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RÉSUMÉ 
Même si le béton est un matériau relativement vert, le volume astronomique de béton produit à 
travers le monde chaque année met le secteur de la construction en béton parmi les contributeurs 
important au réchauffement climatique. Le constituant le plus polluant du béton est le ciment en 
raison de son processus de production qui dégage, en moyenne, 0,83 kg de CO2 par kg de ciment. 
Le béton autoplaçant (BAP), un type de béton qui peut remplir le coffrage sans vibration externe, 
est une technologie qui peut offrir une solution aux problèmes de développement durable de 
l'industrie du béton. Cependant, toutes les exigences de la maniabilité du BAP proviennent d'une 
teneur en poudre plus élevé (par rapport au béton conventionnel), ce qui peut augmenter le coût 
de la construction et de l'impact environnemental du BAP pour certaines applications. Le BAP 
écologique, Éco-BAP, est un développement récent combinant les avantages du BAP tout en 
ayant une teneur en poudre significativement plus faible. La teneur en poudre maximale de ce 
béton, destinée à la construction du bâtiment et aux applications commerciales, est limitée à 315 
kg/m3. Néanmoins, la conception de l’Éco-BAP peut être difficile, car un équilibre délicat entre 
les différents ingrédients de ce béton est nécessaire pour garantir un mélange satisfaisant. 
Dans ce programme de doctorat, l'objectif principal est de développer une méthode systématique 
pour la formulation de l’Éco-BAP. Puisque l'effet de groupe des particules (EGP) est un 
paramètre clé pour la conception des mélanges l’Éco-BAP stables, et que ce phénomène est peu 
connu, dans la première phase de cette recherche, l’EGP est étudié. Cette partie se concentre sur 
l'influence de la granulométrie sur l’EGP et la stabilité des mélanges de modèle ainsi que des 
BAPs. Dans la deuxième phase, le protocole de formulation est développé, et les propriétés des 
mélanges obtenus, à l’état frais ainsi que l’état durcis, sont évaluées. Étant donné que 
l'évaluation de la robustesse est cruciale pour la production du béton à grande échelle, dans la 
dernière phase de ce travail, la robustesse d'un des mélanges les plus performants de la Phase II 
est examinée. 
Basé sur les résultats obtenus, nous constatons que l'augmentation de la fraction volumique 
d'une classe mène à une meilleure stabilité de cette classe. Cela contribue également à une EGP 
supérieure du squelette granulaire et à une stabilité plus élevée du système. Il a été montré qu'une 
granulométrie continue dans lequel la fraction volumique de chaque classe est plus grande que 
la classe consécutive plus grossière peut augmenter l’EGP. En utilisant une telle granulométrie, 
la fluidité d’un mélange du BAP pourrait être augmentée sans compromettre la résistance à la 
ségrégation. Un indice de prédiction du potentiel de la ségrégation de particules suspendues 
dans un fluide à seuil a été proposé. Dans la deuxième phase de la thèse, une méthode de 
conception en cinq étapes pour l’Éco-BAP a été développée. Le protocole de formulation 
commence par la détermination des teneurs en poudre et de l'eau, suivie par l'optimisation des 
fractions volumiques du sable et des gros granulats selon un modèle idéal de granulométrie 
(Funk et Dinger). La composition de poudre est optimisée dans la troisième étape afin de 
minimiser la demande en eau tout en garantissant une performance adéquate à l'état durci. Le 
dosage du superplastifiant (SP) est déterminé dans l’étape suivante. La dernière étape s’agit 
d’évaluer le potentiel du réchauffement climatique des mélanges développés. Les mélanges de 
l’Éco-BAP optimisés répondent à toutes les exigences à l'état frais pour le BAP. La résistance à 
la compression à 28 jours de ces mélanges est dans la fourchette cible de 25 à 35 MPa. En outre, 
les mélanges montrent des performances suffisantes en termes de retrait de séchage, la résistivité 
électrique, et la résistance contre gel-dégel pour les applications visées. La performance 
écologique des Éco-BAPs produis a été satisfaisante. Il a été démontré dans la dernière phase 
que la robustesse de l'Éco-BAP est généralement bonne en ce qui concerne les variations de 
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teneur en eau et les changements de propriétés des gros granulats. Une attention particulière doit 
être accordée au dosage du SP pendant le malaxage. 
 
Mots-clés: Béton autoplaçant écologique; Effet de groupe des particules; Formulation; 
Granulométrie; Maniabilité; Rhéologie; Robustesse; Stabilité 
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ABSTRACT  
Although concrete is a relatively green material, the astronomical volume of concrete produced 
worldwide annually places the concrete construction sector among the noticeable contributors 
to the global warming. The most polluting constituent of concrete is cement due to its production 
process which releases, on average, 0.83 kg CO2 per kg of cement. Self-consolidating concrete 
(SCC), a type of concrete that can fill in the formwork without external vibration, is a technology 
that can offer a solution to the sustainability issues of concrete industry. However, all of the 
workability requirements of SCC originate from a higher powder content (compared to 
conventional concrete) which can increase both the cost of construction and the environmental 
impact of SCC for some applications. Ecological SCC, Eco-SCC, is a recent development 
combing the advantages of SCC and a significantly lower powder content. The maximum 
powder content of this concrete, intended for building and commercial construction, is limited 
to 315 kg/m3. Nevertheless, designing Eco-SCC can be challenging since a delicate balance 
between different ingredients of this concrete is required to secure a satisfactory mixture. 
In this Ph.D. program, the principal objective is to develop a systematic design method to 
produce Eco-SCC. Since the particle lattice effect (PLE) is a key parameter to design stable 
Eco-SCC mixtures and is not well understood, in the first phase of this research, this 
phenomenon is studied. The focus in this phase is on the effect of particle-size distribution (PSD) 
on the PLE and stability of model mixtures as well as SCC. In the second phase, the design 
protocol is developed, and the properties of obtained Eco-SCC mixtures in both fresh and 
hardened states are evaluated. Since the assessment of robustness is crucial for successful 
production of concrete on large-scale, in the final phase of this work, the robustness of one the 
best-performing mixtures of Phase II is examined. 
It was found that increasing the volume fraction of a stable size-class results in an increase in 
the stability of that class, which in turn contributes to a higher PLE of the granular skeleton and 
better stability of the system. It was shown that a continuous PSD in which the volume fraction 
of each size class is larger than the consecutive coarser class can increase the PLE. Using such 
PSD was shown to allow for a substantial increase in the fluidity of SCC mixture without 
compromising the segregation resistance. An index to predict the segregation potential of a 
suspension of particles in a yield stress fluid was proposed. In the second phase of the 
dissertation, a five-step design method for Eco-SCC was established. The design protocol 
started with the determination of powder and water contents followed by the optimization of 
sand and coarse aggregate volume fractions according to an ideal PSD model (Funk and Dinger). 
The powder composition was optimized in the third step to minimize the water demand while 
securing adequate performance in the hardened state. The superplasticizer (SP) content of the 
mixtures was determined in next step. The last step dealt with the assessment of the global 
warming potential of the formulated Eco-SCC mixtures. The optimized Eco-SCC mixtures met 
all the requirements of self-consolidation in the fresh state. The 28-day compressive strength of 
such mixtures complied with the target range of 25 to 35 MPa. In addition, the mixtures showed 
sufficient performance in terms of drying shrinkage, electrical resistivity, and frost durability 
for the intended applications. The eco-performance of the developed mixtures was satisfactory 
as well. It was demonstrated in the last phase that the robustness of Eco-SCC is generally good 
with regards to water content variations and coarse aggregate characteristics alterations. Special 
attention must be paid to the dosage of SP during batching. 
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CHAPTER 1 INTRODUCTION 

Although concrete is a green material, its substantial worldwide production still places concrete 

industry among the important contributors to global warming through CO2 emissions. The 

release of CO2 during cement clinker production is an environmental issue associated with the 

material concrete [Damineli et al., 2010; Flatt et al., 2012; Malhotra, 2002, 2006; Mehta, 2002; 

Proske et al., 2013; Yang et al., 2013]. Even in the modern day cement plants that employ 

alternative fuels and optimized calcination processes, the production of 1 ton of cement emits 

between 0.66 to 0.82 ton of CO2 into the atmosphere [Turner and Collins, 2013]. Thus, designing 

concretes with lower environmental impact has become an important mission for the industry 

in the recent decades. There are two general approaches to produce such type of so-called 

‘Ecological (Eco) concrete’ [Habert and Roussel, 2009]. The first approach is based on 

increasing the powder content (cementitious materials + filler finer than 125 µm) per unit 

volume of concrete to improve mechanical properties and durability of concrete. In this manner, 

the total volume of needed concrete can be reduced (smaller sections are required), and the 

service life can be extended, both of which can contribute to reduce the total CO2 emissions. 

The second strategy involves reducing the use of cementitious materials while keeping the same 

level of performance for the mixture. This is usually achieved by replacing cement (as the most 

pollutant ingredient of concrete in terms of CO2 emissions) with supplementary cementitious 

materials (SCM), such as fly ash (FA) or silica fume (SF). It can also be done by decreasing the 

total amount of powder materials in a unit volume of concrete mixture by means of an optimized 

particle packing density. The choice of which method to employ depends mostly on the type of 

element and application. These two approaches may be combined as well. 

Self-Consolidating Concrete (SCC) is a type of concrete that can flow and fill the formwork 

under its own weight and without external vibration and with no excessive segregation. 

