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FOREWORD  

Aggregates from crushed rocks are in general flakier and have a rougher 
surface than natural aggregates. This leads to an increased cement 
demand. To avoid this aggregate producers have to learn how to identify 
rocks most suitable for concrete aggregate production and how to treat 
the aggregate to improve the properties. The concrete producers have to 
learn how to use the crushed rocks as aggregate in concrete. 

This work is part of a larger project. The aim of this is to learn how to 
use crushed rocks, especially granitic, rocks as aggregate in concrete. 
Granitic rocks as coarse aggregate is common in Sweden but the 
knowledge of how to use fine aggregate from crushed granites is limited. 
Thus the research concentrated on fine aggregate in size less than 2 mm.  

The work given to André Horta was to make rheological test with fine 
materials from different crushed granitic rocks. The task was to find out 
the variation to identify which granite products that was good and bad. 
The project then linked this to material properties and the effect of 
different types of granites and the effect of different treatments.  

In the later part of André’s work he have appointed to look on the effect 
of resorting of aggregates and the effect of this on cement consumption. 

 

Björn Lagerblad 
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SUMMARY  

Concrete is a mix of cement (binder), aggregate and water, and eventually 
chemical and/or mineral admixtures. In Sweden concrete has 
traditionally been manufactured using natural aggregate from 
glaciofluvial eskers in the sand fraction (0-8mm). The remaining eskers 
need to be preserved; therefore, an alternative aggregate should be used. 
The only regionally and economically alternative to natural aggregate is 
crushed rocks. 

The replacement of natural sand by crushed rock will, however, have an 
impact on both the industry and the environment. Crushed rocks in the 
fine fraction have a different shape and the particle size distribution is 
different. Especially more flaky and rough particles will lead to a higher 
content of cement to give a certain workability and strength. This in turn 
will have a negative impact on the environment.  The increase of cement 
consumption will lead to more CO2 emissions, since the cement 
production releases large amounts of carbon dioxide both as a result of 
the burning process and decarbonation of limestone.  Cement 
production is responsible for around 5% of the global release of carbon 
dioxide and thus the consumption must be limited. This tendency of 
higher cement consumption is because crushed rocks have less favorable 
properties than natural aggregate for the workability of fresh concrete. 
Crushed rock grains are usually flakier, elongated and rough. In addition 
to that, crushed rocks normally have more fine particles. With crushed 
granite rocks large amounts of flaky free mica in the fine fractions is 
common and leads to problems with workability. The main problems 
with replacing natural aggregate with crushed rocks lies in the fine 
fraction, with the particles less than 2 mm. With crushed granites large 
amount of free micas is commonly found in this size fraction and leads 
to large problems with workability. This work is part of a larger research 
program with the aim to find means introduce crushed rocks to the 
concrete production without having to increase the cement 
consumption. This means to find ways to characterize material 
properties and link this to workability and rheological properties. This 
will include choosing rocks that gives aggregate with good properties and 
to find ways to improve the material properties of the aggregate. The 
work also includes proper recommendations of how to proportionate 
concrete with crushed rocks as aggregate.   

Rheology tests of mortar with several crushed rocks from all over 
Sweden were performed; viscosity and yield stress were significantly 
higher for crushed rocks than for the natural aggregate. With grading 
optimization and use of superplasticizer, some crushed rocks had 
rheological performance close to or even better than natural sand. 

To check if the knowledge acquired from mortar rheology could be 
applied in the concrete used by the building industry, the maximum 
aggregate size was gradually increased. The tests confirmed that the 0-
2 mm fraction is the controlling factor regarding the aggregate. 

The optimum grading in concrete was the one with the minimum 
amount of fines required for a concrete with good cohesion. The use of 
superplasticizer was limited by separation. 

Filler addition and the replacement of cement by filler were studied. For 
filler replacing cement, two situations were assessed: constant water 
content and constant w/c. For constant water content, the slump did not 
have significance variations, and, up to a replacement of 20 kg/m3, the 
compressive strength was resembling. For w/c constant, the slump 
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decreased but there was a relevant improvement in the compressive 
strength. 

The conclusion was that crushed aggregate can be used to replace natural 
aggregate in concrete without increasing, and even decreasing, the 
cement consumption. This, however, demands rocks that give proper 
cubic particles. Grading optimization and the use of superplasticizer are 
the most important tools to reach this goal. However, grading and 
superplasticizer are limited by cohesion and separation, essential 
properties for a good quality of fresh concrete. Filler of good crushed 
rocks should not be treated as waste or byproduct; it has valuable uses in 
concrete and also in other products. 
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 SUMMARY IN SWEDISH  

Betong är en blandning av cement (bindemedel), ballast och vatten, samt 
eventuellt kemiska och/eller minerala tillsatser. I Sverige har man vid 
betongtillverkningen traditionellt använt naturlig ballast från 
fluvioglaciala rullstensåsar i sandfraktionen (0-8 mm). Men eftersom de 
rullstensåsar som fortfarande finns kvar ska bevaras, är man tvungen att 
hitta ett alternativ till detta material. Det enda ekonomiskt hållbara 
alternativet i denna region är krossade stenblock 

Att ersätta den naturliga sanden med krossad sten påverkar dock både 
industrin och miljön. Krossad sten i finfraktionen har en annan form och 
partikelstorleken är annorlunda fördelad. I synnerhet flagiga, grova 
partiklar innebär att cementinnehållet måste vara högre för att man ska 
kunna uppnå en viss grad av brukbarhet och styrka. Detta i sin tur har en 
negativ inverkan på miljön. En högre cementförbrukning leder till ökade 
koldioxidutsläpp, eftersom cementtillverkningen frigör stora mängder 
koldioxid som ett resultat både av förbränningsprocessen och av 
dekarboneringen av kalksten. Cementtillverkningen orsakar ca 5% av den 
globala frigöringen av koldioxid, vilket begränsar användningen. 
Tendensen till en högre cementförbrukning beror på att krossad sten 
inte har lika gynnsamma egenskaper som naturlig ballast vad gäller 
brukbarheten hos färsk cement. Krossade stenkorn är normalt sett 
flagigare, grövre och mer avlånga. Dessutom är partiklarna i krossad sten 
oftast mindre. Finfraktion gjord av krossad granit innehåller vanligtvis 
flagiga, fria glimmerpartiklar som försvårar bearbetningen. Det främsta 
problemet med att ersätta naturlig ballast med krossad sten ligger i 
finfraktionen, dvs. partiklar mindre än 2 mm. Krossad granit innehåller 
stora mängder fritt glimmer, vilket leder till stora brukbarhetsproblem 
hos finfraktion gjord av detta mineral.  

Denna uppsats är en del av ett större forskningsprogram med syfte att 
hitta sätt att använda krossad sten i betongproduktionen utan att behöva 
öka cementförbrukningen. Arbetet består i att hitta metoder för att 
kategorisera materialegenskaper och koppla dessa till stensorternas 
brukbarhet och reologiska egenskaper. Detta innebär att man väljer 
stentyper som ger ballasten fördelaktiga egenskaper och att man hittar 
sätt att förbättra materialegenskaperna hos ballasten. Uppsatsen syftar 
även till att ge lämpliga rekommendationer kring sammansättningen hos 
betong gjord med krossad sten.  

Reologiska prover utfördes på olika sorters murbruk gjorda på stensorter 
från hela Sverige. Viskositeten och sträckgränsen fanns vara betydligt 
högre hos krossad sten än hos naturlig ballast. Med hjälp av gradering 
och användandet av superplasticering var det möjligt att ta fram några 
stensorter som hade lika bra eller t.o.m. bättre reologiska egenskaper än 
naturlig sand. 

För att undersöka om kunskaperna hämtade från murbruksreologin 
kunde tillämpas även på den betong som används inom byggindustrin, 
ökades storleken hos sandfraktionen gradvis. Testerna bekräftade att 
finfraktionen (0-2 mm) är den styrande faktorn vad gäller ballasten. 

Den för betongtillverkning optimala stentypen var den som hade lägst 
krav på finhet för att ändå ge en betong med god sammanhållning. 
Användandet av superplasticering begränsades av separation. 

Effekterna av att tillsätta fyllmedel samt att ersätta cement med fyllmedel 
undersöktes också. För fyllmedel som ersättning för cement studerades 
två situationer: konstant vatteninnehåll och konstant v/c. För konstant 
vatteninnehåll förändrades inte graden av brukbarhet nämnvärt, och upp 
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till en ersättning på 20 kg/m3 förblev tryckhållfastheten praktiskt taget 
densamma. För konstant v/c minskade brukbarheten men 
tryckhållfastheten ökade betydande.  

Slutsatsen är att man kan ersätta naturlig ballast i betong med krossad 
ballast utan att behöva använda mer cement, tvärtom kan man t.o.m. 
minska cementförbrukningen. Detta kräver emellertid sten som ger 
lämpliga kubiska partiklar. Optimal partikelfördelning och användandet 
av superplasticering är de viktigaste verktygen för att uppnå detta mål. 
Gradering och superplasticering begränsas dock av sammanhållning och 
separation, vilka är väsentliga parametrar för att uppnå en god kvalitet 
hos färsk betong. Fyllmedel gjort på rätt krossad sten bör inte betraktas 
som avfall eller biprodukt, det är värdefullt i betong och andra 
produkter. 
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SUMMARY IN PORTUGUESE  

Concreto é uma mistura de cimento (aglomerante), agregado e água, e 
eventualmente aditivos químicos e/ou mineirais. Na Suécia, o concreto 
tem sido tradicionalmente manufaturado usando agregados oriundos de 
eskers glaciofluviais. Os eskers remanescentes necessitam ser preservados, 
logo, um agregado alternativo deve ser usado. A escolha mais plausível 
para substituir os agregados glaciofluviais são as rochas britadas.  

