medium. There exist many types of 

classifiers which theoretically may be used to remove fines from crushed 

aggregates. In practice washing of fine aggregates is a method used to remove 

fines from aggregates. 

In this paper results from a study on the effect of washing on the material 

properties, i.e., particle size distribution, specific surface area and the sand 

equivalent value (SE- value), of fine aggregates are presented. Furthermore, the 

effect of washing on the water demand of mortars was evaluated by measuring the 

rheological properties of their mortars. In this part the remaining fines after the 

washing procedure was evaluated separately in micromortars. 
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2 Experimental 

2.1 Materials 

A portland-limestone cement, (CEM II/A-L 42.5 R), was used in these 

experiments. The cement contains approximately 13 percent limestone and has a 

specific surface area, according to the BET method, of approximately 1740 m2/kg.

The cement was delivered by the Swedish cement producer Cementa AB. 

Five different fine aggregates (0-2 mm) were used of which four originate from 

crushed granitoid gneiss rocks (C3, C5, C7, C9). The fifth fine aggregate was a 

naturally water worked aggregate (N1), mainly of granite origin, which was used 

as reference aggregate. The aggregates were selected from a larger collection of 

materials included in a Swedish national development programme on the use of 

manufactured aggregate in concrete [3]. The selection of materials was mainly 

done on the basis of their material properties, i.e., particle size distribution and 

specific surface area, and performance in mortars. These properties have 

previously been described in [4, 5]. 

2.2 Methods 

2.2.1 Washing procedure 

The fine aggregates were washed in the laboratory by using a bucket and stirring 

machine. The washing procedure was as the following (Fig. 1); the fine aggregate 

was suspended in water and agitated vigorously. Thereafter, coarse particles were 

allowed to sediment during a period of 30 seconds. After the sedimentation period 

the water phase containing suspended fine particles was decanted. The volume 

ratio between water and fine aggregate was approximately 3.5, thus, the 

aggregates were washed in large amounts of water. This results in an effective 

washing of the aggregates. The described washing procedure was performed two 

times on each fine aggregate. 
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Agitation Sedimentation Decantation 

Large particles Fine particles 

Washed fine 
aggregate 

Fig. 1. Washing procedure 

The washed fine aggregates were collected and dried in an oven at 105 C.

Thereafter, the fine aggregates were homogenized and samples were taken out for 

particle size analysis and specific surface area measurements. These properties 

were determined on both the washed and unwashed fine aggregates. The particle 

size distribution was determined both on the fine aggregate (0-2 mm) and on the 

fines fraction separately. In this work fines is defined as particles smaller than 

0.25 mm. The particle size distributions of the fines were determined with an 

instrument (Malvern Mastersizer) of which the measuring technology is based on 

light scattering/ diffraction of particles. The specific surface area of the fines was 

measured through nitrogen adsorption using BET theory. Both the particle size 

distribution and specific surface area of the fines were analysed at Cementa 

Research AB.  

In addition to the mentioned analyses the sand equivalent value of the fine 

aggregates were determined in accordance with the European standard, EN 933-8. 

The sand equivalent test is a method for quality control of fine aggregates, which 

measures the quantity of detrimental fine dust and clay [6]. The test result is 

expressed as a percentage of the height of the sediment and total height of the 

sediment and the suspended fine particles in the cylinder. A high value indicates 

that the quantity of fine dust in the analyzed fine aggregate is small while the 
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opposite holds for low values. For the time being there are no specified limits in 

the standard.

2.2.2 Rheological measurements 

The effect of washing on the performance of the fine aggregates in mortars was 

evaluated with a viscometer (Contec 4, ConTec Ltd.) suited for measurements on 

coarse particle suspensions, i.e., on suspensions with particle sizes up to 

approximately 2 mm. In addition, the fines were studied separately in 

micromortars in order to evaluate the effect of washing on the performance of the 

fines fraction. In this work micromortar is defined as all concrete constituents 

with smaller size than 0.25 mm. The micromortars were studied with a viscometer 

(HAAKE Rotovisco CV20) adjusted for these types of suspensions [7]. 

Both viscometers operate according to the same principle and have measuring 

systems consisting of concentric cylinders. During a measurement the outer 

cylinder is rotated at different rotation velocities and, thus, shearing the sample at 

different rates of shear ( ). Simultaneously the inner stationary cylinder 
continuously registers the generated shear stress ( at each rate of shear. The 

shear sequences which are used with the viscometers are well defined and have 

previously been described in [4, 6]. From the registered data, the yield stress ( 0)

and the plastic viscosity (μpl) were calculated by applying the Bingham model 

(equation 1) to defined segments of the shear sequences. 

 = 0 + μpl   (1) 

The yield stress describes the required shear stress to initiate flow of the mortars, 

while the plastic viscosity describes how easily the mortar flows well in motion. 