Producing SCC normally requires higher powder content (cement content) and lower water-to-

powder ratio (w/p), compared to conventional concrete, to achieve the self-consolidating 

features [Khayat, 1999]. This high powder content and low w/p results in relatively high 

compressive strength and durability aspects that are not always necessary for normal 

commercial and residential applications. In this respect, the detrimental ecological impacts 

associated with SCC is even more critical not to mention the undesirable increased unit 
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production cost. Thus, the use of SCC in the aforementioned applications is less advantageous 

in terms of sustainability due to environmental and economic issues [Figueiras et al., 2009]. In 

this regard, an Ecological SCC (Eco-SCC) with a low powder content could be of great interest 

since it embodies the advantages of both self-consolidation and ecology while reducing the cost 

of materials [Mueller et al., 2014]. 

In the literature, the term Eco-SCC is not well defined and is globally used to address SCCs 

with reduced cement content. Generally, in such research works there is no limits on the amount 

of powder materials. The approach adopted in the present Ph.D. work is based on the 

classification of SCC mixtures with respect to powder content according to the ICI Rheocenter 

[Wallevik et al., 2014] as presented in Table 1-1. Thus, Eco-SCC in this research refers to a type 

of SCC with total powder content lower than 315 kg/m3 and 28-day compressive strength within 

the range of 25 to 35 MPa. Eco-SCC is designed to be used in ready-mix applications where 

normal durability characteristics suffice, such as residential and commercial construction. This 

concept was proposed for the first time by [Wallevik et al., 2009], and the pilot project was 

carried out by [Mueller, 2012]. 

 

Table 1-1 SCC classification in terms of powder content (ICI Rheocenter)                  
[Wallevik et al., 2014] 

 

SCC type Powder content 

Rich SCC 575 kg/m3 

Regular powder content SCC 515 ± 40 kg/m3 
Lean SCC 425 ± 40 kg/m3 
Green SCC 355 ± 40 kg/m3 
Eco-SCC ≤ 315 kg/m3 
EcoCrete-SCC ≤ 260 kg/m3 
EcoCrete-Xtreme ≤ 220 kg/m3 

 

The main strategy to produce Eco-SCC is to minimize the powder content by particle size 

optimization and to reduce the use of cement by SCMs / fillers replacement. This strategy not 

only results in lower emissions per unit volume, but also promotes the reuse of industrial co-

products (sustainable materials). Many of the residual products from industries, such as SF, FA 

or ground granulated blast-furnace slag (GGBS), have characteristics that can positively 

influence concrete properties [Kraus et al., 2009; Lachemi et al., 2003]. Similarly, limestone 
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filler (LF) is shown to have the capacity to replace cement up to a certain limit (usually between 

10 to 15% of the mass of cement) and enhance the fresh properties without significant influence 

on the performance in hardened state [Ghezal and Khayat, 2002; Ye et al., 2007]. Nonetheless, 

designing complex concrete mixtures, such as Eco-SCC, and ascertaining that these mixtures 

exhibit appropriate material properties and satisfy the requirements demands a large number of 

experiments if traditional design methods are employed. This is mostly due to the delicate 

balance that should exist between the contents of different constituents of modern concrete 

mixtures if such concrete is to exhibit satisfactory performance. This process can be accelerated 

if a performance‐based design procedure capable of taking into consideration the properties of 

constituent materials is used. Such method of design should be devised to ensure concrete 

mixtures with satisfactory fresh properties as well as required hardened performance. A general 

mixture optimization method developed in this manner is a significant contribution to the wider 

application of Eco-concrete and specially Eco-SCC [Mueller, 2012]. 

Any SCC mix design must meet three important criteria in the fresh state: flowability, passing 

ability, and segregation resistance or stability [Khayat, 1999]. Obtaining the last one in the case 

of Eco-SCC is challenging due to the high fluidity (low yield stress and plastic viscosity) of the 

paste mainly originating from the high w/p of Eco-SCC. The w/p of Eco-SCC is intrinsically 

high since the powder content is low, and in order to obtain the minimum matrix volume 

necessary to attain self-consolidation, it is unavoidable to increase the water content. Note that 

the water demand may be reduced by means of air-entrainment, but this results in low plastic 

viscosity of the matrix. 

Thus, the stability of the mixture needs to be mainly provided by the granular skeleton, i.e. sand 

and coarse aggregate particles. An important phenomenon affecting the stability level of a 

granular skeleton is the particle lattice effect (PLE). PLE means that the settlement of a single 

particle in a given fluid is different from that of a group of particles (two or more particles) 

[Bethmont, 2005; Bethmont et al., 2009]. The PLE is controlled by the particle-size distribution 

(PSD) and rheological properties of the suspending medium. However, PLE is not a well-

investigated parameter in the literature since few researchers carried out detailed studies on how 

this phenomenon actually takes place in a concrete mixture and enhances stability. Knowing 

that PLE is suggested to be the key parameter in assuring the stability of Eco-SCC [Wallevik et 

al., 2009], the importance of this phenomenon to maximize stability of the granular skeleton in 
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Eco-SCC is therefore investigated in this thesis. It should be borne in mind that stabilizing 

admixtures or viscosity modifying agents (VMA) can increase, to some extent, the stability of 

SCC mixtures (including Eco-SCC) by increasing the plastic viscosity of the mixture [Khayat, 

1998]. However, in case of Eco-SCC, the stability design of the mixture should not solely rely 

on the use of such admixtures. 

1.1 Definition and objective of research 

In the current research work, an attempt is made to achieve Eco-SCC mixtures, as defined in 

Table 1-1, with minimal trial and error experiments, i.e. a systematic design procedure taking 

into account the properties of available material. The approach adopted here is to produce Eco-

SCC with low CO2 footprints via reduction of the cement and total powder contents relative to 

ordinary SCC. The specific objectives of this work are as follows: 

- Phase I: an extensive experimental program is undertaken to understand the underlying 

principles of PLE. More specifically, the objective of this part is to determine the effect of PSD 

on PLE and segregation of suspensions. The studied suspensions include model materials (glass 

beads mixed with limestone paste) as well as SCC mixtures. 

- Phase II: this step involves the development of a global mix design procedure to produce Eco-

SCC. An important parameter to determine here is the PSD of sand and coarse aggregate. This 

choice is partially based on the results obtained from the first stage (PLE study). Once the design 

method is established, various properties of the developed Eco-SCC mixtures, such as fresh 

properties, mechanical characteristics, and durability aspects of optimized Eco-SCC mixtures 

are examined 

- Phase III: the last part of the study deals with the robustness of the Eco-SCC mixtures produced 

with the proposed protocol. This phase is particularly essential for the production of Eco-SCC 

in ready-mix plants. 

1.2 Originality 

As discussed earlier, Eco-SCC can be made with a powder content as low as normal vibrated 

concrete. However, no systematic mix design procedure is proposed to achieve this type of 

concrete. Hence, in this investigation, it is strived to find a systematic and global method to 
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design Eco-SCC. Although the method developed in this dissertation is generally adopted from 

the literature, there are some novel features that are proposed here. The applicability of the 

proposed protocol to design Eco-SCC is examined for the first time. It must be noted that the 

developed protocol is useful for the design of normal SCC as well. 

Apart from the design method, as the particle lattice effect is a key factor for proper design of 

Eco-SCC, a comprehensive study on the effect of this phenomenon on stability of suspensions 

is undertaken which may contribute to a more successful design of ordinary SCC as well. The 

results of this part provide an extensive insight into the mechanism of PLE phenomenon. 

Consequently, the influencing parameters are determined which can be used to maximize the 

stability of the SCC mixtures. Based on the outcome of this research, two new indices are 

proposed. The first one allows to compare the lattice effect potential of different PSDs to be 

used in a given suspending medium. The second index deals with the prediction of the final state 

of segregation of a suspension of particles in a fluid as a function of both particles and the 

suspending fluid properties. Both indices are powerful tools to design novel Eco-SCC materials 

(or SCC in general) with adequate stability. 

1.3 Outline of document 

This dissertation is comprised of eight chapters, as explained in brief subsequently. The 

introduction places the subject of the Ph.D. project in context by stating the need for this research 

based on the shortcomings of the literature. The definition and objectives of the research 

program as well as the original contributions are presented in this chapter. Chapter 2 provides 

an overview of the pertaining literature with regards to different subjects addressed in this work. 

Results of the work from various researchers are compared and analyzed, and the shortcomings 

are highlighted. 

The next chapter focus on the experimental program and the methodology employed in this 

dissertation for each of the three aforementioned phases. Chapters 4, 5, and 6 present the results 

and analysis obtained from the experimental program. Chapters 4 and 5 are in paper format 

while Chapter 6 is presented in a conventional manner. Appendix A provides some further 

discussions about Chapter 4 that could not be included in that chapter (paper) due to space limits 

of the journal. Chapter 7 deals with the conclusions drawn from this Ph.D. research project along 
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with some recommendations for future works. The final chapter provides general guidelines for 

increasing the stability of SCC, in general, through a better use of PLE and for the design of 

Eco-SCC. 
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CHAPTER 2  BACKGROUND 

This chapter depicts the state of literature with respect to the subject of the research work, i.e. 

development of Eco-SCC. First, a discussion about the environmental impact of concrete and 

the strategies to reduce such impact is presented. The focus of this part is on equivalent CO2 

emissions (e-CO2), and how such emissions can be reduced by means of mix design 

optimization (Sections 2.1 and 2.2). Afterwards, the mix design procedures proposed by 

different researchers to produce Eco-concrete, lean or green SCC, and Eco-SCC are described 

and compared (Section 2.3). The fresh and hardened properties of the resulting concrete 

mixtures are stated as well (Section 2.4). These methods lay the foundation for the design 

method developed in the current work. Chapter 2 is continued with an overview of the PLE 

phenomenon and its influence on the stability of suspensions (Section 2.5). The final part of the 

literature review concentrates on the robustness of concrete, especially SCC (Section 2.6). The 

chapter is concluded with an analysis of the shortcomings of the literature and the derivation of 

research needs for this Ph.D. project (Section 2.7). 