Esta substituição de areia natural por rocha britada não deve ter 
impactos negativos no meio ambiente e nem na industria da construção 
civil. Estes impactos negativos estão aptos a acontecer especialmente 
devido ao fato de que o consumo de cimento tende a crescer, pelo uso 
de rochas britadas. 

O aumento do consumo de cimento aumentaria as emissões de CO2, 
uma vez que a descarbonataçao da rocha calcárea para produção de 
cimento é responsável por grande parte das emissões globais. Além 
disso, aumentar o consumo de cimento resulta em maiores custos para a 
produção do concreto, o que afetaria a industria da construção civil. 

Esta tendencia de um maior consumo de cimento é porque as rochas 
britadas têm propriedades menos favoráveis que o agregado natural para 
a trabalhabilidade do concreto fresco. Grãos de rocha britada são 
usualmente mais laminares, alongados e rugosos. Ademais, rochas 
britadas normalmente têm mais particulas finas e maior quantidade de 
micas. Estas características levariam a um concreto fresco menos 
trabalhável. 

Para se ter um concreto tão trabalhável quanto o produzido com 
agregado natural, mantendo a resistencia à compressão – sem aumentar 
o fator água/cimento – deve-se adicionar mais pasta à mistura. Logo, 
para não aumentar o consumo de cimento, ou até mesmo dimimuí-lo, 
comparado com agregado natural, o uso de rocha britada no concreto 
deve ser estudado e otimizado. 

Testes de reologia da argamassa com várias rochas britadas de toda 
Suécia foram feitos; a viscosidade e a tensão de escoamento foram 
significantemente mais altas para rochas britadas que para o agregado 
natural. Com a otimização da granulometria e uso de superplastificantes, 
algumas rochas britadas tiveram o desempenho reológico perto ou até 
melhor que a areia natural. 

Para checar se o conhecimento adquirido da reologia da argamassa 
poderia ser aplicado no concreto usado pela industria da construção civil, 
o tamanho máximo do agregado foi aumentado gradualmente. Os testes 
confirmaram que a fração de 0- 2 mm é o fator controlador no que diz 
respeito ao agregado. 

A granulometria ótima no concreto foi aquela com a mínima quantidade 
de finos requeridos para um concreto com boa coesão. O uso de 
superplastificante foi limitado pela separação. 

Adição de filler e substituição de cimento por filler foram estudados. Para 
o filler substituindo cimento, duas situações foram avaliadas: quantidade 
de água constante e a/c (relação água/cimento) constante. Para a 
quantidade de água constante, o slump não teve variações significativas, e, 
até uma substituição de 20 kg/m3, a resistencia à compressão foi 
semelhante. Para a/c constante, o slump diminuiu mas houve um 
relevante aumento na resistencia à compressão. 

A conclusão foi que rocha britada pode ser usada para substituir o 
agregado natural no concreto sem aumentar, e até mesmo diminuindo, o 
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consumo de cimento. Otimização da granulometria e uso de 
superplastificantes são as ferramentas mais importantes para alcançar 
este objetivo. De qualquer forma, granulometria e superplastificantes são 
limitados pela coesão e separação, propriedades essenciais de um 
concreto fresco de boa qualidade. O filler não deve ser tratado como 
resíduo ou subproduto, ele tem valiosos usos no concreto e em outros 
produtos. 
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Impacts of using crushed rocks in concrete 

 

 

ABSTRACT 

Concrete in Sweden has traditionally been manufactured with natural aggregate from 
glaciofluvial eskers. There is a need to preserve the remaining eskers because of their cultural 
value and importance for water filtration, thus natural aggregate has to be replaced. The most 
realistic alternative is to use crushed rocks. . The major problem with crushed rocks in 
concrete production is the workability. This is because crushed rocks have less favorable 
properties. The fragments are flakier and have a rougher surface than natural aggregates that 
have been rounded in water. Without any amelioration of the crushed rock, to reach a certain 
workability and strength, the amount of cement in the mix has to be increased.  

Cement production requires large amounts of energy and the decarbonation of limestone 
releases large amounts of CO2. Combined, the release of CO2, due to burning and 
decarbonation of limestone, accounts for about 5% of the global CO2 emissions. An increase 
in cement consumptions is less desirable. Thus to replace natural aggregates, the use of 
crushed rocks has to be optimized as regard cement consumption. 

Several crushed aggregates, most from granitic rocks, from all over Sweden were analysed in 
this study. These crushed rocks were characterized according to their grading, specific 
surface, shape and petrography and compared to natural sand. 

Rheological tests that reveals the workability in detail was performed on mortars. The tests 
showed that as regard workability the 0-2 mm fraction is the most important factor. Further, 
the maximum aggregate size was gradually increased up to 16 mm, to have a more realistic 
approach to the concrete produced by the building industry. 

The results showed that with grading optimization and superplasticizer, some crushed rocks 
can be used for concrete production without increasing, and even decreasing, the cement 
consumption. This research also contemplated the use of filler. As a mineral admixture it can 
improve the compressive strength. It can also be used to replace cement; a replacement up to 
20 kg/m3 of cement by filler can be done without significant effect on compressive strength. 

Key words: Crushed rocks; Mortar rheology; Fresh concrete workability; Cement 
content; Superplasticizer; Filler. 

1. INTRODUCTION 

Reinforced concrete is the most used construction material. Concrete 
consists of a mix of cement, aggregate and water and can have chemical 
and/or mineral admixtures to improve some properties. Water accounts 
for 7-9% in weight in concrete, while cement weighs 10-20% and 
aggregate has the biggest contribution 70-80 %; admixtures are usually 
not more than 1 % (Fagerlund, 1999). 

Aggregates can be natural or obtained from rocks crushed. In Sweden 
concrete is usually manufactured with fine aggregate (0-8 mm) from 
glaciofluvial deposits. There is a need to preserve remaining sand. The 
sand that in most cases comes from glaciofluvial eskers are important to 
water filtration. Moreover, they have natural and cultural values. A goal 
to reduce its production was set by the Swedish government 
(Westerholm, 2006). 

Crushed rock is the only type of aggregate that is regionally available for 
concrete production. Therefore, it should be used to replace natural sand 
as fine aggregate in concrete. Due to the different characteristics of the 
aggregates, investigations have to be done in order to evaluate the impact 
of crushed rocks on the environment and on concrete. 

To be able to optimally replace natural aggregate by a crushed rock 
equivalent, one has to learn to characterize especially the fine fractions in 
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a correct way and learn how to use the data in proportioning concrete 
(Lagerblad, B., 2007, pers. comm., December 18th). 

1.1. Impacts on the environment 
The climate is also affected by crushed aggregates. One of the most 
important factors contributing to the global warming phenomena is the 
carbon dioxide (CO2) emissions. Cement production, apart from energy 
consuming, releases large amount of CO2 by decarbonating limestone. 
Due to less favourable properties for fresh concrete workability, crushed 
aggregate is likely to increase the cement consumption; this will be 
discussed on the Impacts on concrete section. Thus from an 
environmental point of view it is advantageous to decrease the 
production of cement or at least ensure that production does not 
increase. To make it without negative effect in the building industry, the 
use of crushed aggregates in concrete has to be studied. 

1.2. Concrete: Nomenclature and descriptions  
The properties of the fresh concrete are negatively affected by using 
crushed rock aggregates compared to natural aggregate. To understand 
its effect, it is important to know the concepts about some parameters 
that are going to be used to evaluate the performance of the fresh 
concrete: 

 Water-cement ratio (w/c) 

It is the proportion between the content of water and cement. The w/c 
is dimensionless and it is the weight of cement divided by the weight of 
water. 

 Workability 

A workable freshly mixed concrete or mortar can be easily mixed, 
placed, consolidated, and finished to a homogenous condition (ACI 
Committee 116, 2000). 

 Rheology 

Rheology is the science of deformation and flow of matter, it relates 
stress, strain, rate of strain and time (Barnes et al, 1989). 

 Yield Stress 

It is the shear stress in which the fresh concrete begins to deform 
plastically. Its unity is Pascal (Pa). It gives information comparable to 
slump. 

 Plastic Viscosity 

It measures the amount of energy needed to keep concrete in motion, 
i.e., how fast the concrete flows. Its unity is Pa.s. 

 Homogeneity 

Concrete should be homogenous, i.e., its constituents need to be 
uniformly distributed. The absence of aggregate on top of mortar and 
fresh concrete mix and/or stiffer bottom characterizes separation. 

 Cohesion 

It is the ability of fresh concrete to resist segregations of its constituents 
and there is no method to measure it (Newman & Choo, 2003). 
Nonetheless, poor cohesion can be detected by the aspect of fresh 
concrete.  

 Strength of concrete 

If the aggregates used are stronger than the cement, which is usually the 
case of granitic rocks, then they do not affect compressive strength 
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directly. In this case the strength of hardened concrete depends mainly 
on the strength of the cement paste (water and cement together), the 
weakest part, which in turn depends on the water/cement ratio (w/c). 

 Fresh concrete 

Fresh concrete is particle slurry that eventually stiffens and hardens to 
the desired product. The most significant impact of using crushed 
aggregate instead of natural sand is the fresh concrete workability. To be 
able to flow and fill a form the fresh concrete has to have certain 
rheological properties. The rheology in turn depends on the properties 
of the particle slurry, how the particles interact with each other. A 
concrete with good workability can be compacted without excessive 
effort and lack of homogeneity (Neville, 1973). 