Concrete with a low slump value can be described as a high yield stress concrete, 

while self levelling concretes can be considered as the opposite. 
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3 Results and discussion 

3.1 Effect of washing 

3.1.1 Aggregate properties 

The material properties of the fine aggregates, i.e., particles size distribution, 

specific surface and sand equivalent value, were measured prior to and after the 

washing procedure. The effect of washing on the particle size distribution of the 

fine aggregates can be seen in Fig. 1. The results show that washing primarily 

reduces the amount of material below approximately 0.125 mm. Furthermore, the 

results from the particle size analysis of the fines show that of this fraction only a 

smaller percentage (5 %) of particles smaller than 50 μm remain after the washing 

procedure (Fig. 2). From the figure it can also be seen that basically all particles 

smaller than 10 μm have been removed. Thus, for fine aggregates containing 

weathering clays or other unwanted ultra fine particles washing seems to be an 

effective method to remove them. On the other hand for fine aggregates 

containing large amounts of fines smaller than 0.25 mm, e.g., C3, sieving should 

be applied since washing only removes particles smaller than 0.125 mm.  
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Fig. 1. Particle size distribution of unwashed and washed fine aggregates. 
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As a consequence of the removal of basically all ultra fine particles, < 10 μm, 

during the washing procedure the specific surface area of the fines is substantially 

reduced (Table 1). A reduction of the specific surface area implies that the 

required amount of water to wet the aggregate surface decreases and consequently 

also the water demand of the mortar or concrete. However, the fines from both 

fine aggregate C5 and C9 display relatively large specific surface areas despite the 

washing procedure. This indicates that these fines have a rougher surface texture, 

which contributes to the specific surface area, than the other fines. The fines from 

fine aggregate C9 contain high amounts of sericitized feldspar which display a 

rough surface, thus contributing to the higher specific surface area.
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Table 1. Sand equivalent value and specific surface area of the fine aggregates 
prior to and after the washing procedure. 
Fine aggregate

Unwashed Washed Unwashed Washed
N1 74 - 2650 -
C3 68 74 976 532
C5 68 79 2800 1810
C7 64 84 2490 828
C9 41 88 4140 1330

Sand equivalent [%] Specific surface area [m2/kg]

In Table 1 the sand equivalent values (SE- values) of the used fine aggregates are 

also shown. The SE- value of the unwashed fine aggregate N1 was 74 %. This 

fine aggregate has been used for concrete production over many years in Sweden 

and is well suited for this purpose. Therefore, a SE- value of 74 % is considered as 

a reference value of a fine aggregate with fines of good quality. In Saudi Arabia a 

SE- value of 75 % is set as a limit for aggregates used in concrete for bridges and 

road constructions [6]. The SE- values of fine aggregate C3, C5 and C7 were 

between 64 % and 68 % while aggregate C9 displayed a very low value. The fines 

from fine aggregate C9 contained the largest amount of ultra fine particles and 

thus the highest specific surface area of all aggregates. All the washed fine 

aggregates displayed significantly higher SE- values,  74 %, than prior to the 

washing procedure. This indicates that the SE- value mainly gives an indication 

on the amount of fine particles in the fine aggregates. In [6] the authors found a 

good correlation between the SE- value and the amount of material passing the 75 

μm sieve. However, this conclusion was only valid for quartz sand and not for 

crushed fine aggregates. 

3.1.2 Rheological properties of mortars  

The effect of washed fine aggregate on the rheological properties of the mortars 

(0-2 mm) was studied with the Contec-4 viscometer. The mix design of the 

evaluated mortars is described in Table 2.
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Table 2. Mix design of the mortars. 
Constituents Amounts [g/l] 

Cement 635 

Fine aggregate, 0-2 mm 1148 

Water 362 

w/c 0.57 

Fig. 3 shows the effect of washed fine aggregate on the rheological properties of 

mortars. The mortars with washed fine aggregate displays significantly lower 

yield stresses than the mortars with unwashed fine aggregate. This is a direct 

consequence of the removal of the very fine particles during the washing 

procedure. These particles contribute to the water demand through their large 

specific surface area and are also of such size that they may flocculate and 

immobilize mixing water under the influence of colloidal forces. Thus, the results 

show that the finest particles in the fine aggregates significantly influence the 

yield stress, and therefore the water demand, of the mortars. This is also verified 

in the micromortar tests of the fines fraction (Fig. 4).  

The mortar with unwashed fine aggregate C3 was too stiff to be measured in the 

viscometer. However, after the washing procedure the measurement could be 

carried out, even though the yield stress was relatively high. The high yield stress 

of this mortar is due to the high amount of fines passing the 0.25 mm sieve rather 

than a high specific surface area of the fines (Fig. 1). 
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Fig. 3. Rheological properties of mortars with unwashed and washed fine 
aggregate.

However, the mortars with washed fine aggregate displayed slightly higher plastic 

viscosity than the mortars with unwashed fine aggregate (Fig. 3). This is probably 

a result of increased particle interference and, thus, friction due to the loss of fines 

in the washing procedure. The fines act as “lubricants” between the coarser 

particles and, thus, when the fines are removed the particle interference increases 

and consequently the viscosity. 