2.1 Environmental impact of concrete 

Concrete is an overall eco-friendly material. Apart from ordinary portland cement (OPC) and 

chemical admixtures, all other ingredients of concrete have very low environmental impact. The 

issue arises from the sheer global production of concrete making this industry an important 

contributor to the global warming. The CO2 emissions from this sector corresponds to around 

7% of the annual global emissions [Flatt et al., 2012; Purnell and Black, 2012; Turner and 

Collins, 2013; Yang et al., 2013]. 

Cement manufacturing is responsible for the majority of CO2 footprint of the concrete industry 

[Malhotra, 2002]. The production of 1 kg of OPC clinker can release 0.83 kg of CO2 on average 

[“The cement sustainability initiative (CSI). Cement industry energy and CO2 performance: 

getting the numbers right”, 2013; Turner and Collins, 2013]. Considering the fact that well 

above two billion tons of OPC is produced worldwide annually [Aïtcin, 2000; Damtoft et al., 

2008], such emissions become quite significant. Over the recent decades various strategies have 

been adopted by the cement industry to mitigate the global warming potential (GWP) of OPC 
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[Mehta, 2002]. Such endeavors include, for instance, the use of alternative fuels during the 

calcination process and replacement of OPC clinker with SCM and / or fillers to produce 

blended binders [Damtoft et al., 2008; Flatt et al., 2012; Malhotra, 2002; Mehta, 2002]. These 

measures resulted in a decrease in the environmental impact of OPC and therefore concrete. 

Other methods of reducing the CO2 emissions of concrete is by optimization of the mix design 

which is of more interest to the present study [Kim et al., 2013]. 

There are two general approaches to reduce the total CO2 emissions of concrete with regards to 

mix design [Habert and Roussel, 2009]. One strategy involves decreasing the use of OPC by 

minimizing the total powder content and substituting clinker by SCM and / or filler while 

maintaining the same class of performance [Bilodeau and Malhotra, 2000; Proske et al., 2013]. 

The other method consists of increasing the amount of cementitious materials (CM), including 

OPC, per unit volume, in order to improve the mechanical performance and service life of the 

concrete and thus reduce the total volume of concrete required to construct a certain structure 

[Aïtcin, 2000; Damtoft et al., 2008; Habert and Roussel, 2009]. In some applications, the 

combination of both strategies may be employed. Design of Eco-SCC is based on the first 

approach, and therefore this point of view is elaborated subsequently. 

2.2 Reduction of CO2 emissions per unit volume of concrete 

Substituting OPC with fine alternative materials is a common method to attain Eco-concretes 

[Damtoft et al., 2008; Flatt et al., 2012]. Replacing OPC can be implemented by either mixing 

(or co-grinding) the cement clinker with alternative powder materials in the factory or by 

replacing some of the OPC with other powder materials such as GGBS, FA, SF, and LF powder 

in the fresh concrete mixture [Long et al., 2015; Rosković and Bjegović, 2005]. Nevertheless, 

the volumes of fines which can be added to concrete are limited by the design codes. These 

limitations are to control the side effects of clinker substitution, such as increased setting time 

or reduced compressive strength [Damtoft et al., 2008; Felekoğlu, 2008]. 

The second method is adopted for this dissertation since it allows for a more flexible choice of 

powder composition based on optimization results. Cement-replacing powder materials can be 

divided into two categories: SCMs and fillers. An SCM can be defined as reactive particles that 

actively produce a binding structure between the aggregate and the inert particles. In addition to 
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the binding ability, such particles can improve the properties of the concrete by increasing the 

packing density of the mixture and decreasing the water demand, if used properly (filler effect). 

The SCMs fall into three groups: hydraulic binders, latent hydraulic materials, and pozzolanic 

materials. Depending on the type of binder used, a concrete mixture can develop a quite different 

microstructure resulting in a considerably variable fresh and hardened behavior compared to an 

OPC [Damtoft et al., 2008; Flatt et al., 2012; Mohammed et al., 2013]. 

Fillers can be defined as inert fine particles which do not actively form cement gel. Even though 

such materials do not directly participate in the hydration process, they help improving the 

formation and orientation of cement gel crystals by providing nucleation sites where cement gel 

can settle. As a result, a better bonding structure between cement gel and aggregates is attained, 

and the cement matrix around the aggregates in the interface zone becomes denser [Moosberg-

Bustnes et al., 2004]. Fillers can enhance the particle packing density of the powder composition 

as well resulting in a lower water demand or an improved workability [Mňahončáková et al., 

2008; Moosberg-Bustnes et al., 2004; Poppe and De Schutter, 2005; Topçu and Uğurlu, 2003; 

Uysal et al., 2012; Ye et al., 2007]. In addition to the reduction of OPC employment in a concrete 

mixture by replacement, it is beneficial to minimize the total powder content (all particles 

smaller than 125 µm excluding fines from sand) of mixtures to further decrease the amount of 

OPC and thus CO2 emissions. 

Optimizing the granular skeleton so that the volume of voids is minimized leads to a lower 

amount of paste needed to fill in such voids resulting in a lower powder demand in the concrete 

mixture (while keeping w/p constant). In this way, the concrete can still attain sufficient strength 

[Damtoft et al., 2008; Flatt et al., 2012; Proske et al., 2014]. Hence, this method is utterly useful 

for designing Eco-concretes. The two most common techniques to optimize PSD are as follows: 

1. Optimization curves: different particle size-classes are combined in a manner that the overall 

PSD shows the least deviation from a target optimized PSD curve (see 2.2.1). 

2. Particle packing models: these are analytical models that calculate the total packing density 

of a mixture based on the geometry of the combined particle classes. Here, the total PSD of the 

particles is optimized to reach the highest packing density (see 2.2.2). 

Each of these approaches is briefly explained in the following sections. 
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2.2.1 Optimization curves 

The general form of the parabolic grading, called parabolic or power-law gradings, is given in 

Eq. 2.1: 

 

P d =
d

dmax

q

    q ≠ 0                                         (2.1) 

 

In Eq. 2.1, P(d) is the fraction of total solids smaller than size d, dmax is the maximum particle 

size of the total grading, and q is the distribution modulus. Thus, d varies between dmin 

(minimum particle size) and dmax. A widely known ideal grading curves is the one proposed by 

[Fuller and Thompson, 1907], known as Fuller and Thompson curve, for which q is 0.5. Eq. 2.1 

presents a good approximation for the ideal curve, i.e. the curve with minimal volume of voids. 

However, this equation can hardly be fulfilled in practice since it assumes particles of infinite 

fineness, i.e. dmin = 0. Therefore, the Fuller and Thompson model specifies a lower limit of No. 

200 sieve (0.074 mm opening) and stipulates that at least 7% of the total grading should be finer 

than this size [Hunger, 2010]. [Andreasen and Andersen, 1930] showed that the voids fraction 

of any grading obtained from Eq. 2.1 only depends on the value of q.  

Based on the varying distribution modulus, q, suggested by [Andreasen and Andersen, 1930] as 

well as the concept of a finite minimum particle size proposed by [Palm and Wolter, 2009], 

[Funk and Dinger, 1994] proposed the following expression for the optimum grading of highly 

concentrated coal slurries: 

 

P d =
dq-dmin

q

dmax
q -dmin

q      q ≠ 0                                        (2.2) 

 

This equation is sometimes called the modified Andreasen and Andersen grading, but from here 

on in the current report, this curve is called the FD curve. [Funk and Dinger, 1994] proposed a 

q of 0.37 for optimum packing density of the granular skeleton. It is assumed that this 

distribution law delivers a feasible solution for practical purposes. As mentioned before, when 

discussing the grading of Andreasen and Andersen (Eq. 2.1), it is believed that decreasing values 
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of q can lead to better packing densities of granular materials, which theoretically yields an 

optimum q value in the range 0 – 0.28 (q ≠ 0) [Brouwers, 2006].  

The FD curve was successfully employed by [Brouwers and Radix, 2005; Hunger, 2010] and 

[Mueller, 2012] to design green SCC and Eco-SCC. Hence, this curve is selected in this study 

to be used for the development of Eco-SCC mixtures. For further information about other ideal 

curves that can be found in the literature, the reader is referred to [de Larrard, 1999a]. 

Optimizing the grading curve is a relatively simple method which requires a few input 

parameters. Once the value of q is determined, the optimization of concrete mixtures mainly 

depends on the particle distribution of the available materials. However, such optimization 

technique does not take into account the shape and packing density of the particles. Thus, the 

output of the aforementioned equations is a continuous PSD based on the geometrical 

considerations and does not necessarily yield in the combination with the highest packing 

density. Researchers, such as [Hunger, 2010; Le et al., 2015; Mueller, 2012], recommended 

values of q for green or Eco-SCC mixtures that can enhance the stability and rheology of the 

mixtures. Such mixtures showed adequate performance (passing and filling abilities, stability, 

mechanical properties, and durability) according to experimental results obtained from 

successful concrete mixtures. Nevertheless, these values depend on the properties of the 

materials used in those projects. Thus, a global method for the determination of q, capable of 

taking into account the properties of the locally available materials, is required. A more complete 

discussion of this subject along with the proposed procedure developed in this dissertation can 

be found in Chapter 5. 