 Desirable concrete 

A concrete shall have as low yield stress and viscosity as possible. A too 
low yield stress can, however, result in separation and bad cohesion. 
Cohesion and separation are phenomena which cannot be measured or 
quantified; they are usually detected by the visual and tactile aspect or 
consistency of the fresh concrete. 

To keep certain strength the w/c must be kept constant; thus a reduced 
amount of cement gives a reduced amount of water, i.e., lower paste 
content; which lowers the workability of the fresh concrete. 

For crushed aggregates, the general rules for concrete proportioning 
based on experience on natural aggregates will not apply. To retain the 
workability and compressive strength without increasing (even 
decreasing) the cement paste, the use of crushed rocks has to be 
optimized. 

Superplasticizer and grading optimization are important aids to achieve 
this goal; nevertheless, they have to be carefully used, otherwise the 
quality of the fresh concrete will be compromised by separation and 
poor cohesion. 

1.3. Aggregate characteristics 
The water content, mix proportions, time, temperature, cement type, 
admixtures and aggregate properties are factors that influence the 
workability (Mindess et al, 2003); as the aggregate is the largest 
component in volume, the effect of its properties is very significant. 

The properties that most influence the fresh concrete workability are 
grading, shape and surface texture. These characteristics are different 
when comparing crushed rocks with natural aggregate, and they also 
differs among the different crushed rocks. 

The crushing process produces large amount of fines (Appendix I). The 
fragments of crushed rocks are more rugged and asymmetrical. This is 
especially the case with crushed granitic rocks that contains flaky mica 
particles. (Westerholm et al, 2008). 

Under the same conditions, fresh concrete with crushed rocks – 
compared to natural aggregates – will probably have less workable 
particle slurry. Irregular particles, like rock powder, needs more space to 
move than rounded particles. Moreover, crushed rocks are likely to have 
bigger specific surface due to higher amount of fine particles, rougher 
texture and irregular shape, which would demand more water to wet the 
aggregate surface. 
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The characteristics can also have a potential effect on the compressive 
strength. Especially the texture and shape, they can affect the interaction 
between the aggregate surface and the cement paste. 

2. AIMS  

The aim of this project is to develop methods that can be implemented 
that will result in keeping the amount of cement used for concrete 
production at the same level or even lower for the concrete 
manufactured with crushed rocks instead of natural aggregate. 

The use of crushed rocks will be optimized in order to get a fresh 
concrete with good workability and the cement content as low as 
possible. It is important to highlight that other quality parameters of 
fresh concrete, such as cohesion and separation, must also yield 
acceptable results. 

To achieve this goal, it is needed to: 

 Compare rheology of crushed rocks with natural aggregate. 

 Evaluate the possibility of reducing cement paste. 

 Find out the most suitable aggregate grading for crushed aggregate. 

 Assess how grading improves workability by comparing the rheology 
of mixes with aggregate without grading modification and with 
optimized grading. 

 Study the use superplasticizer to improve workability and check if it 
can let rheology of mixes with crushed rocks comparable to natural 
aggregate. 

 Evaluate the effect of other processes, e.g., wind sieving and cube 
shaping. 

 Estimate how much cement can be saved by grading optimization 
and superplasticizer comparing to a situation which nothing is done 
to improve rheology. 

 Increase gradually the maximum aggregate size up to 16 mm to have 
a more realistic approach about how the outcomes of this research 
can be applied building industry. 

 Appraise the influence of the aggregate type in each fraction. 

 Study the use of filler as a mineral admixture to improve compressive 
strength and to replace cement. 

3. METHODS  

In the broader project, more than 60 crushed rock aggregates from 
different quarries from all over Sweden are evaluated. In this study about 
25 crushed rocks were assessed. Each aggregate is represented by a code, 
in order to preserve the manufacturer. The code is a letter followed by a 
number, where “N” represents the Natural aggregates and “K” stands 
for crushed rocks – Kross-ballast in Swedish. 

The natural aggregate used for concrete in Sweden usually has the same 
geological formation, the glaciofluvial eskers. Even if they come from 
different parts, they have similar properties. So, when comparing natural 
aggregates and crushed rocks, it was assumed that only one natural gravel 
sample was necessary, since the properties of natural aggregates 
independent of origin are very similar. The natural aggregate used for 
mortar rheology tests was N3. 

Mortar-rheology tests were done to evaluate the performance of each 
crushed rock on fresh concrete, always comparing with natural aggregate. 
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Having this comparison, some parameters were optimized to enhance 
the workability. Different gradings were tested to find out the most 
suitable particle-size distribution. Variations in the cement content were 
also assessed. 

With the appropriate grading and paste content, the effect of 
superplasticizer, wind sieving and cube shaping were evaluated. An 
estimation of how much cement can be saved by grading optimization 
and superplasticizer was done. 

In a further instance, concrete tests were performed to check if the 
results obtained from mortar can be applied to the concrete used by the 
building industry. Tests on concrete contemplated not only fresh, but 
also hardened concrete, through compressive strength tests. 

3.1. Mortar Rheology 
To evaluate the effect of crushed aggregate on the workability of fresh 
concrete, compared to natural aggregate, rheology tests on mortar were 
performed. 

Mortar can be defined as fresh concrete without coarse aggregate (Banfil, 
2004). In this project the mortar was considered the constituents of 
concrete with maximum particle size bellow 2 mm. The work was done 
on 0-2 mm mortar as this fraction is the controlling factor regarding 
aggregate from crushed rocks (Westerholm et al, 2008). 

Fresh concrete and mortar behave as Bingham plastic fluid; which means 
that shear stress and shear rate have a linear relationship. 

To start the flow, the shear stress needs to reach a certain value, τ0; 
which is called yield stress. Plastic viscosity is obtained through the linear 
regression between shear stress and shear rate (Fig. 1).  

The yield stress gives information similar to the ones obtained with the 
slump test. Plastic viscosity is a measurement of flow time, it is the 
amount of energy needed to keep fresh concrete (or mortar) in motion, 
i.e., how fast the concrete flows. The concrete shall not separate; thus to 
low rheological values often lead to separation. 

 Rheology tests 

The equipment used for the rheology test was a rotational viscometer 
(Contec 4 – SCC, ConTec Viscometers) (Fig. 2).  

To run the test, the viscometer’s recipient is filled with mortar and 
placed over a rotational plate. A stationary palette immerses into the 
recipient and the plate starts to rotate in different speeds. During the 
rotation the palette measures the torque for the different speeds. 

Fig. 1 - Bingham model. 
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With the data from the viscometer a linear regression of torque and 
rotational velocity is done. The plastic viscosity and yield stress are 
obtained according to the Bingham model. These calculations are 
performed using software Freshwin 4.0. To minimize the errors two 
measurements are done for each mix, the considered value is the average.  

 Mortar mixes design 

The test program was mainly performed on the concrete aimed for 
house building. The mix design used for house buildings is referred to as 
Reference-mix design. It is calculated based on a concrete with 350 kg of 
cement per cubic meter and a w/c ratio equal to 0.57. For mortar mixes 
the weight is 30% cement, 17% water and 53% aggregate. It was 
calculated using the density of 3.08 g/cm3 for cement, 2.65 g/cm3 for 
granitic rocks and 1.00 g/cm3 for water. 

For rheology tests of mortar the mix volume was usually four liters, i.e., 
to test mortar according to the Reference-mix design, 2.54 kg of cement, 
4.52 kg of crushed granitic aggregate and 1.54 liters of water were 
needed. 

Remark that if using another aggregate but granitic rocks, the weight 
proportion should be corrected according to the density. 

The influence of the cement type was not in the scope of this study. 
Thus the same cement type was used for all mixes; CEM II/A-L 42.5 R, 
Swedish limestone-Portland cement, Byggcement delivered by Cementa 
AB, the most used cement in Sweden. 

 Mortar mixing procedure 

Cement and aggregate were put into a bowl and mixed before water 
addition (Fig. 3). After one minute, water was added in the bowl and 

Fig. 2 - Viscometer. 
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mixed at low speed for one more minute. To avoid that particles stick in 
the walls of the bowl, it was scraped off manually with a shovel; than the 
mortar was mixed for one more minute at high speed. After getting the 
homogenous mix, it was put into a recipient to be tested in the rotational 
viscometer. 

In the cases that superplasticizer was added, the mortar of the 
viscometer’s recipient was returned to the bowl and mixed at high speed 
for 30 seconds before the addition. The walls were manually scraped off 
again and superplasticizer added. Then, the mortar was mixed for more 
30 seconds and put into the recipient to be tested in the viscometer. If 
more superplasticizer is added, the same procedure is repeated. 

3.1.1. Grading optimization 

In concrete different particles interact in such a way that larger particles 
will flow or roll on smaller particles. Thus the particle-size distribution is 
important.  

The most suitable particle-size distribution is the one that provides better 
workability without negative consequences on homogeneity and cohesive 
properties. To find out the most appropriate, four grading curves were 
pre-defined. Grading 1-4 has the highest to the lowest fines content 
respectively (Fig. 4). 

Higher amount of fines results in higher water demand to wet the 
aggregate, due to the higher surface area; consequently, yield stress and 
plastic viscosity values increase. Remark that the grading that better fits 

Fig. 3 – Mixer. 
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rheology can vary for different aggregates since it depends on factors like 
shape and texture (Quiroga, 2003). 