3.1.3 Rheological properties of micromortars 

The fines, < 0.25 mm, from the washed fine aggregates were evaluated separately 

in micromortars. In this investigation we only used fines< 0.25 mm, cement and 

water in the micromortars. This was done in order to solely evaluate the effect of 

the fines without any influence from admixtures, i.e., superplasticizer, etc. The 

mix design of the micromortars is shown in Table 3. 
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Table 3. Mix design of the micromortars. 
Constituents Amounts [g/l] 

Cement 828 

Fines, 0- 0.25 mm 691 

water 472 

w/c 0.57 

The results from the rheological measurements on micromortars with washed 

fines are shown in Fig. 4. In the figure the results for the unwashed fines are also 

included as references. Compared with the fines from the natural fine aggregate 

N1 they display both larger plastic viscosities and yield stresses. The micromortar 

with fines from fine aggregate C9 had a consistency outside the measuring range 

of the viscometer and could not be analysed. However, it is expected to have 

higher values on the plastic viscosity and yield stress than micromortar C7. 
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Fig. 4. Yield stress and plastic viscosity of micromortars containing unwashed and 
washed aggregate fines. 
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The micromortars with washed fines displayed significantly lower yield stresses 

and plastic viscosities than the ones with unwashed fines. The largest change in 

properties can be seen for the micromortars with fines from fine aggregate C7 and 

C5. The change in properties for the micromortar with fines C9 could not be 

quantified, but should be in the same order or larger than the micromortars with 

fines C5 and C7. Common for these fines were that they displayed a large specific 

surface area which was significantly reduced in the washing procedure. The 

micromortar tests show that the high yield stresses of the mortars with fine 

aggregate C5, C7 and C9 (Fig. 3) originate from the properties of the fines.  

The change in rheological properties of the micromortar with fines C3 was despite 

the large reduction, 45 %, of the specific surface area relatively small. This further 

explains the relatively high yield stress and plastic viscosity of the mortar with 

washed fine aggregate C3 (Fig. 3). That is, the washed fine aggregate C3 contains 

large amounts of fines, 47 % < 0.25 mm, with relatively high water demand. 

Conclusions

This paper discusses the influence of washing on the material properties of fine 

aggregates and its effect on the water demand of mortar. The results show that the 

used washing technique effectively removes all particles smaller than 10 μm. 

Therefore, the method can be used to improve the properties of fine aggregates 

which contain fines of poor quality, e.g., weathering clays. However, the method 

is not selective in the sense that only fines of poor quality is removed, i.e., the 

fines are removed after size and not solely after quality. 

Since the finest particles are removed in the washing procedure the specific 

surface area of the fines is significantly reduced and the SE- value of the fine 

aggregate increases.  

The mortars with washed fine aggregate displayed significantly lower yield stress, 

or water demand, than the corresponding mortars with unwashed fine aggregate. 
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This is a result of the removal of the finest particles which largely contribute to 

the water demand through their large specific surface area. However, the plastic 

viscosity of the mortars with washed fine aggregates was slightly higher than prior 

to washing. This is probably a result of increased particle interference and thus 

friction due to a deficit amount of lubricating fine particles.
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INFLUENCE OF FINES FROM CRUSHED AGGREGATE ON 
MICRO MORTAR RHEOLOGY

Mikael Westerholm, Björn Lagerblad 
Swedish Cement and Concrete Research Institute, Sweden

ABSTRACT: Natural glaciofluvial aggregates are becoming a restricted resource 
in many parts of Sweden. This, in addition to increased taxes on natural 
aggregates, will lead to an increased demand of crushed aggregates in the future. 
Crushed aggregates are not as smooth and rounded as water worked aggregates, 
which in many cases leads to impaired flow properties of the concrete and an 
increased demand of water or dispersive agents. 

In this work we have studied the influence of aggregate fines, i.e. particles with a 
maximum particle size of 125 μm, from crushed aggregates on the rheology of the 
micro mortar phase of self-compacting concrete (SCC). The aggregate fines 
originate from different rock species and are characterised by different 
mineralogy and particle characteristics such as size distribution and shape. The 
evaluation was done using contents of aggregate fines equal to those commonly 
occurring in both naturally and crushed fine aggregates. 

The results indicate that most aggregate fines from crushed fine aggregate can be 
used in SCC without impairing the flow properties if the amounts are kept at 
normal levels. 

KEYWORDS: Self-compacting concrete, crushed aggregate fines, rheology, micro 
mortar, superplasticizer. 

1. INTRODUCTION
Natural glaciofluvial aggregates are becoming a restricted resource in many parts 
of Sweden. This, in addition to increased taxes of the use of this resource and a 
more restrictive allowance of new quarries, will lead to an increased demand of 
crushed aggregates in the future.  

Crushed aggregates are not as smooth and rounded as natural aggregates. In the 
fine fraction the crushed rocks often consist of angular fragments influenced by 
mineral cleavage characteristics. It is well known that the concentration, shape 
and size distributions of particles have a profound effect on the rheological 
properties of a particle suspension. As for concrete its known that the total content 
of aggregates influences the flow properties of concrete, especially the plastic 
viscosity (Ramachandran V. S 1999). The particle shape of the coarse aggregates 
is also an important factor influencing the flow properties of concrete. In work 
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done by Geiker et al. one can see that crushed aggregates generates both higher 
plastic viscosity and yield stress than spherical aggregates. Hence, a higher micro 
mortar volume is required to achieve the same flow properties when using crushed 
aggregates.