2.2.2 Particle packing models 

Particle packing models are mathematical equations describing the geometrical interactions 

between particles of different sizes in a mixture. Such models provide the theoretical packing 

density of a granular mixture based on the PSD of the mixture and packing density of each 

particle size-class. For mixture optimizations by means of particle packing models, the inputs 

include PSD, density, and packing density of each particle group used in the concrete. Then, the 

theoretical packing density of different combinations of these particle groups is determined until 

the maximum packing is reached (the optimum mixture). [Fennis, 2010] showed that this 
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method was effective to produce Eco-concrete as well as green SCC. Various particle packing 

density models can be found in the literature. 

The Furnas model [Furnas, 1929] is only valid for two groups of monosized particles without 

interaction between the particles (d1 >> d2). Most of the recent models originate from this one. 

Schwanda model [Fennis, 2010] is an extension of the Furnas theory enabling to account for 

particle packing density and PSD of each particle class, and the effect of particle shape as well 

as texture (indirectly). This is an easy-to-use model with no limit on the number of particle 

groups to be considered [Geisenhanslüke, 2008].  

The compressible packing model (CPM) [de Larrard, 1999a] constitutes the compaction of a 

mixture via the virtual compactness (β) which is defined as the maximum potential packing 

density of a mixture if the particles are placed one by one in such a way that a minimum space 

is occupied. Such configuration for a group of monosized spheres results in β = 0.74, while a 

randomly packed particles of this nature attain a packing density in the range of 0.60 to 0.64. 

The virtual packing density is higher than the real packing density, which depends on the applied 

compaction energy characterized by the scalar K. As K tends towards infinity, the real packing 

density approaches the virtual packing density. K depends on the compaction energy and should 

then be defined according to the compaction process. Thus, if for each particle size-class the 

packing density and the associated K index is determined experimentally, the CPM can predict 

the packing density of any combination of such particle groups [de Larrard, 1999a]. 

The effects of particle shape and texture are indirectly taken into account in the CPM. Deploying 

the CPM is more complicated than the aforementioned models, but it provides an accurate 

prediction of packing density of any combination of a group of particles with different PSDs as 

long as the surface forces are negligible [Fennis, 2010; de Larrard, 1999a]. In the current 

research work, this model is employed for the theoretical calculation of packing density. 

The compaction – interaction packing model (CIPM), developed by [Fennis, 2010], is an 

extension of the CPM by [de Larrard, 1999a] in order to include interactions due to the surface 

forces for very fine particles. The parameters of the CIPM are very similar to those of the CPM. 

For particles finer than 125 μm, surface forces can exceed the gravitational forces causing the 

particles to agglomerate. This phenomenon can influence the randomness of the packing 

structure which is usually assumed for the analytical mathematical formulation of packing 

models. Although this model is quite promising for the prediction of the packing density of 
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powder materials, further investigation is necessary to verify the applicability of the empirical 

parameters of the equations to materials and admixtures other than the ones used by [Fennis, 

2010]. The effect of superplasticizers (SP) is particularly important to be studied since it 

influences the level of dispersion of fine particles in a suspension which in turn affects the 

measured packing density. This phenomenon may have an influence on some of the coefficients 

fitted experimentally in the CIPM by [Fennis, 2010]. 

2.3 Design methods for eco-friendly SCC 

SCC was first employed in commercial applications of large scale in the late 1980s in Japan. 

The Japanese mix design method elaborated by [Okamura and Ozawa, 1995] is still the 

foundation for a number of mix design approaches for SCC production [Hunger, 2010]. This 

mix design is based on three main requirements: limited aggregate content, low w/p, and use of 

SP. To achieve the self-consolidating properties, this design method introduces some 

restrictions. For instance, the coarse aggregate content is fixed at 50% of the total solid’s volume 

in order to prevent blocking and segregation of coarser aggregate and to reduce interaction 

between coarse particles [Okamura, 1997]. This results in a low internal stress so that there 

remains enough energy required for self-flowing. Moreover, the sand volume fraction is fixed 

to 40% of the mortar volume. Another variable which is fixed in advance is the water/cement 

ratio, w/c, that is kept constant in a range of 0.9 to 1.0, by volume.  

After the initial Japanese mix design concept, several other methods based on different 

principles, such as empirical design, compressive strength design, aggregate packing density, 

and statistical methods as well as rheology-based design, were proposed. An utterly 

comprehensive review of such methods is presented by [Shi et al., 2015]. One such mix design 

method for the design of SCC was proposed by [Su and Miao, 2003]. In this procedure, the state 

of packing of fine and coarse aggregate fractions are considered integrally. First, the aggregate 

fractions are combined in such a way that the minimum void fraction is achieved. In this manner, 

the amount of paste required to obtain the desired fluidity is minimized. In order to assess the 

dense packing of granular skeleton, a packing factor (PF) is introduced. Note that the Japanese 

method only accounts for the packing density of gravel or sand. However, SCC undergoes a 

self-consolidation during flow which results in packing densities higher than that of the loose 
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state. The packing factor of an aggregate mixture depends on the gravel to sand ratio and needs 

to be determined for each individual case. Therefore, the packing factor quantifies how much 

the packing of aggregate mixtures improves when compacted compared to the loose state and 

reads as 

 

PF = ρd

ρloose

                                                          (2.3) 

 

with ρd being the apparent density of the aggregate mixture after compaction, and ρloose being 

the loosely piled density of the same mixture. Afterwards, the remaining voids in the granular 

skeleton are filled with paste. These further steps are similar to the Japanese Method or other 

mix design concepts.  

An analysis of the PSDs of the best performing mixtures obtained from the aforementioned 

Chinese mix design method by [Brouwers and Radix, 2005] revealed such PSDs are rather 

similar to the FD curves (Eq. 2.2). Thus, this grading was used by [Brouwers and Radix, 2005] 

to develop a new mix design method using the FD curve as the target PSD to optimize the 

volumetric fractions of all solid materials. This concept was employed by [Hunger, 2010] to 

produce lean SCC mixtures as described in the next section. 

2.3.1 Mix design method proposed by [Hunger, 2010] for lean SCC 

This mix design concept can be explained as an optimization algorithm based on the FD curve 

(Eq. 2.2). In this respect, the volumetric fractions of all solid materials are determined so that 

the deviation between the real grading curve and the target curve (Eq. 2.2.) is minimized. All 

calculations regarding the particle fractions are carried out on a volume basis. Therefore, the 

PSDs of all materials (k = 1, 2, .., m) as well as the densities are needed as input data. In addition, 

Eq. 2.2 requires the input of defined particle sizes. The geometric mean, d̅i;geo, of the upper (di+1) 

and lower size limits (di) of the respective fraction is used as an input for d in Eq. 2.2. The size 

ratio between two successive fractions is fixed at √2. The respective smallest and largest particle 

sizes (dmin and dmax) result from the choice of the finest and coarsest materials, respectively, that 

are involved in the mixture to be optimized. 
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As a last step, the exponent q of Eq. 2.2 (the distribution modulus) should be determined. 

[Hunger, 2010] presented powder type SCC mixtures, with an adequate performance, optimized 

by distribution moduli in a range between 0.21 and 0.25. This range appears to be suitable, 

depending on granular properties such as particle shape and surface texture although such 

recommendation is not global and depends on the material used in that research. It is mentioned 

that with q > 0.25 granular skeleton becomes too coarse and is not flowable without the 

incorporation of a viscosity enhancing admixtures (VEA). The other extreme, i.e. q < 0.21 seems 

to produce mixtures with high volumes of fines which are very cohesive and highly viscous. 

These mixtures still satisfy the requirement of SCC but flow very slowly due to high viscosity 

[Hunger, 2010]. 

Once the target PSD is obtained by means of the above mentioned parameters, the least square 

method is used to solve a curve fitting problem to achieve minimal discrepancy between target 

grading Ptar
'  (Eq. 2.2) and the actual mixture Pmix

'  for all n size-classes [Hüsken and Brouwers, 

2008]. Hence, the sum of the squares of residuals (RSS) should be minimized as follows 

 

RSS= Pmix
' di

i+1 -Ptar
' (di

i+1)
2
 →min

n

i=1

                       (2.4) 

 

The variables used by this algorithm include the total solid volume, Vsolid, and the individual 

volumetric proportions, vsolid,k, of each solid ingredient given by Eqs. 2.5 and 2.6, respectively: 

 

Vsolid= νsolid, k=Vtot-Vw-Vair

m

k=1

                                   (2.5) 

 

νsolid,k=
Vsolid,k

Vsolid
                                                       (2.6) 

 

where Vtot, Vw, Vair, and Vsolid,k are the volumes of concrete, water, air, and solid material k, 

respectively. With this framework of an optimization algorithm, some constraints are now 

required to adapt the model regarding the practical needs of a mix design tool. A rule enforces 

that the volumetric proportion of a selected material, vsolid,k (k = 1, 2, ..., m), must be equal to or 
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larger than zero. Another logical constraint refers to the volumetric equilibrium of the mixture 

as expressed with Eq. 2.6, ensuring that the sum of all volume fractions of solid materials is 

equal to unity. The total mixture volume must equal unity as well. In addition to the 

aforementioned constraints, there is some more input required in order to meet the requirements 

of standards and building specifications concerning minimum cement content, maximum w/c, 

and the allowable cement replacement rate by SCM and filler. This latter information is inserted 

by the user for each application. 