For the evaluation of grading effect on rheology, the aggregate was 
sorted out to fit each one of these four gradings. The rheology was 
tested according to the Reference-mix design. Three crushed rocks were 
tested according to each grading; one with properties close to natural 
aggregate (K50), one intermediate (K49) and the other with unfavorable 
properties (K43). 

 Reference and original grading 

Original grading refers to the particle-size distribution of the aggregate 
without any modification. Reference Grading, as the name says, is the 
grading which will be used as reference for the rheology tests. The 
Reference Grading was chosen as the one that better fits the criteria of good 
workability (low plastic viscosity and yield stress) and still good cohesion 
and no separation. 

To evaluate how plastic viscosity and yield stress can be improved using 
the Reference Grading, a comparison between the Reference and the original 
grading was done. Several crushed rocks were tested according to the 
Reference and the original grading. The tests were done according to the 
Reference-mix design and rheology was also compared to natural aggregate. 

3.1.2. Cement paste content variations 

Variations in the paste content were tested. The w/c ratio was kept 
constant (0.57) not to influence other concrete properties, e.g., 
compressive strength. The amount of cement was reduced and increased 
up to 15% compared to the Reference-mix design (Fig. 5). 

 

Fig. 4 – Gradings 1-4 for aggregate 0-2 mm. 
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 Cement paste reduction 

To meet the main goal of the project – use crushed aggregates without 
increasing, and even decreasing, the cement content – rheology tests 
were performed in order to assess the possibility of reducing the amount 
of cement paste in mixes with crushed rocks. The aggregates used in 
these tests were K50 and K43. Each aggregate had its rheology tested 
according to Grading 1-4. 

 Cement paste addition 

Cement paste was added on mixes with crushed rocks according to its 
original grading; their rheology was compared to mixes with the same 
aggregate, but with superplasticizer and optimized grading. The crushed 
rocks used for these rheological tests were K50 and K57. 

This comparison is done in order to evaluate how much cement can be 
saved by grading optimization and using superplasticizers. 

3.1.3. Superplasticizer 

Superplasticizer is a chemical admixture that can disperse flocculated 
cement particles, which lowers the plastic viscosity and mainly the yield 
stress, improving the workability. 

The superplasticizer used in the experiments was Glenium 51 from 
Degusa Construction Chemicals AB. This superplasticizer is carboxylate 
esther based with approximately 35% solid content, the density is 
approximately 1.08 g/cm3. 

On mortar mixes, superplasticizer was added 2 by 2 ml with an 
analogical dosing device. As the mixes had a volume of 4 liters, the 
amount of cement was 2.45 kg. Thus each 2 ml addition of 
superplasticizer corresponded to 0.8 g/kg of cement, approximately 
0.1%, for the Reference-mix design. The adding procedure of this chemical 
admixture is explained in the Mixing procedure section. 

The tests with superplasticizer were performed according to the Reference-
mix design. Mixes with aggregate according to its original grading had 
two additions of 2 ml of superplasticizer. 

 

Fig. 5 - Mortar mixes; reduction and addition of cement paste 
compared to the Reference mix design. 
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For the mixes with aggregate according to the Reference Grading only one 
addition of 2 ml was done. Due to the lower fines content, further 
additions would lead to separation. 

Rheology tests were performed for different crushed rocks, first without 
superplasticizer, and then after a 2 ml addition; for the aggregate 
according to its original grading, an addition of 4 ml of superplasticizer 
was also tested. 

3.1.4. Wind sieving and cubical-shape crushing 

Wind sieving is a process where wind is used to remove fine particles of 
the crushed aggregate. This process also removes micas, a flaky mineral. 
The wind-sieved aggregates studied were K40 and K60. 

For the aggregates studied, the cube-shaping process was the vertical 
shaft impact (VSI) crusher. The VSI crusher has a high speed spinning 
rotor which “throws” the particles against the chamber walls to crush the 
rocks into smaller pieces. This process provides more cubic grains than 
other crushing methods. The cube-shaped aggregates which were tested 
were K40 and K41. 

To evaluate the effect of these two processes, rheology tests were done 
on mixes with crushed rocks according to the ordinary-crushing process 
and with the same aggregate, but wind sieved and/or cube shaped. The 
mixes were tested according to the Reference-mix design and Reference 
Grading. 

3.2. Concrete tests 
In the building industry it is important to have good quality not only in 
the fresh concrete, but also in its hardened form. For this reason, in this 
part of the project, there will be tests to measure the workability of fresh 
concrete – rheology and slump – and also tests to measure the 
compressive strength of hardened concrete. 

The concrete used for buildings usually has the maximum aggregate size 
of 16 mm. To avoid a gap in the data and to get a better adjustment for 
the concrete tests, the transition from mortar to concrete was gradual. 
This gradual transition also allowed the evaluation of the influence of 
each fraction on the quality of the fresh and hardened concrete. The 
maximum aggregate size was increased first to 4 mm and then to 8 mm, 
before the tests on concrete with 0-16 mm aggregate. 

 

Fig. 6 - Reference grading for each maximum aggregate size. 
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The grading used for concrete mixes, also referred to as Reference Grading 
was based on the grading of a natural aggregate, which also corresponds 
to the maximum value of packing (Fig. 6). The Reference Grading was 
optimized, since crushed rocks do not behave as natural aggregate. 

3.2.1. Tests performed on concrete 

For mortar, only rheology tests on the viscometer were performed. For 
fresh concrete, rheology tests were also done; however, the viscometer 
was not suitable for rheology measurements with concrete with 
maximum aggregate size above 8 mm, i.e., mixes with 0-16 mm 
aggregate. 

Thus fresh concrete with 0-4 and 0-8 mm aggregate had their rheology 
tested in the viscometer. For mixes with 0-8 and 0-16 mm aggregate, for 
the purpose of measuring workability, slump tests were performed. 

To study the influence of the aggregate type on hardened concrete, 
compressive strength tests were done in concrete with 0-4 mm aggregate. 
To evaluate the effect on hardened concrete of using filler, compressive 
strength tests were performed on concrete with 0-16 mm aggregate. 

 Rheology 

The rheology tests followed the same procedure described in the Mortar 
rheology section. Although the procedure is the same as for mortar, a 
bigger viscometer’s recipient and stationary immerged palette is used. 

 Slump 

A truncated cone of 300 mm is filled with fresh concrete. The truncated 
cone is filled in three steps; in each step, 15 strokes are applied with a 
metal stick, to compact the fresh concrete. The top is leveled with the 
metal stick, and the truncated cone is lifted slowly. The height between 
the highest stone and the top of the truncated cone is the slump value 
(Fig. 7) 

 Compressive strength 

The fresh concrete is put into a metallic cubical oil-spayed mould; after 
being vibrated for 10 seconds, the top is leveled and smoothed with a 
trowel (Fig. 8). 

 
Fig. 7 - Slump test. 
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The cubes are labeled and wait for 28 days in a chamber of 100% relative 
humidity. After these 4 weeks, the cubes are removed from the mould 
and taken to the compressive strength machine, where strength is 
applied till it fails  (Fig. 9).  

For concrete with 0-4 mm aggregate the cube has 10 cm high, for the 
maximum aggregate size of 16 mm, the cube has 10 cm of height. Two 
cubes are tested and the average value is considered.  

3.2.2. Concrete mixes 

To prepare the concrete mix, the aggregate is mechanically sieved to fit 
the desired grading curve. The same mixing procedure is done for all 
mixes, to ensure that it will not affect the results of the tests. For the 

 
Fig. 9 - Compressive strength test. 

 

Fig. 8 - Strength cubes. 
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same reason, only one cement type (CEM II/A-L 42.5 R, Swedish 
limestone-Portland cement, Byggcement delivered by Cementa AB) is 
used in the mixes. 

 Concrete mixing procedure 

For the concrete with 0-4 mm aggregate, the mixing procedure is similar 
to the one for mortar, described in the Mortar rheology section. For 0-8 
and 0-16 mm aggregate concrete, a bigger mixer is used, (Fig. 10). 

The cement and aggregate are mixed for one minute before the water 
addition. When water is added, the concrete is mixed for 90 seconds, 
then the materials adhered in the corners are manually scraped with a 
shovel and the mixer is turned on again for 30 seconds. 

 Concrete mixes design 

 

 

Fig. 11 - Reference mix design for each maximum aggregate size. 

 
Fig. 10 - Concrete mixer. 
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For the rheology tests of the mortar and for the fresh concrete tests, the 
Reference-mix design was calculated based on a house building concrete, 
with a w/c of 0.57 and 350 kg of cement per cubic meter of concrete 
(Fig. 11).  

The Reference-mix design for concrete with crushed rocks up to 16 mm 
leads to a very stiff mix (Fig. 12). Thus to study the effect of filler as a 
mineral admixture replacing aggregate on fresh concrete, the Reference-mix 
design was not suitable. Thus to get a more flowable fresh concrete, the 
cement content and w/c were changed to 310 kg/m3 and 0.68, 
respectively (Yousiff, 2006); referred to as Yousiff-mix design (Fig. 13).  

The proportions of the constituents in each mix design do not have a 
large difference; however, the fresh concrete workability is sensitive even 
to small proportion changes, therefore, fresh concrete will have higher 
flowability if prepared according to the Yousiff-mix design.  

3.2.3. Concrete with 0-4 mm aggregate  

For concrete with 0-4 mm aggregate, the influence of the aggregate type 
and the effect of different proportions between 0-2 and 2-4 mm 
fractions were studied on fresh and hardened concrete. 