However, the flowability of SCC is also a function of the properties of the micro 
mortar. Micro mortar can be considered as the fluid phase of SCC and includes all 
particles with sizes up to 125 μm, e.g. cement, filler, fine part of aggregates, water 
and chemical additives. It is impossible to obtain a non-segregating SCC fulfilling 
the requirements of filling and passing ability without the proper amount and 
design of the micro mortar. Crushed aggregates often contain relatively high 
amounts of aggregate fines (<125 μm) having different mineralogy and particle 
shapes than aggregate fines from naturally occurring aggregates. The influence of 
aggregate fines on the flow properties of SCC and micro mortar has so far caught 
limited attention.  

In this work we have focused on the influence of aggregate fines on the micro 
mortar rheology. The aggregate fines used in this investigation are of different 
origin and displays different mineralogy, particle sizes and particle shapes. The 
evaluation of these materials has been done by varying their concentration in the 
micro mortars and by varying superplasticizer dosage. 

2. MATERIALS AND EXPERIMENTAL 

2.1 Materials 
Fine aggregates from four different sources were used in this investigation. Three 
of them are crushed and one is a naturally rounded aggregate commonly used in 
concrete production. Aggregate fines from each fine aggregate were collected by 
sieving and given the designation A1-A4. A1 is the naturally occurring aggregate 
fines and A2-A4 are from crushed fine aggregates. 

In this work a Swedish cement, CEM I 42.5 BV, LA, SR, with a Blaine-value of 
approximately 300 m3/ kg has been used. This cement (named 
“Anläggningscement” in Swedish) is normally used for civil engineering 
structures were demands on low heat development and high durability of the 
structure is required. 

The filler material (KÖ500) used in this investigation was crystalline limestone 
with Dmax 500 microns. 

The superplasticizer used throughout the whole investigation is Glenium 51 from 
Master Builders. It is a modified polycarboxylate ether type of polymer having a 
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solid content of 36 %. Before use the superplasticizer were diluted to a solid 
content of 3.6 %. 

2.2 Methods

2.2.1 Micro mortar rheology 
The rheological measurements were done using a HAAKE Rotovisco 20. The 
used measuring system consists of concentric cylinders were the outer cylinder 
rotates, controlled by rate, and the inner cylinder measures the torque. The inner 
cylinder has been especially made for this kind of systems and has a serrated 
surface to avoid so-called slip-surface, which can occur if the surface is to 
smooth. The gap between the inner and outer cylinder is 2.58 mm. This enables 
measurements on particle suspensions with particle sizes up till 250 μm. The 
rheological measurement was performed according to an established and proven 
methodology at CBI. In this method the sample is subjected to a well-defined 
shear sequence, shown in figure 1. The shear stress is measured simultaneously at 
each rate of shear and a relationship between these quantities is obtained. By 
applying the Bingham model, see figure 2, to the measuring points in the segment 
between 5-15 1/s in the last down curve, see figure 1, the characteristic parameters 
yield stress and plastic viscosity are obtained. 

Shear
rate

Time
[

 [Minutes]

[1/s]

10

20

30

40

50

1.0 2.0 3.00.00
5

15

Segment evaluated according to
the Bingham model

Figure 1. Shear sequence used in micro mortar rheology measurements (Billberg 
1999). 
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Figure 2. The Bingham model 

2.2.2 Particle size distribution 
The particle size distributions of the fine aggregates in the fraction 0-250 μm and 
the limestone filler were determined with an instrument based on laser diffraction 
technique. The measurements were made at the Institute for Surface Chemistry 
and Cementa Research AB respectively.  

2.2.3 Particle shape characterisation 
The particle shape of the aggregate fines was characterised using a Scanning 
Electron Microscopy (SEM) coupled to an image analysis software. The samples 
were divided into two fractions, 0-75 μm and 75-125 μm, and sprinkled over a 
circular button. Thereafter the F-shape where determined on 400 particles in each 
fraction. F-shape is defined as the ratio between Dmin and Dmax where a ratio equal 
to one means that the particle is circular and a ratio of 0.71 means that the particle 
is equal to a square. Smaller values indicate an increased elongated shape. 

The method used to analyse particle shape has a drawback if the sample consists 
of flaky particles. Since the particles are sprinkled on a button they mainly 
orientates with the largest surface facing downwards. Consequently this means 
that particle samples rich of flaky particles or discs will be mistaken for a more or 
less spherical particle. 

3. RESULTS

3.1 Mix-design
Micro mortar mix design is based on a concept of one m3 of a hypothetical SCC 
with given amounts of cement, filler, water and aggregate. In the next step the 
content of aggregate fines< 125 μm in the aggregate is set and all the particles 



3rd International Symposium on Self-Compacting Concrete, 17-20 August 2003, 
Reykjavik, Iceland 

5

greater than 125 μm are imaginary removed from the concrete. The remaining 
suspension containing cement, filler, water and fines<125 μm from the fine 
aggregate is the micro mortar. The contents of the different constituents are 
recalculated to an appropriate volume of 1 litre. Depending on the content of 
fines< 125 μm in the aggregate the amount of cement, filler and water per m3 of 
micro mortars will differ, but the mutual relationship between them will be the 
same independently of the fines content, se table 1. 

The micro mortars evaluated in this investigation is the fluid phase of four 
hypothetical SCC’s where the fine aggregate contained 0, 5, 10 and 20 % of 
aggregate fines respectively. The design of the evaluated micro mortars and the 
SCC’s from where they origin are presented in table 1. 