Before the optimization algorithm is run, w/p is employed to determine the amount of mixing 

water. [Hunger, 2010] proposes that this indicator can be a reliable design parameter regarding 

the desired workability and strength. It was found that a w/p of 0.3 is an appropriate starting 

point for setting a water content for the optimization algorithm. With all materials selected 

(supposing the corresponding PSDs are known) and the required inputs defined, an optimization 

problem is formulated and solved. The output is all data on the volume fractions of employed 

materials (a complete concrete mix design). This step is followed by mortar experiments in order 

to adjust water and superplasticizer amounts for the desired fresh mortar properties that lead to 

satisfactory SCC mixtures.  

The mortar mix design is obtained by eliminating all aggregates with a particle size larger than 

4 mm from the optimized SCC mixture derived from the algorithm. [Hunger, 2010] proposes a 

starting SP dosage of 0.7% mass of the powder amount for the specific type of used SP.  

In fresh state, the mini-slump flow and the mini-V funnel tests are performed on self-

consolidating mortars. It is shown that mixtures located within a ‘workable box’, limited by 

mini-V funnel flow times between 1.6 and 6 s, and mini-slump flow values from 300 to 360 mm 

can exhibit sufficient flowability and stability [Hunger, 2010]. Mortars designed within such 

limits are expected to result in stable and self-consolidating mixtures when converted to the 

concrete scale. The final step of the new mix design concept developed by [Hunger, 2010] is to 

examine the resulted SCC mixtures. The performance of these mixtures is presented in Section 

2.4. 

This mix design procedure in the current form seems promising to be used to develop Eco-SCC, 

particularly due to the fact that the use of an appropriate PSD for sand and coarse aggregate is 

a key design parameter for Eco-SCC [Mueller, 2012; Wallevik et al., 2009]. However, a few 

remarks can be made here. First, if a total powder content of 315 kg/m3 or less is to be reached 
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(as per definition of Eco-SCC in Table 1-1), the value of q in Eq. 2.2 should be quite larger than 

the upper limit of 0.25 proposed by [Hunger, 2010]. Such coarse skeleton results in blocking 

and segregation problems. Thus, for Eco-SCC design, it is suggested to consider only sand and 

coarse aggregate for the PSD optimization and find other criteria, such as minimizing the water 

demand, for the choice of power composition. A relationship between different values of q and 

the packing density of the corresponding combination of sand and coarse aggregate can be 

established in order to choose a value of q that leads to a packing density near the maximum. 

Another factor to be considered is the blocking probability, i.e. the value of q should not be too 

high. Otherwise, the coarse aggregate volume is too large resulting in blocking (and segregation 

in some cases). Finally, the mortar experiments may not be necessary for Eco-SCC as the water 

content and SP dosage are not adjustable much according to [Mueller, 2012]. Further 

discussions on this subject is presented in Chapter 5. 

2.3.2 Mix design method developed by [Fennis, 2010] for Eco-concrete 

The mix design procedure developed by [Fennis, 2010] is based on the optimization of volume 

fraction of all solid particles in order to obtain the maximum packing density. The CIPM, as 

briefly explained in 2.2.2, is used for the calculation of packing density. 

[Fennis, 2010] argues that the compressive strength should be a controlling parameter in the 

design procedure. Since packing density influences both water demand and the strength of 

concrete, a three step cyclic design method is proposed to achieve an Eco mixture. It should be 

kept in mind that, at this point, the design method is only valid for mixtures including Glenium 

51 until the equations of the CIPM model for other SP types are further investigated. 

An existing mixture (CVC, SCC, etc.) is employed in the first step to find a mixture with the 

highest particle packing. The output of the CIPM in this step is a mixture composition with the 

corresponding packing density, αt.  

In the next step, the water demand of the mixture is determined. In order to predict the water 

demand of an ecological mixture from the packing density of the granular skeleton, two different 

theories are investigated by [Fennis, 2010]: the excess paste layer theory and the excess water 

layer theory. The former was originally developed to help designing SCC mixtures and was 

proven to be useful by some researchers [Fraaij and Rooij, 2008; Grünewald, 2004; Li and 



18 CHAPTER 2 BACKGROUND 

 
 

Kwan, 2011, 2013; Reinhardt and Wüstholz, 2007]. The volume of excess paste is calculated 

from Eq. 2.7: 

Vep=Vcp-Vaggregate

1-αaggregate

αaggregate
                                   (2.7) 

 

with Vep, Vcp, and Vaggregate being the volumes of excess paste, cement paste, and sand plus coarse 

aggregate. αaggregate is the maximum packing density of sand and coarse aggregate which can be 

determined either experimentally or by means of CIPM. Eq. 2.8 is deployed to derive the 

thickness of the excess paste layer, tep, from the Vep [Midorikawa et al., 2009]. Particles in each 

size group are assumed to be spherical, and tep is assumed to be constant for different sizes of 

particles. 

 

Vep=
1

6
π (di+2tep)3-di

3 Vi

1
6 πdi

3

n

i=1

                                (2.8) 

 

where di and Vi are the geometric mean diameter and volume of particle size-class, i, 

respectively. [Fennis, 2010] observes that there is a weak correlation between the mortar flow 

values and tep. It is explained that, due to the interactions, the cement paste and cement particles 

exert a larger influence on the packing density fine of sand than on the packing density of coarse 

sand. The presence of cement paste in the mixture makes it necessary to adjust αaggregate used to 

calculate the amount of excess paste meaning that the packing density of the entire granular 

structure should be used. Thus, flowability is influenced by the excess amount of water present 

in particle mixture as explained by the excess water layer theory. 

In the excess water layer theory, part of the available water is consumed to fill in the voids 

between the particles while the remainder forms a water layer of thickness tew, which is well 

related to the flowing behavior of cement paste. tew can be computed from Eq. 2.9 [Krell, 1985]: 

 

tew=
Vew

Apmp
=

Vw-Vp
1-αt
αt

Apmp
                                       (2.9) 
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where Vew, Vw, and Vp are the volumes of excess water, water and particles, respectively. Ap and 

mp are the specific surface area and mass of the particles, correspondingly. [Fennis, 2010] uses 

the experimental packing density as αt and the Blaine values for AP. [Fennis, 2010] reports that 

there is no apparent (unique) relationship between the viscosity measurements and tew for the 

studied pastes. However, for a given w/c, good correlation are found between the flow values of 

mortars and the corresponding tew. In order to establish a more general relationship, [Fennis, 

2010] mentions the concept of relative water volume, Wrv given by Eq. 2.10: 

 

Wrv=
Vew

Vw+Vp αt
=

Vw-Vp
1-αt
αt

Vw+Vp αt
                                (2.10) 

 

In this equation the excess water is not determined as thickness of water layer around the 

particles, but calculated as a relative water volume with respect to the maximum packing 

density, αt. [Fennis, 2010] found a satisfactory correlation between Wrv and the flow value for 

mortars made from different types of cement, filler, and sand with variable w/p. By means of 

φmix, partial volume of all the solid particles in the mixture, the flow value can also be related to 

the total volume of water in a mixture. [Fennis, 2010] shows that the flow value of mortars 

correlates well with φmix/αt which can be used to determine the water demand of a mixture for a 

given flow value. φmix and thus the volume of water can be adjusted to the required consistency 

through either previously established empirical relationships such as one proposed by [Fennis, 

2010] or by calculations. Calculations are carried out according to Eq. 2.11 in which the design 

values of φmix/αt that comply with the desired workability are required.  

[Fennis, 2010] proposes some design ranges that are applicable to concretes with powder 

content lower than 16% of total concrete volume (powder is refers to material finer than 250 

μm). The design values are determined on ecological concrete and are based on the use of 

Glenium 51. Therefore, such recommended ranges cannot yet be employed on concrete 

containing other types of SP until proven to be valid. Furthermore, for other types of concrete, 

such as SCC, the design values of φmix/αt vary, probably due to the much higher amount of 

powders in the mixture and the lower values of αt. When water absorption of the materials and 

predicted air content are available, the amount of water to be dosed during the mixing process 

can be adjusted in this step, accodingly. 
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Vw= 1-φmix-
aircontent

100
Vmix                                (2.11) 

 

Having established the water content to secure adequate workability, the strength is now 

predicted from the water available in the mixture to fill voids and surround particles (excluding 

the absorbed water). [Fennis, 2010] states that the compressive strength exhibits a better 

relationship with the cement content than the powder content. Hence, a more appropriate 

approach to derive a relationship between packing density and compressive strength is to 

consider simultaneously the influence of both w/c and w/p. 