To evaluate the influence of the aggregate type, two crushed rocks – K50 
and K57 – were used in each fraction, 0-2 and 2-4 mm, with different 
combinations. To find the most favourable aggregate grading, different 
proportions of these two fractions were tested; the proportion of the 2-
4 mm fraction was gradually increased from 0 to 70% (Table 1).  

 

Fig. 12 - Reference mix design for concrete with 0-16 mm 
aggregate – aimed for house building. 

 

Fig. 13 - Yousiff mix design for concrete with 0-16 mm aggregate. 
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The particle-size distribution in the 0-2 mm fraction was kept constant, 
according to the Reference Grading for aggregate up to 2 mm.  

3.2.4. Concrete with 0-8 mm aggregate  

For concrete made with 0-8 mm aggregate, only the rheological effect of 
the aggregate type in the 0-2 mm fraction was studied. Two mixes, one 
with K50 and the other with K57 in the 0-2 mm fraction, were prepared. 
The concrete was mixed according to the Reference-mix design and the 
aggregate followed the Reference Grading. There were no variations in the 
2-8 mm fraction. The aggregate 2-4 mm was K50 and for the fraction 4-
8 mm the aggregate was K33. 

3.2.5. Concrete with 0-16 mm aggregate  

The investigation of the concrete with aggregate up to 16 mm had, in a 
first instance, the grading optimization. After the grading is optimized 
the use of filler is going to be evaluated. Filler was used to improve 
compressive strength as a mineral admixture replacing aggregate, and to 
replace cement. 

 Optimum grading 

A minimum amount of 0-2 mm particles is necessary to keep concrete 
cohesive and without separation.  This minimum content of the 0-2 mm 
fraction should be the optimum grading composition for the crushed 
aggregate, as it is known that fine particles are not favourable for a 
workable fresh concrete. 

Cohesion and separation are difficult parameters to be quantified, 
therefore, it can be observed by the aspect of the fresh concrete. 
Sometimes separation and loss of cohesion are not evident in mixes with 
aggregate with maximum particle size equal to 4 or 8 mm, however, it 
can be detected with good accuracy in the concrete mixes with aggregate 
size up to 16 mm. 

To find the minimum content of the 0-2 mm fraction needed to get 
concrete with good cohesion and no separation, different proportions 
between 0-2 and 2-4 mm particles were assessed. 

For the Reference Grading of concrete with particles up to 16 mm, the 0-
4 mm fraction corresponds to 44% of the total aggregate. Without 
changing the amount of 0-4 mm particles, different proportions of 0-2 
and 2-4 mm aggregate were evaluated. 

These proportions varied from the Reference Grading (80% of 0-2 and 20% 
of 2-4 mm) to 40% of 0-2 and 60% of 2-4 mm particles. The grading of 
the fraction 4-16 mm was kept constant, according to the Reference 
Grading. 

In the 0-2 and 2-4 mm fractions K50 and K57 were tested with different 
combinations, for the 4-8 mm fraction the aggregate was K33 and for 
the 8-16 mm fraction it was the K58. 

Table 1 - Combinations for the 0-4 mm concrete tests. 

Aggregate Fraction Proportion of the 2-4mm fraction 

K50 0-4mm 0%, 20%, 25%, 30%, 50%, 70% 

K50 0-2mm 
0%, 20%, 30%, 40%, 50%, 60%, 70% 

K57 2-4mm 

K57 0-2mm 
0%, 20%, 30%, 40%, 50%, 60%, 70% 

K50 2-4mm 

K57 0-4mm 0%, 20%, 25%, 30%, 35%, 40%, 50%, 70% 
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The most suitable grading obtained from these tests, referred to as the 
Optimum grading, was used in further investigations where the use of filler 
was studied. 

 Filler 

This very small fraction of the aggregate can be used to improve some 
concrete properties, especially compressive strength, and to replace 
cement. Two cases were studied: filler addition, where it was used as a 
mineral admixture replacing aggregate; and filler replacing cement, to 
evaluate whether it is possible or not to reduce cement content. 

The mixes that were prepared for the grading optimization of the 0-
16 mm concrete were too stiff. Using filler to replace aggregate, as a 
mineral admixture, the stiffness of fresh concrete tends to be even 
higher, therefore the Yousiff-mix design was used instead. With filler 
replacing cement, the Reference-mix design was used, even if the 
workability is likely to decrease when the replacement is done in constant 
w/c. 

 Filler addition 

Addition of filler was performed gradually up to 160 kg/m3 of concrete 
(Fig. 14).The Optimum grading was used for the aggregate, but filler was 
added to replace part of it. Yousiff-mix design was used and the aggregate 
in the 0-4 mm fraction, including the filler, was K50. K33 was used in 
the 4-8 mm fraction and the K58 was used in the 8-16 mm. 

 Filler replacing cement 

When filler was used in replacement of cement, the tests were performed 
using the Yousiff-mix design and the aggregate according to the Reference 
Grading. The addition of filler to replace cement was evaluated in two 
cases: water content constant and w/c constant. For the water content 
constant, the w/c increased; for the w/c constant the paste content 
decreased (Fig. 15). 

 

Fig. 14 - Mixes design for filler addition. 
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4.  RESULTS  

In this section the results for mortar rheology and concrete tests are 
presented. 

4.1. Mortar rheology 
The results of the rheological tests of mortar are presented in a diagram 
plastic viscosity [Pa.s] versus yield stress [Pa]. In some diagrams a curve 
line is used to connect some points. These lines have no mathematical 
correlation; they are used just to make the visualization easier. 

4.1.1.  Crushed rocks compared to natural aggregates 

The rheological performance of crushed rocks was compared to natural 
(glaciofluvial) fine aggregate. No changes in the aggregate grading took 
place, only particles above 2 mm were removed, since mortar in this 
study contemplates only particles below 2 mm. The tests were performed 
according to the Reference-mix design. Wind sieved materials were not 
included in this diagram. 

The values of viscosity and yield stress have large variation among 
crushed rocks, and they are considerably higher compared to natural 
aggregate (Fig. 16). 

 

Fig. 15 - Mixes design for cement replacement by filler. 

 

Fig. 16 – Rheological performance of crushed rocks compared to 
natural aggregate. 
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4.1.2. Grading 

K50, K49 and K43 – crushed rocks with good, average and low 
rheological performance, respectively – were submitted for rheology 
tests with Grading 1-4, according to the Reference-mix design. Grading 2 has 
the lowest plastic viscosity and the yield stress decreases from Grading 1-
4. 

These results were still not enough to decide which one is the most 
appropriate grading; other parameters have to be considered. Therefore, 
further investigations on fresh concrete were done (Appendix 2). 

Due to better cohesion and homogeneity, Grading 2 was considered the 
most suitable particle-size distribution for fresh concrete, regarding the 
0-2 mm aggregate. Thus this grading will from now on be referred to as 
Reference Grading (Fig. 17). 

 

Fig. 17 - Comparisson between Reference and original grading, 
and natural aggregate. 

 

Fig. 18 - Rheology results for different gradings of K50, K49 and 
K43. 
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4.1.3. Reference and original grading 

Rheology tests were performed to evaluate how rheology can be 
improved by grading optimization. The tests were performed on crushed 
rocks according to the Reference Grading. The results were compared to 
the rheological behavior of crushed rocks according to their original 
grading. The proportions of aggregate, cement and water followed the 
Reference-mix design in all cases. The results were also compared to natural 
aggregate. 

Significant rheological improvements are achieved by the grading 
optimization. However, natural aggregate still has lower plastic viscosity 
and yield stress (Fig. 18).  

4.1.1. Cement reduction 

To evaluate the effect on rheology of the paste content, tests with lower 
amount of cement paste were performed. K50 and K43 were used as 
fine aggregate and w/c was kept constant. These materials – K50 and 
K43 – have, respectively, good and average rheological performance 
compared to other crushed rocks; “No reduction” corresponds to the 
Reference-mix design. 

Viscosity and yield stress increases when cement content is decreased 
within a constant w/c ratio. Again, Grading 2 – Reference Grading – has the 
lowest plastic viscosity; the yield stress keeps decreasing from Grading 1-4 
(Figs. 19 and 20). 

 

Fig. 19 - Effect of cement reduction for Gradings 1-4 with K50. 

 

Fig. 20 - Effect of cement reduction for Gradings 1-4 with K43. 
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4.1.2. Superplasticizer 

Superplasticizer was added to the mixes to test how the yield stress and 
plastic viscosity can be lowered. The effect of superplasticizer was tested 
for crushed rocks in two cases – according to their original and Reference 
Grading. In both cases the rheological performance was compared to 
crushed rocks and natural aggregate without superplasticizer; the 
Reference-mix design was used. 

Significant improvements were achieved by using superplasticizer; 
however, attention should be paid when using this chemical admixture, 
in order not to compromise other properties of fresh concrete, such as 
cohesion and homogeneity.  

For mixes with aggregate according to the original grading, 2 ml of 
superplasticizer were added twice. For mixes according to the Reference-

 

Fig. 21 - Effect of 2 ml of superplasticizer in mixes with aggregate 
according to their original grading. 

 
Fig. 22 - Effect of 4 ml of superplasticizer in mixes with aggregate 
according to their original grading. 
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mix design, 2 ml of superplasticizer was added once, because with 
another 2 ml dosage it would separate, due to the lower fines content.  

A 2 ml addition of superplasticizer on mixes using crushed rocks with 
original grading was not enough to make their rheology comparable to 
natural aggregate (Fig. 21). After a 4 ml addition of superplasticizer, few 
crushed rocks had the rheology close to natural aggregate (Fig. 22). It 
was also observed that with 4 ml of superplasticizer, some crushed rocks 
may have lower yield stress, but none of them had lower viscosity. With 
a dosage of 2 ml, few crushed rocks according to the Reference Grading 
had the rheology as good as natural aggregate (Fig. 23). 