Table 1. Mix designs of the micro mortars. The hypothetical SCC where the micro 
mortars are derived from is also shown in the table. 

Material [kg/ m3] Hypo-
thetical

SCC

Micro- 
mortar    

0 % fines 

Micro- 
mortar    

5 % Fines

Micro- 
mortar   

10 % fines 

Micro- 
mortar   

20 % fines
Cement 400 1076.6 1030.9 988.9 914.3 
Filler 175 471.1 451.1 432.6 400.0 
Fines 0-0,125 mm - 0 112.6 216.0 399.4 
Aggregate 0-8 
mm

873.8 0 0 0 0 

Aggregate 8-16 
mm

659.2 0 0 0 0 

Water 180 457.7 438.3 420.3 388.6 
Superplasticizer* - 27.9 26.7 25.6 23.7- 45,2 
w/c-ratio 0.45 0.45 0.45 0.45 0.45 

* Dry content of superplasticizer was 3.6 %. 

3.2 Particle size distribution 
The size distribution of the aggregate fines shows that the material A3 contains 
most amounts of fine particles followed by fines A1 and A4, see figure 3. The 
particles of sample A2 are coarsest. 
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Figure 3. Particle size distributions of the 0-250 μm fraction of the different fine 
aggregates and the used filler. In this investigation we sieved out the aggregate 

fines from the 0-250 μm fraction of the fine aggregates. 

3.3 Particle shape 
The particle shape analysis is shown in figure 4. According to the analysis 
aggregate fines A3 contain the most spherical particles of the different aggregate 
fines, which seems reasonable since it originates from the naturally rounded 
aggregates. Aggregate fines A3 shows the most spherical particles of the crushed 
aggregate fines. This value can however be a little overestimated since this sample 
contained the highest amount of biotite (mica), approximately 20 %. Due to the 
drawbacks in the analysis method flake like particles like biotite can be mistaken 
for a spherical particle. Aggregate fines A2 and A4 contained the most elongated 
particles. Aggregate fines A4 contained relatively high amounts of long prismatic 
hornblende.

The particle shape of the aggregate fines in fraction 0-75 μm were very similar to 
the aggregate fines in fraction 75-125 μm and the results are therefore not 
presented here. 
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Figure 4. Accumulative F-shape of evaluated aggregate fines in the fraction 75-
125 μm.

3.4 Micro mortar rheology

3.4.1 Content of fines 
Results from rheological measurements of the different micro mortars where the 
particle concentration is increased is shown in figure 5 and figure 6. The total 
particle concentration of the micro mortars is increased from 52 to 59 volume 
percent and the trend is that the yield stress increases with the concentration, see 
figure 5. However, the differences in yield stress for the micro mortars with 
aggregate fines corresponding to five and ten percent of the fine aggregate is 
small. These levels of crushed aggregate fines will probably not impair the flow 
properties of SCC. But at the highest amount equal to 20 % there are major 
differences in yield stress depending of the particle characteristics of the 
aggregate fines. Despite a lower amount of fine material in the aggregate fines A2 
compared to aggregate fines A1, see figure 3, the micro mortars containing these 
materials show almost identical yield stresses. The micro mortar with aggregate 
fines A4 showed the highest yield stress (Figure 5) of all mortars; in other words 
it was very stiff and viscous. This rheological behaviour can not be explained by 
the differences in particle size distribution since we both measured the rheology of 
micro mortars containing fines with similar particle size distribution (A1) and 
with finer aggregate fines (A3) where both showed a lower yield stress. The 
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particle shape analysis of fines A4 showed that it was more elongated than both 
A1 and A3. Hence, the high yield stress of the micro mortar including aggregate 
fines A4 are partly an effect of the particle shape of the fines.  
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Figure 5. Influence of fines content on the yield stress. The dosage of 
superplasticizer was 0.065 % of the cement and filler content. 

Also the plastic viscosity of the micro mortars increased with increasing amounts 
of  aggregate fines, see figure 6. Compared to the yield stresses the corresponding 
viscosities were more diverse. Especially the micro mortars including aggregate 
fines A1 and A2 that showed almost the same yield stresses showed quite a big 
difference in plastic viscosity. Even though aggregate fines A2 have slightly 
coarser grading curve than aggregate fines A1 the micro mortar showed higher 
plastic viscosity than the micro mortar including aggregate fines A1. These 
aggregate fines had the largest difference in particle shape where fines A2 had the 
most elongated particles. The higher plastic viscosity of the micro mortar can 
therefore be attributed to the particle shape of fines A2. The high viscosity of the 
micro mortar including aggregate fines A 4 is probably an effect of its elongated 
particles.  
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Figure 6. Influence of aggregate fines content on the plastic viscosity. The dosage 
of superplasticizer was 0.065 % of the cement and filler content.