Hypothetically, the distance between the cement particles should be related to the strength of 

the concrete or mortar mixture. [Fennis, 2010] suggests using the ratio φcem/φ
cem
*  to estimate the 

cement particle distance in a stable particle structure. φcem is the volume occupied by the cement 

and φ
cem
*  is the maximum volume that the cement particles can occupy in the presence of other 

particles. When a unit volume is filled with real particles, the volume taken by the particles, 

φmix, is smaller than αt. φmix can be determined according to Eq. 2.12 

 

φmix=
Vp

Vp+Vw
                                                     (2.12) 

 

The particles in the mixture could form a stable granular structure in which the volume occupied 

by the stable particles is φmix/αt. Thus, a comparison of the spacing of the particles in a stable 

particle structure with that of a real mixture (not necessarily stable) reveals that the volume 

occupied by the stable particle structure is φmix/αt within a unit volume while the real mixture 

occupies the entire unit volume. Therefore, in the real mixture, such as a cement paste, all the 

particles are further away from each other, compared to the stable particle structure, by a factor 

1/(φmix/αt) = αt/φmix. For the total cement spacing this leads eventually to Eq. 2.13 

 

CSF=
φcem

φcem
* αt
φmix

=
φcemφmix

φcem
* αt

                                          (2.13) 

 



2.3 Design methods for eco-friendly SCC 21 

 

The cement spacing factor (CSF) includes an amount of cement via φcem, the amount of water 

in the mixture via φmix/αt and the influence of the packing density in ∗ and αt. Higher values 

of the CSF represent higher strengths. [Fennis, 2010] reports a good agreement between the 28-

day compressive strength of mortars and the CSF. The strength of the Eco-mixtures can be thus 

estimated by means of the CSF. The relationship between the compressive strength and the CSF 

is experimentally determined by [Fennis, 2010]. Within the measured range a linear relation is 

assumed. This linear relation is restricted by an upper and a lower boundary. 

The lower boundary is reached when not enough cement particles are present in order to connect 

the non‐reactive particles and aggregate. Until further research shows at which volume fraction 

of cement particles the linear relation becomes invalid, the lower boundary is fixed at CSF = 0.7 

or a minimum strength of 25 MPa. Maximum strength can be reached with very dense particle 

packing and low w/c. The upper boundary is fixed at CSF = 0.81, which is found in earth moist 

ecological concrete mixtures. When the strength is higher than requested, the amount of cement 

can be decreased. This may be applied by replacing cement with SCMs and / or fillers.  

In the last step of the cycle, similar to the procedure proposed by [Hunger, 2010], the 

requirements of the user are taken into account to adjust the mixture composition. [Fennis, 2010] 

considers the target compressive strength of the concrete as the main requirement. However, the 

set‐up of the cyclic procedure allows also for mixture design based on mixture composition 

restrictions, or mixture design based on defined performance requirements. If the predicted 

strength in the previous step is higher than the desired strength, the cement content can be 

lowered in this step. Cyclic design is necessary whenever one of the material amounts changes 

in the last design step. For instance, when the cement content is lowered due to a predicted 

strength value higher than demanded, this changes the overall PSD and thus the packing density. 

In that case the cyclic design procedure is repeated until the mixture composition does not vary 

anymore in the last design step. The performance of the developed mixtures are presented in 

Section 2.4. 

Although the proposed design protocol is quite comprehensive and effective in producing Eco-

mixtures, it is still not verified and calibrated (if necessary) for materials and admixtures other 

than the ones used for the development of the method. Since such tasks are beyond the scope of 

the present research work, the Fennis method in not used here although some of the concepts 
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are retained and utilized (see Chapter 5). In addition, as explained earlier, for the design of Eco-

SCC, the emphasis is on the appropriate PSD rather than the maximum packing density. 

2.3.3 Eco-SCC design criteria according to [Mueller, 2012] 

[Mueller, 2012] provided extensive guidelines for designing Eco-SCC rather than a systematic 

design procedure. Several Eco-SCC mixtures with powder content equal to or lower than 315 

kg/m3 were successfully made. The effects of powder composition and different admixture 

combinations on different properties of Eco-SCC mixtures were examined. However, due to the 

vast range of materials investigated, no general recommendations about the choice of powder 

composition and admixture types were made out of this part of the study. 

It was shown that the matrix volume, i.e. the volume of paste, air, and particles from sand and 

coarse aggregate finer than 125 µm, was the major parameter that should be taken into account 

to ensure minimal blocking while achieving self-consolidating rheological properties leading to 

good passing and filling abilities and a satisfactory static and dynamic stability. Thus, the paste 

volume is not the important factor to be considered when evaluating the quality of SCC. In this 

respect, the fluidity should only be increased with a stable matrix, namely the mixture fluidity 

should not be obtained by means of an oversaturation with a dispersant admixture. In general, 

the lower the plastic viscosity, the lower the matrix volume should be chosen to ensure adequate 

stability. Similarly, if a low viscosity is aimed by means of high w/b and /or air-entrainment, or 

based on aggregate characteristics, a lower matrix volume should be selected. The minimum 

matrix content for an optimized PSD was determined to be around 360 ± 10 l/m3. In order to 

obtain such matrix volume, two strategies were proposed: the Air Matrix Approach (AMA), and 

the Solid Matrix Approach (SMA). 

In the former approach, air-entrainment and fines from the aggregates (particles smaller than 

125 µm) were the main source to increase the matrix volume. In the SMA, the powder materials 

that are not usually considered as binder (such as natural Pozzolans and LF or ground basalt 

filler) plus fines from aggregate fraction provided the necessary matrix volume. In this case, the 

total powder content could surpass the limit of 315 kg/m3. For both approaches, the use of a 

stabilizer was strongly recommended. [Mueller, 2012] mentioned that considering the paste 

volume rather than the matrix volume resulted in relatively large powder content in order to 

increase the stabilizing plastic viscosity of the mixture. The compressive strength of studied 
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mixtures were quite variable depending on the binder material used and the w/b. The strength 

values fell in the range of C16/25, C40/50 (some mixtures of the AMA), and C50/60 (some 

mixtures of the SMA). Since SCC properties are governed by the matrix – aggregate 

interactions, studies considering only the matrix fraction may not lead to an optimized mix 

design of the concrete due to insufficient consideration of the coarse aggregate effects. 

It was demonstrated that the optimum PSD for the developed Eco-SCC mixtures (the PSD that 

required a low matrix volume to obtain a stable SCC) was best described by FD curve with a 

distribution modulus (q) of 0.20. Such PSD included powder fraction as well. It was argued that 

employing this PSD results in a higher PLE for stabilization which allows for a low-viscous 

matrix in which the water and air content can be increased compared to the matrix proportion 

in a conventional SCC. It was demonstrated that using the Fuller & Thompson ideal curve 

instead of FD model resulted in a higher powder demand mainly to achieve the plastic viscosity 

needed to prevent segregation. 

The work presented by [Mueller, 2012] shows the importance of determining the lowest matrix 

volume suitable for a given aggregate, considering the shape, texture, and PSD when designing 

a low-powder SCC (Eco-SCC). In this regard, it is essential to quantify the packing density of 

sand and coarse aggregate proportions for materials that are to be employed in a certain 

application. Since the distribution modulus, q, is linked to the packing density of the particles 

[Brouwers and Radix, 2005], the maximum packing density can become the basis to determine 

q. However, as mentioned earlier, too small or too large values of q may result in granular 

skeletons that are not appropriate for SCC. Thus, other criteria such as extremely high plastic 

viscosity or risk of blocking and segregation should be taken into account. Another important 

aspect of results obtained by [Mueller, 2012] is that the water content of Eco-SCC is limited by 

the minimum necessary matrix volume and segregation leading to a narrow range between 180 

and 200 kg/m3 depending on other mixture compositions. Finally, it is obvious from that project 

that the choice of powder composition and SP and stabilizer dosages are not easy to make. A 

wide range of requirements in both fresh and hardened states need to be considered. 

One way to determine the powder composition is by selecting the volumetric fraction of each 

powder material in a manner to maximize the workability of the powder materials combination 

for a given water demand. This can be achieved by rheological optimizations on pastes as 

discussed in Chapter 5. 
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The next sections deal with the performance of Eco-concrete in both fresh and hardened state. 

2.4 Performance of Eco-efficient concrete 

This section summarizes the performance of Eco-concrete mixtures of different types in both 

fresh and hardened states including durability. The emphasis here is on mixtures with reduced 

clinker and / or total powder contents per unit volume and may involve conventional vibrated 

concrete (CVC) and high-performance concrete (HPC), such as SCC. 

2.4.1 Properties in fresh state 

The mixtures produced by [Hunger, 2010] were in the categories from lean to binder-rich SCC 

with cement contents between 266 kg/m3 and 400 kg/m3 while the powder contents varied from 

400 kg/m3 to 679 kg/m3. The SCMs and filler materials employed included FA, LF and granite 

powder as well as marble powder. The slump flow values and V-funnel flow times for these 

mixtures fell within the range of 600 to 890 mm and 3 to 38 s, respectively. The mixtures 

exhibited satisfactory blocking behavior and segregation resistance in general. The presented 

SCC (except for two) did not contain VEA and required, on average, 0.8% SP relative to the 

mass of total powder content.  

[Fennis, 2010] used the developed mix design procedure (explained in Sub-section 2.3.2) to 

make both Eco-CVC and lean SCC mixtures with target slump flow between 600 and 800 mm, 

V‐funnel flow‐times within the range of 5 to 15 s. The CVC mixtures contained 110 to 125 

kg/m3 of cement and about 260 kg/m3 of total powder materials including FA, quartz filler, and 

ground incinerator bottom ash. The slump values varied between 30 to 140 mm and thus were 

appropriate for different types of applications. Two optimized lean SCC mixtures with cement 

and total powder contents of around 308 kg/m3 and 390 kg/m3 were produced. The mixtures 

exhibited slump flow values of 580 mm and 650 mm, and V-funnel times of 7 s. Both mixtures 

were found to be stable. 