4.1.3. Wind Sieving and cubical shape crushing 

Wind sieving and cube shaping (through vertical shaft impact – VSI), can 
improve rheological properties. The aggregates were tested according to 
the Reference-mix design and Reference Grading, so that only these two 
processes could influence the rheology. The effect of cube shaping and 
wind sieving is considerable; however, natural aggregate still has better 
rheological behavior (Fig 24). 

 

 

Fig. 24 - Effect of cube shaping (through VSI crusher) and wind 
sieving. 

 

Fig. 23 - Effect of 2 ml of superplasticizer in mixes with aggregate 
according to the Reference grading. 
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4.1.4. Cement savings 

Cement paste was added to evaluate how much cement can be saved by 
improving the grading and using superplasticizer. To have this 
comparison, the rheology of the mix with optimized grading and 
superplasticizer was compared to the mix with no improvement, but 
with cement paste addition. The comparison was done for K50 and K57. 
The Reference-mix design was used, and the paste addition is related to it. 

K50 according to Grading 1 would need an addition of 10% cement paste 
the get a rheology close to natural aggregate. If compared to the Reference 
Grading with 2 ml of superplasticizer, an addition of 15% cement paste 
would be necessary to get similar rheology (Fig. 25). 

For K57, grading optimization corresponds to an addition of 5% cement 
paste. Even if 15% cement paste is added, natural aggregate still has 
better rheology. Superplasticizer has more effect on yield stress than on 
plastic viscosity, yet rheology cannot get even close to natural aggregate 
(Fig. 26). 

 

 

 

Fig. 25 - Comparisson of how much cement can be saved by using 
superplasticizer and grading optimization for K50. 

 

Fig. 26 - Comparison of how much cement can be saved by the use 
of superplasticizer and grading optimization for K57. 
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4.2. Fresh concrete tests 
As it was described in the Methods section, the maximum aggregate size 
was gradually increased up to 16 mm, as the one used by the building 
industry. These results will confirm whether the knowledge acquired 
from mortar can be applied to concrete or not.  

4.2.1. Concrete with 0-4 mm aggregate  

Tests were performed to test how the proportion and the aggregate in 
each fraction affect the rheology. K50 and K57, respectively with 
favorable and unfavorable properties for good rheology, were tested in 
different proportions of 0-2 and 2-4 mm fractions and in different 
combinations.  

Plastic viscosity and yield stress were plotted against the proportion of 2-
4 mm particles; the Reference-mix design was used. Plastic viscosity and 
yield stress are significantly better using K50 in the 0-2 mm fraction. 
Yield stress is lowered when the proportion of 2-4 mm particles 
increases (Fig. 27 and 28). 

 

 

Fig. 27 - Plastic viscosity for different proportions and aggregates 
of 0-2 and 2-4 mm 

 

Fig. 28 - Yield stress for different proportions and aggregates of 0-2 
and 2-4 mm. 
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4.2.2. Concrete with 0-8 mm aggregate  

Again, the influence of the aggregate in the 0-2 mm fraction was 
evaluated. The 2-8 mm aggregate used was the same for all mixes; for the 
2-4 mm fraction the K50 was used, and for the 4-8 mm fraction the 
K33. The tests were done according to the Reference-mix design, and the 
effect of superplasticizer was also studied. 

Rheology tests for mixes using K50 and K57 in the 0- 2 mm fraction and 
superplasticizer addition were done. The rheological performance is 
considerably better using K50 in the 0-2 fraction; with K57 in the 0-
2 mm fraction, superplasticizer is not very effective to lower the plastic 
viscosity (Fig. 29). 

The evaluation of how the 0-2 mm fraction and superplasticizer affect 
the slump was also studied. It is significantly higher with K50 in the 0-
2 mm fraction and superplasticizer has a considerable effect when using 
K57 (Fig. 30).  

4.2.3. Concrete with 0-16 mm aggregate 

Usually, 16 mm is the maximum aggregate size for the concrete used for 
house buildings. In a first instance the grading was optimized, and then 
the use of filler was assessed. 

 
Fig. 29 - Rheology for concrete with aggregate 0-8 mm.  

 
Fig. 30 - Slump for concrete with 0-8 mm aggregate. 
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 Optimum grading 

For grading optimization of the concrete with 0-16 mm aggregate, the 
aim was to have the minimum of 0-2 mm particles, but still good 
cohesion and no separation. These parameters are measured by tactile 
and visual observations. Even though the mixes were not likely to 
separate, the ones with 0-2 mm aggregate lower than 30% of the 0-4 mm 
did not provide a cohesive fresh concrete. The low cohesion could be 
observed in the slump test, where the truncated cone collapsed instead 
of flowing. In addition to that, mixes with less than 30% of 0-2 mm 
aggregate of the total 0-4 mm could not handle large dosages of 
superplasticizer without separation. 

These tests were done according to the Reference-mix design; K33 and 
K58 were used in the 4-8 and in the 8-16 mm fractions respectively. K50 
and K57 were used in the 0-4 mm fraction. With K57 in the 0-4 mm 
fraction the slump was equal or close to zero. Using K50 in the fraction 
up to 0-4 mm, when the 0-2 mm fraction was higher than 30% of the 
total 0-4 mm aggregate, there was basically no slump at all; for the 0-
2 mm fraction lower than 30%, the cone collapsed due to lack of 
cohesion.  

Thus the Optimum grading has 13% of 0-2 mm particles, while the Reference 
Grading has 9% (Table 2). 

 Aggregate type 

For this Optimum grading, with 30% of 0-2 mm of the total 0-4 mm 

Table 2 – Gradings for concrete up to 16 mm. 

Reference grading for 0-16 mm concrete 

Fraction 0-2 mm 2-4 mm 4-8 mm 8-16 mm 

Proportion 9% 34% 11% 46% 

     Optimum grading for 0-16 mm concrete 

Fraction 0-2 mm 2-4 mm 4-8 mm 8-16 mm 

Proportion 13% 30% 11% 46% 

 

 

Fig. 31 - Slump and the effect of superplasticizer on fresh concrete 
workability. 
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aggregate, slump tests were performed. The effect on fresh concrete of 
the aggregate type used in the 0-2 and 0-4 mm fraction was studied. 

Different combinations of K50 and K57 in these two fractions were 
tested. For these mixes, K33 was used for the fraction 4-8 mm and for 
the 8-16 mm K58 was used. The mixes were according to the Yousiff-mix 
design, and the effect of superplasticizer was studied, an addition of 
0.3% of superplasticizer was done. 

The aggregate varied only in the fraction of 0-2 and 2-4 mm. Using K50 
in the 0-2 mm fraction the slump is considerably higher than using K57. 
The influence of the 2-4 mm fraction is not so significant; especially with 
K50 in the 0-2 mm. Relevant improvements can be done using 
superplasticizer (Fig. 31). 

 Filler addition 

Slump test was used to evaluate the impact on fresh concrete workability 
of filler replacing aggregate. The effect of superplasticizer was also 
studied. The tests were according to the Yousiff-mix design; no filler 
addition corresponds to the Optimum grading. There is a slump variation 
for the mixes with filler addition but it is not so relevant. Also there is 
not a clear tendency for the variations (Fig 32).  The mixes with higher 
aggregate replacement by filler demands more superplasticizer to reach a 
slump of approximately 200 mm (Fig 33). 

 

 

Fig. 32 - Slump for concrete with filler addition. 

 

Fig. 33 - Superplasticizer needed to reach a slump of 
approximately 200 mm for filler addition. 
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 Filler replacing cement 

Slump tests were performed to evaluate the effect of cement 
replacement for filler. This effect was evaluated for water content 
constant and for w/c constant. The Yousiff-mix design was used, and no 
replacement corresponds to the Optimum grading. 

For filler replacing cement at a w/c constant, the slump decreases 
considerably. On the other hand, there is no significant variation in the 
slump when the replacement is done keeping the water content constant 
(Fig 34). 

The effect of superplasticizer was evaluated by the amount needed to 
reach a slump of approximately 200 mm. The quantity of superplasticizer 
is significantly higher when cement is replaced by filler at a constant w/c 
ratio (Fig. 35). 

 

Fig. 34 - Slump for cement replaced by filler. 

 

Fig. 35 - Superplasticizer needed to reach a slump of approximately 
200 mm for filler replacing cement. 
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4.3. Compressive strength 
Compressive strength tests were performed on concrete with maximum 
aggregate size equal to 4 mm and on mixes with concrete with aggregate 
up to 16 mm with filler replacing cement.  

For concrete up to 4 mm, compressive strength tests were performed for 
mixes prepared according to the Reference-mix design. Different 
combinations and proportions of aggregates K50 and K57 in the 0-2 and 
2-4 mm fractions were tested. The results showed that the compressive 
strength was higher when using K50 in the 0-2 mm fraction, and the 
optimum proportion, regarding compressive strength, is when 2-4 mm 
particles are 20% of the total 0-4 mm aggregate (Fig. 36).  

For concrete with aggregate up to 16 mm, the influence of filler in the 
compressive strength was evaluated. The effect of filler replacing cement 
was studied in two cases. In one of them, the w/c was kept constant, i.e., 
the water content was lowered as the cement was replaced by filler; in 
another case, cement was replaced by filler, and the water content was 
kept constant; in this case, the w/c was enhanced. The replacement is 
related to the Yousiff-mix design and the Optimum grading. K50 is used in 

 

Fig. 36 - Compressive strength for concrete with maximum 
aggregate size equal to 4 mm. 