3.4.2 Influence of superplasticizer
The influence of superplasticizer on micro mortars including 20 % fines with 
different origin was also investigated. The yield stress can easily be reduced by 
the use of an effective superplasticizer, se figure 7. However, the required dosage 
to reach a certain yield stress for the micro mortars differs due to the different 
fines. The micro mortar with aggregate fines A2 required the lowest dosage, even 
lower than fines A1, and fines A4 required the highest dosage to reach a yield 
stress of 10 Pa.
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Figure 7. Influence of superplasticizer on the yield stress of micro mortars 
containing 20 % aggregate fines of different origin, A1-A4. The dosage of 

superplasticizer is calculated on the content of cement and filler. 

In a flocculated micro mortar a part of the water is immobilised into flocs, when 
these flocs are dispersed water is released and the yield stress and plastic viscosity 
decreases. This effect can be seen in figure 8 were the plastic viscosity decreases 
with increased dosage (or degree of dispersion) of superplasticizer. The micro 
mortar with aggregate fines A4 required the highest dosage of superplasticizer to 
reach similar viscosity as the other mortars.   
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Figure 8. Influence of superplasticizer on the plastic viscosity of micro mortars 
containing 20 % aggregate fines of different origin. The dosage of 
superplasticizer is calculated on the content of cement and filler. 

4. CONCLUSIONS 
In this work the influence of aggregate fines from crushed aggregates on the 
rheological properties of the micro mortar phase of SCC have been studied. The 
results indicate that the evaluated aggregate fines from crushed rocks can replace 
aggregate fines from naturally rounded aggregates if the amount is kept at a 
normal level (approx. 5-10 % of the 0-8 mm aggregate). At higher amounts the 
characteristic properties of the aggregate fines, such as particle shape and size 
distribution, will influence the rheological properties yield stress and plastic 
viscosity of the concrete micro mortar phase in a more negative way. The 
influence of particle shape on the rheological properties of micro mortar could 
clearly be seen in this work.  

By adding an effective superplasticizer it was possible to reach similar rheological 
properties for all micro mortars regardless of the type of aggregate fines used. 
This means that all the evaluated aggregate fines in this investigation probably 
could be used for SCC without impairing the flow properties. The required dosage 
of superplasticizer to reach certain rheological properties can however vary 
between the different aggregate fines.   
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The aggregate fines with sizes< 125 μm is however not the only aggregate 
fraction influencing the rheological properties of concrete. Experiences from 
earlier work are that crushed fine aggregates can contain fines of good quality but 
the coarser fractions consist of flaky particles impairing the rheological properties 
(Lagerblad 2000, 2003). Therefor it is important to analyse the whole material 
including all fractions of the aggregates. This can be done by analysing the 
petrography and particle shape of the aggregates and investigate the influence of 
the different aggregate fractions on the rheological properties of micro mortar, 
mortar and finally on concrete.  
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ELECTROKINETIC AND RHEOLOGICAL PROPERTIES OF CEMENT 
BASED PARTICLE SUSPENSIONS CONTAINING DIFFERENT 

MINERAL ADMIXTURES 

Mikael Westerholm 
Swedish Cement and Concrete Research Institute, Sweden 

INTRODUCTION

The rheological properties, i.e., the fresh properties, of Self Compacting Concrete 
(SCC) determine its ability to flow into all corners of the formwork and 
completely fill it without any compaction work than the influence of gravity. Poor 
properties in the fresh state may result in an inhomogeneous structure in the 
hardened state and ultimately reduce the service life time of the concrete structure. 
Controlling the rheological properties is therefore of crucial importance. This can 
especially be true for self-compacting 
concrete where the range within SCC has 
the required properties is narrower than 
conventional concrete is compactable.  
The rheological properties of any particle 
suspension are controlled by both physical 
factors, i.e., shape and size of the 
particles, and the surface chemistry of the 
system. The surface charge of the 
particles can be expressed with the zeta 
potential, which is the potential at the 
surface of shear between the fixed liquid 
layer adjacent to the solid phase and the 
liquid in the bulk phase, see figure 1. By 
tuning the zeta potential, the stability or 
the flow ability of a particle suspension 
can be controlled. In concrete technology, 
this is usually done by adding a 
superplasticizer with charged functional 
groups, e.g., sulfate groups. However, 
many superplasticizers probably act 
through electrosteric stabilization. That is, 
besides stabilization arising from electrostatic double layer effects, there is also a 
steric contribution. Steric stabilization is caused by the repulsive force that arises 
when the chains of adsorbed polymers onto particles approaches each other and 
starts to entangle. 

Figure 1 Structure of the electrical double 
layer according to Stern ’s theory [1] 
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In the present work, pastes containing different powders have been studied in the 
presence of two types of superplasticizers that are believed to act through different 
mechanisms. The zeta potential of the pastes has been characterized by 
electroacoustic measurement and the rheological properties have been studied 
with a rheometer.  