[Mueller, 2012] reported SCC mixtures with cement contents between 220 and 315 kg/m3. The 

total powder content was within the range of 315 to 470 kg/m3. Thus, the investigated SCC 

mixtures included Eco-SCC, green SCC, lean SCC, and regular-powder SCC. The slump flow 

of these mixtures fell in the range of 500 to 720 mm. Most of the Eco-SCC mixtures showed 
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slump flow values around 600 ± 20 mm. The yield stress and plastic viscosity of the studied 

mixtures varied between 20 to 120 Pa and 10 to 60 Pa.s, respectively. Thus, some of the mixtures 

were outside the recommended area for ordinary SCC rheological properties as proposed by 

[Wallevik and Wallevik, 2011] (see Chapter 5). Most of the mixtures satisfied the passing ability 

criterion as characterized by the J-Ring blocking index. Such mixture were found to have 

sufficient matrix volume to serve as lubricant between the sand and coarse aggregate. Most of 

the mixtures were shown to be stable, and the level of stability was comparable or even superior 

to the regular-powder SCC. Hence, most of the Eco-SCC mixtures developed by [Mueller, 2012; 

Mueller et al., 2014] met the requirements for SCC in the fresh state. 

[Wallevik et al., 2014] developed a new type of SCC, called EcoCrete-Xtreme, containing less 

than 100 kg/m3 of cement and 220 kg/m3 of total powder materials. Such concrete was reported 

to exhibit a slump flow value of 650 ± 50 mm, V-funnel flow times between 5 to 10 s, a yield 

stress of around 50 Pa, and plastic viscosity not higher than 50 Pa.s. EcoCrete-Xtreme is 

particularly suitable for aesthetically important elements due to its high filling ability.  

Lean SCC mixtures designed by [Ghezal and Khayat, 2002] had cement and total powder 

contents within the ranges of 280 to 400 kg/m3 and 375 to 470 kg/m3, respectively. Cement was 

only replaced by moderately fine LF. The slump flow values and V-funnel flow times ranged 

between 620 to 890 mm, and 1.5 to 5 s, respectively. The mixtures exhibited adequate static 

segregation resistance characterized by the surface settlement column [Manai, 1995]. The 

rheological properties of the SCC mixtures, characterized by G and H parameters, fell within 

the ranges of 0.2 to 4.7 Nm, and 1.5 to 9.6 Nm.s. Application of such SCC can reduce the 

material costs in addition to being eco-friendly. 

[Lachemi et al., 2003] studied SCC mixtures with cement replacements of 40%, 50%, and 60% 

with FA, and 50%, 60%, and 70% by GGBS cements. The results showed that an economical 

SCC with desired properties could be successfully developed by incorporating FA or GGBS 

cement. The investigated mixtures had cement content between 120 and 400 kg/m3, and total 

powder content of 400 ± 20 kg/m3 (lean SCC). The slump flow and V-funnel flow values were 

within the span of 570 to 700 mm, and 2 to 8 s, respectively. The stability indices of the mixtures 

obtained from the sieve stability test were below 5% indicating high segregation resistance. 

Eco-CVC mixtures containing cement, FA, and LF were developed by [Proske et al., 2013, 

2014]. Such mixtures contained cement amount ranging from 90 to 200 kg/m3 with the total 
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powder content varying between 380 and 430 kg/m3. The mixture exhibited adequate 

workability. Several other researchers such as [Barbhuiya et al., 2009; Bosiljkov, 2003; 

Felekoğlu et al., 2006; Hossain et al., 2010; Kraus et al., 2009; Nochaiya et al., 2010; Şahmaran 

et al., 2007, 2011] designed Eco-concrete mixtures with desirable fresh properties suitable for 

different applications. Thus, it is seen from this review that, in general, producing Eco-mixtures, 

either CVC or SCC, with reduced clinker and /or total powder contents is a feasible approach in 

terms of fresh properties. The next sub-section deals with the performance of Eco-concrete 

mixtures with regards to mechanical properties and durability aspects. 

2.4.2 Hardened state properties 

SCC mixtures produced by [Hunger, 2010] exhibited 28-day cube compressive strengths 

between 40 and 58 MPa. It was shown in that work that since the developed mixtures were 

highly compacted, the efficiency of cement in producing compressive strength was higher than 

similar mixtures found in the literature. In terms of durability, characterized by the capillary and 

true porosity, water intrusion, and capillary absorption, most mixtures were found to have 

adequate performance usually better than mixtures with comparative compositions. Thus, the 

method proposed by [Hunger, 2010] appears to be efficient for design of SCC, specifically lean 

SCC, which is of interest to the current investigation. 

The Eco-CVC mixtures developed by [Fennis, 2010] had 28-day and 56-day cube compressive 

strengths from 33 to 40 MPa and 35 to 48 MPa, respectively. The drying shrinkage after 90 days 

in dry conditions varied between 250 and 400 μm/m. It was demonstrated that for the 

investigated Eco-concrete mixtures, a longer curing time was necessary to prevent decrease in 

compressive strength caused by drying. The 56-day electrical resistivity of cube specimens were 

between 50 and 300 Ω.m, indicating medium to high durability. For the lean SCC mixtures 

studied by [Fennis, 2010], the 28-day cube compressive strength was 48 MPa. Hence, the design 

method proposed by [Fennis, 2010] appears to be efficient in producing Eco-concrete with 

necessary properties to be employed in different applications. 

The performance of Eco-SCC mixtures produced by [Mueller, 2012] mainly depended on the 

powder composition and air content. Mixtures with cement and LF developed 28-day 

compressive strength ranging from 20 to 45 MPa. These mixtures, when air-entrained, exhibited 

a very good freeze-thaw resistance except for the one with 43% cement replacement (volume-
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based). The drying shrinkage strain for this set of Eco-SCC mixtures was in the 550 to 700 

μm/m interval. Eco-SCC mixtures with cement and SF obtained 28-day compressive strength 

between 35 and 60 MPa depending on the replacement rate and choice of admixtures. Lean SCC 

mixtures, pertaining to SMA, containing cement plus SF (fixed content), and ground basalt filler 

or LF or FA, exhibited 28-day compressive strength varying from 55 to 75 MPa depending on 

the amount of filler / FA. The mixtures with ground basalt filler showed 112-day drying 

shrinkage of around 800 μm/m while this value varied between 650 and 800 μm/m for mixtures 

containing FA or LF. These strain values are higher than those reported by [Fennis, 2010] (even 

at 90 days) for Eco-CVC mostly due to the considerably higher water content. The lean SCC 

mixtures designed according to the AMA were proportioned with cement plus SF (fixed 

amount) with and without ground basalt filler. The 28-day compressive strength for these 

mixtures fell in the span of 40 to 65 MPa. The drying shrinkage strain at 112 days was about 

800 μm/m and 700 μm/m for mixtures with and without basalt filler, respectively. Thus, the 

shrinkage strain values are similar for both design approaches. Thus, the Eco-SCC mixtures can 

easily attain the target 28-day compressive strength between 25 MPa and 35 MPa and also 

exhibit satisfactory performance in hardened state. 

EcoCrete-Xtreme [Wallevik et al., 2014] was reported to reach, at 56 days, a cube compressive 

strength in the order of 50 MPa or higher, rapid chloride permeability index less than 100 

Coulombs, chloride migration coefficient below 1 × 10-12 m2/s, and water absorption less than 

1%. Thus, EcoCrete-Xtreme is supposed to not require any repair cost over its service life since 

the permeability is utterly low. The 56-day electrical resistivity of EcoCrete-Xtreme was 1550 

Ω.m, indicating a very high resistance to steel corrosion when used in reinforced concrete 

structures. Hence, this type of SCC seems to be a sustainable alternative for CVC and normal 

SCC and can significantly reduce the CO2 emissions associated with concrete construction. Note 

that no details on the mix design of EcoCrete-Xtreme are available since it was developed as a 

confidential project [Wallevik et al., 2014]. 

Lean SCC mixtures produced by [Ghezal and Khayat, 2002] obtained 28-day compressive 

strength between 13 and 39 MPa. It must be noted that since a factorial design was used in this 

study, some of the mixtures were not optimized resulting in too low compressive strength.       

[M. Lachemi et al., 2003] concluded that a mixture with 50% FA replacement and a mixture of 

slag cement with 60% replacement could satisfy the targeted 28-day compressive strength of 35 
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MPa. It was shown that these SCC could replace the reference concrete, containing 400 kg/m3 

of cement as powder material, and could be more economical (30% to 40% in case of FA and 

slag cement).  

The 28-day cube compressive strength of the Eco-CVC mixtures investigated by [Proske et al., 

2013] varied from 25 to 70 MPa. The reduction in strength caused by the decrease of clinker 

was compensated by a lower water demand provided by SCMs and fillers, use of reactive 

powders such as FA and GGBS, and employing a more reactive cement. It was shown that using 

finer LF could increase the compressive strength as well. The carbonation depth results as a 

measure of durability showed that Eco-mixtures with a minimum of 175 kg/m3 cement and 

GGBS had equal or lower carbonation depth than non-optimized CVC with much higher 

cement. Although the replacement of cement with SCMs and fillers is well established in the 

literature, a high replacement of cement with less reactive or inert materials may, in some cases, 

result in inadequate early strength development. 