 

Fig. 37 - Compressive strength for concrete with maximum 
aggregate size equal to 16 mm and with filler. 
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the 0-4 mm fraction, K33 and K58 in the 4-8 and 8-16 mm fractions, 
respectively.  

For filler replacing cement at a constant w/c, the compressive strength 
increases. Replacing cement by filler at constant water content, the 
compressive strength does not have significant variation up to a 
replacement of 20 kg/m3 (Fig. 37). 

5. DISCUSSION  

Fines content, particle geometry, texture and mineral composition are 
the characteristics of the aggregate that most affect the rheological 
performance of the mortar and fresh concrete. 

The yield stress is related to the stiffness of the mortar, which is largely 
affected the by fines content; it is the shear stress necessary to start the 
flow and it is related to slump. Large amount of fines, asymmetric and 
rough particles result in higher water consumption to wet the entire 
aggregate surface; consequently values of yield stress will be higher. 

Plastic viscosity is related to the friction between the particles during the 
flow, which is largely affected by the shape and the particle-size 
distribution. 

5.1. Mortar rheology 
A large extent of this study was about mortar rheology. Since the 0-
2 mm particles are believed to control the rheology, for the fresh 
concrete workability it is important to have knowledge about this 
fraction. Moreover, testing mortar demands less material and is more 
practical to run tests on mortar than on concrete. 

 Comparison between natural and crushed aggregate 

Better particle-size distribution, more rounded grains and smoother 
surface of the natural aggregate explains its better rheological 
performance, i.e., lower yield stress and viscosity, compared to crushed 
rocks. 

Still, there is a big difference among crushed rocks from different 
sources. The crushing procedure, the rock mass quality at the quarry and 
other issues affect the characteristics of the crushed aggregate and 
consequently the rheology. 

Under the same conditions – Reference Grading and mix design, in this case 
– a crushed rock which has properties closer to natural aggregate, for 
example K50, has better rheological performance compared to a crushed 
rock with unfavorable properties, for example K57. However, K50 is still 
not as good as natural aggregate (Fig. 38).  

 

Fig. 38 - Rheology for N3, K50 and K57. 
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Because of their significant rheological performance difference, these 
crushed rocks – K50 and K57 – were used for further tests where the 
aim was to evaluate the effect of the aggregate type in each fraction. 

 Particle-size distribution 

It was observed that aggregates with the least amount of fines resulted in 
the lowest yield stresses, but the same relationship was not observed for 
plastic viscosity. Grading 4 had the lowest yield stress due to the lowest 
fines content, and Grading 2 had the lowest viscosity, due to the better 
particle-size distribution. 

For a better evaluation of which would be the most suitable grading, 
concrete tests were performed with Grading 1-4 in the fraction 0-2 mm 
(Appendix 2). Again, Grading 2 had the lowest viscosity and Grading 3 
and 4 had lower yield stress. Therefore, it was observed that Grading 2 
provided fresh concrete with better quality. Mixes with Grading 3 and 4, 
due to the low content of fines had bad cohesion and were likely to 
separate when superplasticizer was added. Thus Grading 2 was more 
appropriate, and started being referred to as Reference Grading. 

 Reference and original grading 

Crushed rocks in its original grading have more fine particles than when 
sieved according to the Reference Grading – except the wind sieved ones. 
Due to a more suitable particle-size distribution, crushed rocks sieved 
according to the Reference Grading have a better rheological performance 
compared to the same aggregate in its original grading. However, it still 
has higher yield stress and plastic viscosity than the natural aggregate. 

 Cement paste reduction 

Rheology gets worse when cement paste is reduced. The yield stress and 
plastic viscosity are higher because, when the cement content is reduced 
within a constant w/c ratio, the ratio of particle concentration and water 
content increases, which makes the concrete (mortar in this case) stiffer. 
The lower water content to wet the aggregate surface and the reduced 
amount of cement paste increase the friction between the particles, 
affecting rheology negatively. 

The mixes with K49 – aggregate with average rheological performance – 
had the rheology more affected than the mixes with K50. The negative 
effect of cement reduction on rheology is more aggravated for aggregates 
with less favorable particle geometry. Asymmetrical particles demands 
more paste to fill the voids and, in addition to that, the particle need 
more paste to be able to rotate and flow without interference of adjacent 
particles (Fig. 39).  

 

 

Fig. 39 - Rotational volume of a particle. 
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 Superplasticizer 

This chemical admixture improves the rheological performance of the 
mortar, the yield stress and plastic viscosity values are significantly 
lowered. However, superplasticizer has to be used carefully; it has a limit 
which is often defined by separation. As it was stated previously, 
separation is better observed on concrete mixes than on mortar and 
cannot be measured and quantified. Nevertheless, on mortar mixes some 
signs of separation can be observed, for example the presence of 
bleeding water on top or stiffer concrete in the bottom. It was also 
detected that fines are important to keep concrete cohesive and 
homogenous; thus higher amount of superplasticizer can be added to 
mixes with higher amount of fines. 

For mixes with aggregate according to the original grading, with the 
addition of 2 ml of superplasticizer, the rheology was still not as good as 
using natural aggregate. With the addition of 4 ml, some crushed rocks 
had the rheology comparable to natural aggregate. Some crushed rocks 
had lower values of yield stress than natural aggregate, but it did not 
happen with viscosity. 

With an addition of 2 ml of superplasticizer on mixes according to the 
Reference Grading, due to the better particle-size distribution, few crushed 
rocks had rheological behavior similar to natural aggregate. Because of 
the lower amount of fines, these mixes could not handle another 2 ml 
dosage of superplasticizer, otherwise it would separate. 

In these tests with superplasticizer addition, it was confirmed that the 
yield stress decreases more significantly than plastic viscosity. Even using 
superplasticizer, the plastic viscosity for crushed rocks did not get lower 
values than for natural aggregate. Plastic viscosity is related to the friction 
among aggregate particles, which in turn depends on the shape of the 
grains. Even if superplasticizer makes the concrete more flowable, the 
particles shape remains the same, and the viscosity can only decrease to a 
certain value before separation. 

 Wind Sieving and Cube shaping 

The results showed that the rheology can be significantly improved by 
wind sieving and cube shaping the aggregate. The wind sieving process 
removes the fine particles, including micas, a flaky mineral which is 
unfavorable for rheology. Using the vertical shaft impact, the aggregate 
gets a more cubical shape; improving the rheological performance. 

 Cement savings 

When talking about mortar rheology, cement paste works as a fluid 
where the aggregate particles rotate and flow before hardening. Adding 
paste, the particles will have more space to move with less friction 
(Gram, 2009). The tests confirmed that rheology is improved by cement 
paste addition. But the goal of the project is the opposite; cement 
content should not be increased. Thus some manipulations on the 
aggregate are done to improve rheology without increasing cement 
content and w/c. To measure how much cement can be saved by 
grading optimization and superplasticizer, a comparison to paste addition 
is done. 

For K50 according to Grading 1, to get a rheological performance close 
to natural aggregate, an addition of 10% of cement paste would have to 
be done. For K50 according to Grading 1, it is necessary to add 15% of 
cement paste to get the same rheology as K50 according to the Reference 
Grading plus superplasticizer. It means that up to 15% of cement can be 
saved with grading optimization and superplasticizer using K50. 
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K57 has less favorable properties for a good rheological performance, 
especially the shape of the aggregate, which results mainly in higher 
viscosity. By adding paste, viscosity and yield stress are lowered. When 
superplasticizer is added, mainly the yield stress is diminished; the 
viscosity is reduced, but it still remains high, compared to paste addition 
and better shaped aggregates. Grading optimization and superplasticizer 
are not enough to let the rheology of K57 close to natural aggregate. 
Larger dosage of superplasticizer cannot be used and fine particles 
cannot be removed in a larger extent, otherwise the mix would separate 
and lose cohesion. Thus something has to be done to improve other 
properties of the aggregate, especially with the shape, to get a more 
workable mortar using K57. 

5.2. Fresh concrete tests 
Continuing the mortar rheology study, concrete tests provide a more 
realistic approach of how the outcome of this research can be applied to 
the building industry. 

For concrete with 0-4 and 0-8 mm aggregate, the viscometer was used to 
measure the rheological performance; for concrete with maximum 
aggregate size over 8 mm, the viscometer was not suitable for these tests. 
The slump test was used to measure the workability of concrete with 0-
16 and also 0-8 mm aggregate. 

 Concrete with aggregate 0-4 mm 

For mixes with aggregate up to 4 mm, the rheology improves as the 
proportion of 2-4 mm particles increases. However, a minimum of fine 
particles is required to keep concrete with good cohesion and no 
separation. Thus the least amount of fines which keeps concrete 
homogenous and cohesive will be the most appropriate grading. As these 
parameters cannot be measured and/or quantified – the detection is 
through the tactile and visual aspect – it is better observed on concrete 
with 0-16 mm aggregate. 

Concerning the aggregate type, what mainly affects rheology is the 
aggregate used in the 0-2 mm fraction. Using K50 in the 0-2 mm 
fraction, the rheological behavior is significantly better compared to K57, 
because K50 has characteristics which are more suitable for good 
rheology than K57. 

The aggregate in the 2-4 mm fraction has a small influence on plastic 
viscosity and this influence is even less significant on yield stress. This 
difference gets more evident when the proportion of 2-4 mm aggregate 
is higher than 50%. 