METHODS

Electroacoustic measurements 
The surface charge of the cement and powders, expressed as zeta potential, was 
measured using a ZetaProbe (Colloidal Dynamics). The instrument can be used to 
characterize relatively concentrated particle suspensions, i.e., up to 60 vol.- %. It 
also offers automatic titration of superplasticizers continuously during the 
measurement. The measurement technique is based on monitoring the 
electrokinetic sonic amplitude (ESA) which refers to the sound wave generated 
when an alternating electric field is applied to the suspension. The sample is 
placed in a measuring cell containing two metallic electrodes. A high frequency 
electric field is applied over the sample, which induces an oscillating movement 
of the particles due to their surface charge. The movement generates the ESA 
where the magnitude of signal can be related to the charge of the particles. The 
ESA can be expressed as: 

ESA = A( )  ( / )Zμd

where A( ) is an instrument constant,  is the volume concentration of particles, 
 density difference between the particles and the suspending medium ( ), Z is 

the acoustic impedance and μd is the dynamic mobility. The dynamic mobility is 
related to the charge and size of the particles, and for dilute suspensions (< 5 % 
volume) it can be expressed as: 

μd = (2 /3 )G(a, )[1+f]

where  is the dielectric permittivity,  is the zeta potential of the particles,  is 
the viscosity of the suspending medium, G and f are complex functions where G
depends on the particle size and the measuring frequency ( ).
By measuring the ESA over a range of frequencies, the particle mobility and thus 
the zeta potential can be calculated. 
In this work, various pastes of 20 vol.- % were analyzed during continuously 
titration of two types of superplasticizers. 
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Rheology measurements 
The rheological measurements were done with a MCR 300 rheometer (Physica) 
equipped with a concentric cylinder measuring system. The radius of the inner 
(Ri) and outer (Ry) cylinder was 13.33 mm and 14.46 mm, respectively, providing 
a gap of 1.13 mm. The inner cylinder was profiled, by the producer, in order to 
avoid so-called slip-surface, which can occur if the surface is too smooth.
The rheological measurement was performed by subjecting the sample to a well-
defined shear sequence, shown in figure 2. The shear sequence has seven steps, 
where the purpose of the first step is to pre-shear the sample and step six and 
seven are segregation controls. 

The shear stress is registered between 45 and 80 times at each rate of shear and a 
relationship between these quantities is obtained. By applying the Bingham model 
to the last ten measuring points in step two through step five the characteristic 
parameters yield stress and plastic viscosity are obtained, see figure 3. The 
repeatability was evaluated by measurement on pastes with three different water 
to cement ratios, i.e., 0.37, 0.50 and 0.60. Three individual pastes were analyzed 
at each w/- ratio. The repeatability of the yield stress was very good at each w/c- 
ratio, the repeatability of the plastic viscosity was good at low yield stresses, e.g. 
high w/c- ratios, but decreased slightly at high yield stresses, see figure 4. 
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Sample preparation 
The cement and powder blended pastes used in the electroacoustic measurements 
were manually dispersed before the sample was placed in the zeta probe. 
Furthermore, the sample was agitated at 180 rpm in the ZetaProbe prior to the first 
measurement and thereafter it was continuously agitated at 150 rpm during the 
whole analysis. The first measurement was conducted ten minutes after the first 
contact with water and after each addition of superplasticizer the sample was left 
to equilibrate during approximately four minutes prior to the next measurement. 
This means that each paste was analysed during approximately 40 minutes after 
the first contact with the mixing water. Since the electrolyte, i.e., the pore 
solution, contributes to the resulting zeta potential, a sample was collected from 
each mixture of cement and powder after 20 minutes of hydration to be used as 
background correction. 
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The pastes that were analyzed in the rheometer were mixed in a Hobart mixer, 
equipped with a ball whisk. The mixing procedure was as follows: 

1. All dry materials, i.e. cement and filler, are mixed for 10 s. 
2. Water is slowly poured into the bowl during slow agitation (gear 1). 
3. A part of the superplasticizer is added to enable proper dispersion. 
4. Samples stuck on the wall are scraped down manually and the sample is 

agitated for 60 s at high speed (gear 2). 
5. Step 4 is repeated two times. 
6. The remaining superplasticizer is added and the sample is mixed another 

60 s prior to measurement in the rheometer. 

This mixing procedure gives a total mixing time of 240 s on the high speed gear. 
After mixing, the sample was poured into the measuring system of the rheometer 
and the measurement was started. 

MATERIALS 

A commercially available Swedish cement, CEM II/A-L 42.5 R, with the specific 
surface area (BET) 1740 m2/kg was used in the experiments. The cement, called 
Cement 1 in this article, is co-grinded with limestone giving a limestone content 
of approximately 13 weight percent. 
Two different types of powders were used in the experiments, one limestone 
powder and one glass powder. The limestone powder is crystalline with the 
specific surface area (BET) 2400 m2/kg. 
The glass powder originates from grinded recycled glass bottles consisting of 
approximately 72 % SiO2, 10 % CaO and 13 % Na2O. The particle size 
distribution of the used cement and powders are shown in figure 5. 
Two different types of commercially available superplasticizer were used in the 
experiments. Both the sulphonated naphthalene polymer (PNS- type) and the 
polycarboxylate ether type of polymer (PC- type) had a solid content of 35 %. 
The mix designs of the different pastes that were evaluated in the rheometer are 
shown in table 1. All the paste had the same volume concentration of particles, 
thus having different water to cement ratios and water to powder ratios since the 
amount of powder differed in grams. 
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Table 1 Mix design of the different pastes. 
Material Pure paste 

[g/l]
Paste with limestone 

powder [g/l] 
Paste with glass 

powder [g/l] 
Cement 1736 1215.2 1215.2 
Powder 0 470.4 423.4 
Water 440 440 440 
Superplasticizer* 0- 10.0 0-5.0 0- 6.5 
Vol. conc. of 
particles 

56 56 56 

w/p 0.25 0.26 0.27 
w/c 0.25 0.36 0.36 
* Dry content of superplasticizer. The amount is given as milligram (mg) superplasticizer per 
gram of cement plus powder.