 Concrete with aggregate 0-8 mm 

The same tendency was observed for concrete with aggregate up to 
8 mm. The fraction below 2 mm governs the rheology. Thus a crushed 
rock with properties closer to natural aggregate will provide a better 
fresh-concrete workability. By using K50 in the 0-2 mm fraction, plastic 
viscosity and yield stress is significantly lower and the slump is higher, 
compared to K57. 

Slump and yield stress are significantly improved by superplasticizer. 
However, if an aggregate has unfavourable properties, especially 
elongated and flat grains, the plastic viscosity is not substantially 
improved. This is the case of K57; even with superplasticizer the plastic 
viscosity remains high, due to the unfavourable shape there is much 
friction between the particles during the flow of fresh concrete. 
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 Concrete with aggregate 0-16 mm 

Tests with concrete with aggregate up to 16 mm have a more realistic 
approach, since the outcomes of the project are aimed to be applied to 
the concrete used by the building industry. 

Firstly, for grading optimization, concrete was prepared according to the 
Reference-mix design. The mixes were very stiff, with very low slump and 
even no slump; thus a large amount of superplasticizer had to be added 
in order to get a reasonable flowability. 

The stiffness of these mixes (without superplasticizer) was not suitable 
for the tests intended to be performed with filler replacing aggregate, as 
mineral admixture. Therefore, the Yousiff-mix design started to be used. 

 Grading 

Until now it is known that the rheology improves continuously when 
reducing the content of fraction below 2 mm, but a minimum of 0-2 mm 
particles is necessary to keep cohesion and homogeneity. With 0-16 mm 
aggregate concrete, low cohesion and separation can be detected by the 
tactile and visual aspect. 

It was observed that the proportion of the 0-2 mm fraction could not be 
lower than 30% of the aggregate up to 4 mm, otherwise the concrete 
would get low cohesive and separate easily with the addition of 
superplasticizer. 

 Aggregate type 

Regarding the aggregate type, the aggregate in the 0-2 mm fraction is the 
one which controls the rheology. When using K50 in the 0-2 mm 
fraction, there was no significant slump variation, independent of the 2-
4 mm aggregate. With K57 in the 0-2 mm fraction the slump was 
considerably lower. 

Superplasticizer improved the workability. However, using K57, the one 
with less suitable properties for fresh concrete workability, even with 
superplasticizers, the slump could not be higher compared to the mix 
with K50 in the 0-2 mm fraction; larger dosages of superplasticizer 
would lead to separation. 

 Filler addition 

The effect on fresh concrete of adding filler in replacement of aggregate 
was studied. As the name says, filler can occupy the voids of the 
concrete; which can improve the compressive strength. 

In the other hand, higher content of fine particles makes fresh concrete 
less workable. However, the slump did not have huge variations for a 
replacement from 0 to 160 kg/m3. To reach a slump of approximately 
200 mm, mixes with higher replacement of aggregate by filler need more 
superplasticizer. 

 Filler replacing cement 

When the replacement is done at constant water content the slump value 
does not have any significant variation. The slump decreases 
considerably when the cement replacement is done at a constant w/c. 
Consequently it results in a higher superplasticizer demand to reach a 
slump of approximately 200 mm. 

5.3. Compressive strength 
The compressive strength is mainly affected by the w/c ratio. The failure 
of concrete structures (also of strength cubes) usually happens in the 
cement paste and in the boundary of cement paste and aggregate. Thus 
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the strength of the aggregate has no influence on the concrete 
compressive strength, because it is normally much higher than the 
strength of the concrete. 

However, some other properties of the aggregate can influence the 
concrete compressive strength, such as grading, shape and texture. 
Concrete needs particles from different sizes to fill in the spaces. The 
remaining spaces are filled with cement paste, which also bind the 
particles together. Thus grading and shape are important because they 
are directly related to the packing of the concrete. Shape is also 
important, along with texture, because it has to do with the interface 
between cement paste and aggregate. 

 Concrete with aggregate 0-4 mm 

It was verified that grading and the aggregate in the 0-2 mm fraction 
influences the compressive strength. Concrete with K50 in the 0-2 mm 
fraction had higher compressive strength compared to K57. K50 also 
had better rheology than K57. This is not a coincidence, K50 has more 
favorable properties for rheology, such as shape and texture; these 
properties also affect compressive strength, especially regarding the 
interaction between the aggregate and the cement paste. 

For K50 in the 0-2 mm fraction, the maximum compressive strength was 
for the grading with 20% of 2-4 mm particles, which corresponds to the 
Reference Grading – the one with higher packing. For K57, the most 
suitable grading for compressive strength does not have a clear tendency. 

 Concrete with aggregate 0-16 mm 

In the case of w/c constant, the compressive strength increases when 
filler is used to replace cement. As there is no influence of the w/c ratio, 
the compressive strength is improved because the filler has the ability to 
occupy the empty spaces, which provides concrete with less voids. 

In the case of water content constant, the w/c increases as the cement is 
replaced by filler. Thus the compressive strength is expected to decrease. 
However, for a cement replacement of 20 kg per cubic meter of 
concrete, there was no variation in the compressive strength. It was an 
interesting and surprising verification, this is probably because filler and 
cement have similar capacity of filling the empty spaces, and there is a 
possibility that the filler used in this case (crushed from K50) has some 
interacting property, for example binding. To evaluate it precisely, a 
more detailed studied would be necessary. 

6. CONCLUSIONS  

It is possible to keep the cement content at the same level or even lower 
using crushed rocks instead of natural aggregate. Grading optimization 
and superplasticizer are the most important aids to achieve this goal. 
Nevertheless, wind sieving and VSI crushing can also promote 
significant improvements on rheology. However, improvements due to 
grading and superplasticizer are limited by two aspects that are essential 
to the quality of fresh concrete, cohesion and homogeneity. 

The grading optimization is often limited by cohesive properties, where 
minimum amount of fine material is required. The use of superplasticizer 
over a certain limit leads to separation. 

By adding filler, the problem of cohesion is mitigated but the stiffness of 
the fresh concrete is increased. On the other hand, the mix can handle 
more superplasticizer to improve the workability and the compressive 
strength increases. 
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By replacing cement by filler, with constant water content, there is no 
negative effect on the fresh concrete workability and the compressive 
strength is not significantly affected by replacements up to 20 kg/m3. 
With constant w/c, there is a loss in workability, but the compressive 
strength is significantly improved. This replacement is limited by 
cohesion and separation, as well as the use of superplasticizer. 

From the environmental point of view, crushed rocks can be used 
instead of natural aggregate in concrete, so that the remaining eskers can 
be preserved. Regarding CO2 emissions owed to cement production, if 
crushed rocks are properly used, it will not increase. 

7. RECOMMENDATIONS AND FUTURE RESEARCH  

The outcomes of this project lead to diverse areas that still need 
improvements or research to help the building industry to be more 
sustainable. In this section there are suggestions of further studies from 
the life cycle point of view, of the destination of filler and the use of 
limestone as crushed aggregate in concrete. 

7.1. Filler 
Special attention should be paid to the fine fraction of the crushed 
aggregate. The rock-crushing process results in large amount of fines 
which can potentially impair the workability, as it was observed during 
the tests performed in order to find the optimum grading. These fines 
are usually considered waste and dumped in landfills. From the life cycle 
point of view, this material should be applied to some other activities 
instead of being disposed. Some applications of this material are already 
known and are often used, for example mixing these fines with asphalt. 

Another interesting alternative for these fines is to use them in concrete 
as mineral admixture. Due to superplasticizer, filler can be used in 
concrete in larger amount and smaller size, replacing cement and 
improving the compressive strength (Lagerblad and Vogt, 2004), helping 
the goal of the project.  

In this study the use of filler was evaluated. It was concluded that the 
compressive strength is actually enhanced by the addition of filler, and 
part of cement can be replaced by filler without any decrease in the 
compressive strength, and without significant negative impact on the 

 

Fig. 40 - Rheological behavior of limestone compared to granitic 
rocks and natural aggregate. 
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slump. In the situations that the fresh-concrete workability is lowered, 
superplasticizer is an important aid to solve the problem in some extent. 

However, only one type of filler was used in this project. Different kinds 
should also be studied; this would give a broader knowledge of how filler 
can be used to improve concrete performance. 

7.2. Limestone 
In this study, only the use of granitic, crushed rocks in concrete was 
investigated. The limestone has, in some cases, a totally different 
rheological behavior compared to granitic rocks (Fig. 40).  

Transportation, as it was mentioned in the Life cycle section, is a very 
important issue. In some areas, granitic rocks are not available, but there 
is occurrence of limestone. In these cases, to transport granitic rocks is 
not plausible or sustainable, thus limestone should be used. Therefore, 
the use of this type of crushed rock in concrete should have further 
investigations. 
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9. APPENDIX I  –  GRADING OF NATURAL AGGREGATE AND 

CRUSHED ROCKSKS  

 

 
Grading curves of different 0-2 mm crushed rocks (K1-13) and a natural aggregate (N1), and 
the grading of their fines fraction (<0.25 mm) (Westerholm et al, 2008). 
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10.  APPENDIX II  –  CONCRETE TESTS TO DETERMINE THE 

MOST SUITABLE 0-2 MM GRADING  

 

 
 

These fresh concrete rheology tests were performed to determine which 
would be the most suitable grading for the 0-2 mm aggregate regarding 
fresh concrete workability. Grading 2 had the lowest plastic viscosity. 
Grading 3 and 4 had lower yield stress, but the cohesion was poor and 
there was excess of bleeding water, which means that the mix 
homogeneity was compromised. Thus Grading 2 was chosen as Reference 
Grading. 
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