The volume concentration of particles, i.e., cement and powder, in the pastes that 
were analyzed in the Zeta probe was 20 vol.- %, i.e., it was lower than in the 
pastes that were analysed in the rheometer. However, the proportions between the 
cement and powder were the same in both the electroacoustic and rheological 
measurements. 

RESULTS AND DISCUSSION 

Electroacoustic measurements 
The results from the electroacoustic measurements on pure cement paste and 
powder blended pastes with different types of superplasticizers are shown in 
figure 6. The zeta potentials of the pure cement pastes without any 
superplasticizer were slightly negative, i.e. -3.5 and -5 mV. Both negative and 
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positive zeta potentials with absolute values between 2  and 20  mV have been 
reported in the literature [2-7]. Addition of the PNS- type of superplasticizer 
resulted in a sharp increase in the absolute value of the zeta potential of both the 
pure and blended pastes. At a certain amount of superplasticizer, the increase in 
zeta potential starts to level out. This amount has been shown to correspond to  
approximately the amount of polymer needed to reach an adsorption plateau [8, 
9]. Thus, the results indicate that the required amount of superplasticizer to reach 
the adsorption plateau for the different pastes increases in the order; paste with 
limestone powder< paste with glass powder< pure cement paste. The sharp 
increase in zeta potential also indicates that electrostatic double- layer repulsion is 
an important component in the dispersion mechanism of this superplasticizer. 

The PC- type of superplasticizer slightly decreases the zeta potential of the pastes, 
both for the pure and blended pastes. Previous work has shown that this type of 
superplasticizer carries charged groups on the backbone, i.e., sulphate and 
carboxylate groups [10]. However, the observed decrease in zeta potential is 
probably governed by an outward shift of the surface of shear upon adsorption of 
the superplasticizer. Identification of the amount of superplasticizer added before 
the zeta potential levels out indicate that the require amount increases in the 
following order; paste with glass powder< paste with limestone powder< pure 
cement paste. The results also indicate that steric stabilization, rather than 
electrostatic repulsion, is the main dispersion mechanism of this superplasticizer. 

Rheological measurements 

The yield stress of the analysed pastes is shown in figure 7. The results show that 
the PC-type of superplasticizer is several times more effective in dispersing the 
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different pastes than the PNS- type. Comparison of the pastes with the PNS- type 
of superplasticizer reveals that the pure cement paste requires the highest amount 
of superplasticizer to reach the saturation point, i.e., the point were the yield stress 
does not decrease further. This can be due the higher fineness of the cement than 
the powders, see figure 5. On the other side, a discussion based only on the 
fineness of the system would imply that the paste with limestone powder (finest) 
should require a higher superplasticizer amount to reach the saturation point than 
the paste incorporating the glass powder, which apparently is not the case. An 
alternative explanation of the observed behaviour could be that the particle - 
superplasticizer interactions differs between the blended pastes. The observations 
in the electro-acoustic measurements indicated that the paste with glass powder 
required a higher amount of superplasticizer to reach an adsorption plateau, i.e., 
before the zeta potential levels out, than the paste with limestone powder. The 
results from the rheological measurements correlate very well with this 
observation, i.e., the saturation dosages in the rheological measurements correlate 
with the dosages to reach a constant zeta potential in the electroacoustic 
measurements. 

The results on the different pastes with the PC- type of superplasticizer shows a 
different behaviour than the pastes with the PNS- type of superplasticizer. The 
yield stresses for the glass powder and limestone powder pastes more or less 
coincide in this case, thus displaying the same saturation dosage of 
superplasticizer. This indicates that this superplasticizer is not as sensitive to the 
type of powder used as the PNS- type. Or that full efficiency of this 
superplasticizer is obtained before the zeta potential levels out. 
Figure 8 shows the plastic viscosities of the different pastes. The observed 
behaviour in figure 7 can also be seen here. Noticeable is that the viscosities are 
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significantly higher, at the same yield stress, when the PNS- type of 
superplasticizer is used. This could be a result of the high amounts of 
superplasticizer; leading to an increase in the effective volume concentration and 
thus increasing the viscosity. 

CONCLUSIONS 

The results from this investigation clearly show that the used superplasticizer 
display different behaviour in cement and powder blended pastes. Electroacoustic 
measurements show that the PNS- type, in contrast to the PC- type, of 
superplasticizer drastically increase the zeta potential of the pastes. Thus, 
indicating that electrostatic double-layer repulsion contributes to the dispersion of 
the pastes. Furthermore, the results show that the investigated pastes require 
different amounts of superplasticizer to reach a constant zeta potential. The 
required amount of the PNS- type correlates very well with the results from the 
rheological measurements. Furthermore, the pastes with PNS- type of 
superplasticizer displayed significantly higher plastic viscosity than the pastes 
with the PC- type. However, the PC- type was much more efficient in dispersing 
the pastes, i.e., reducing the yield stress.
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