[Bentz et al., 2011] proposed a new approach of optimizing the particle sizes of the cement and 

FA for achieving desired performance in a blended product. By appropriately selecting the PSDs 

of cement and FA, 1-day and 28-day strengths equivalent to the reference mixtures may be 

achieved with about a 35% volumetric replacement of cement with FA, while maintaining the 

same volume fraction of water in the mixture, thus providing an actual 35% reduction in cement 

content. Based on the test results of mortars obtained from a fractional factorial design and a 

regression analysis, a model that correlates the absolute surface areas of the cement and FA and 

the corresponding densities to the compressive strength of mortars as a function of time, was 

devised. [Khokhar et al., 2010] also addressed the problem of lower early age strength of 

concrete mixtures with high percentages of cement replacement. To cope with this issue, an 

optimization method for mix design of concrete based on Bolomey’s law was used. Following 

the encouraging results obtained from mortar, a series of tests on concretes with various 

substitution percentages were carried out to validate the optimization method. Bolomey’s law 

is expressed as: 

 

fc,m
' =KB

C+χBA

W+V
-0.5                                                 (2.14) 
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where fc̛,m is the compressive strength of concrete or mortar, χB is the coefficient of activity, KB 

the constant of Bolomey, C the mass of cement, A the mass of mineral addition, W is the actual 

mass of water used and V the mass of water equivalent to the volume occupied by the air 

entrained in the mortar or concrete. χB and KB were deduced from compressive strength tests on 

mortars. KB is assumed to have a constant value for a given type of aggregate but varies with 

age of specimens, while χB varies with age, addition type, and substitution rate. Upon calibration 

of the model for mortar, it can be employed to estimate the compressive strength of concrete 

over the validity range of the equation. This procedure requires calibration for each set of 

material and thus is too time-consuming to be considered in a global mix design method. 

In recent years, the concrete mixture design has emphasized not only on compressive strength, 

but also durability of concrete. ACI 318 structure code stresses both the maximum w/cm ratio 

to highlight the usage of pozzolanic material, and the minimum 28-day compressive strength to 

guarantee construction safety while considering durability of normal weight concrete. The 

durability of a cementitious material is greatly influenced by the permeability of the material for 

potentially aggressive substances. As the pore structure of SCC might be different in comparison 

with traditional concrete, some changes in durability behavior may occur [Boel et al., 2007]. 

[Hwang and Khayat, 2009] showed that regardless of the w/cm, binder type, or admixture 

combination, properly designed SCC can develop high resistance to freezing and thawing. On 

the average, SCC made with 0.42 w/cm developed 20% higher capillary porosity, 20% lower 

compressive strength, and 30% greater rapid chloride penetration values compared to similar 

SCC prepared with 0.35 w/cm. Moreover, it was found that the type of blended cement 

influenced significantly the transport properties of SCC. [Assié et al., 2006] investigated various 

durability characteristics of SCC compared with reference samples of vibrated concrete with 

similarly low compressive strength. LF was used for the SCC mixtures. Test results revealed 

that there was no significant difference in the physico-chemical properties (oxygen 

permeability, chloride diffusion, water absorption, carbonation and leaching by ammonium 

nitrate) of the two types of concrete. It was demonstrated by [Assié et al., 2007] that at the same 

level of compressive strength, self-compacting concrete can exhibit the same durability 

properties as vibrated concrete. Several indicators of durability such as water porosity, chloride 

diffusion, and oxygen permeability as well as mercury porosity, water absorption by capillarity, 

carbonation and ammonium nitrate leaching were considered in this work.  
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[Patel et al., 2004] showed the possibility of producing SCC using a high volume of FA 

satisfying the criteria for fresh and hardened properties. For a constant binder and high-range-

water-reducing admixture (HRWRA) content, the 28-day compressive strength decreased with 

the increase of FA percentage. It was also observed that the 1-day compressive strength 

reduction due to an increase in FA is higher at high w/b compared with low w/b. SCC can be 

designed with high volumes of FA (more than 50%) that achieves acceptable 1-day compressive 

strength (more than 10 MPa). For SCC, the increase of FA content is more beneficial in terms 

of chloride-ion penetrability at low w/b (less than 0.40). [Nehdi et al., 2004] demonstrated that 

SCC can be made with high-volume replacement composite cements (FA, SF, GGBS) and 

achieve satisfactory workability, high long-term strength, good de-icing salt surface scaling 

resistance, low sulfate expansion and very low chloride ion penetrability. [Şahmaran et al., 

2009] found that SCC could be made with a 70% of cement replacement by both high-lime and 

low-lime FA types. The use of high volumes of FA in SCC improved the workability and 

transport properties and led to concrete mixtures with compressive strength between 33 and 40 

MPa at 28 days exceeding the nominal compressive strength considered in that research as the 

reference. 

[Yazıcı et al., 2008] studied SCC mixtures with cement replacement of Class C FA in 

proportions from 30% to 60%. Similar mixtures incorporating 10% SF were also prepared to 

evaluate the effect of SF on SCC properties. Test results indicate that SCC could be obtained 

with a high volume FA. The addition of 10% SF to the system positively affected both the fresh 

and hardened properties of high-performance high-volume FA SCC. Although the cement 

content was low, the mixtures exhibited good mechanical properties, freeze and thaw, and 

chloride penetration resistance. [Boel et al., 2007] examined the gas and water transport in SCC 

with LF or FA. It was shown that lower transport properties can be obtained by using FA instead 

of LF as filler material, by lowering the w/c ratio, decreasing the cement to powder ratio at a 

constant w/c ratio or using slag cement instead of OPC. The effect of changing from gravel to 

crushed limestone was insignificant. SCC differed strongly of traditional concrete with respect 

to the apparent gas permeability. This difference was attributed to the differences in pore 

volume, as seen from mercury intrusion porosimetry results. [Şahmaran et al., 2011] studied 

green low-cost SCC mixtures with proper fresh, mechanical and durability properties containing 
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replacement up to 100% of sand with spent foundry sand and up to 70% replacement of OPC 

with FA. 

[Vejmelková et al., 2009] reported the outcome of a study on concrete containing 10% of GGBS 

as OPC replacement involving durability characteristics. The experimental results showed that 

the replacement of OPC by such a low amount of GGBS has either a positive or negligible effect 

on the properties of hardened concrete. The liquid water transport parameters of the mixtures 

containing GGBS were significantly better, and the basic durability characteristics such as the 

frost resistance and corrosion resistance were similar. The resistance against de-icing salts was 

slightly worse.  

A study on the use of LF with different specific surface areas and their effects on fresh and 

hardened properties of SCC was presented by [Esping, 2008]. The results showed that filler with 

a high specific surface area leads to an increased autogenous shrinkage, decreased evaporation, 

lower plastic cracking tendency, and a higher compressive strength. With additional water to 

compensate for loss of workability, the results were the opposite. The outcome of this study is 

important for the current Ph.D. program as LF is one of the materials to be employed as OPC 

replacement. Water vapor diffusion coefficient, water absorption coefficient, water 

permeability, thermal conductivity, compressive strength and frost resistance properties of two 

SCC mixtures containing LF and FA were determined in by [Mňahončáková et al., 2008]. It 

was found that strength development was faster in the material containing LF until 90 days, after 

which the strength values in both materials are almost the same. Liquid water transport and heat 

transport are faster in SCC with LF while the water vapor transport is faster in the mixture 

containing FA. The SCC mixture with FA exhibited better freeze and thaw resistance compared 

to that with LF.  

[Hwang and Khayat, 2010] carried out an experimental program to evaluate the restrained 

shrinkage cracking potential of SCC. The mix design approach and binder type of the SCC were 

shown to have considerable influence on cracking potential. Mixtures with w/cm = 0.42 

incorporating VEA to ensure proper stability exhibited approximately 25% to 35% longer time 

before cracking than SCC prepared made with w/cm of 0.35 and no VEA. The SCC made with 

w/cm of 0.42 demonstrated slightly higher drying shrinkage after 56 days of drying compared 

to similar concrete prepared with w/cm of 0.35. The tested SCC mixtures had generally higher 

cracking potential than the reference high-performance and conventional concretes. Authors 
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explained that this could be due to the higher paste volume of SCC that resulted in greater drying 

shrinkage.  

From the review presented in this sub-section, it is clear that producing CVC and SCC with 

reduced clinker contents (thus reducing CO2 emissions) is very well studied and established in 

the literature. However, very few researchers concentrated on the reduction of the total powder 

materials to further reduce the cement content which is the main focus of the current Ph.D. 

project. As stated by [Mueller, 2012], producing a low-powder SCC such as Eco-SCC results in 

a high w/p meaning the paste yield stress and plastic viscosity are low. This can lead to stability 

problems for Eco-SCC. Hence, the stability of Eco-SCC should be provided by the granular 

skeleton. An important parameter influencing the stability of a group of particles suspended in 

a yield stress fluid is the particle lattice effect (PLE). This phenomenon is discussed in the next 

section. 

2.5 Particle lattice effect 

According to the literature, the stability of a single spherical particle immersed in a yield stress 

fluid depends on the diameter of the particle, on the yield stress of the suspending medium and 

on the difference between their specific weights. A constant also appears in the expression of 

the stability criterion [Roussel, 2007; Saak et al., 2001a]. This constant is referred to as “stability 

constant” and its value was so far not precisely determined [Bethmont et al., 2009]. In a 

suspension, such as SCC, this basic description of sedimentation is not sufficient to reflect the 

reality since the granular skeleton is composed of a continuous and wide range of particles with 

different sizes. The settlement of each aggregate particle is affected by the presence of other 

aggregate particles. That is, the ideal fluid flow around each particle is disturbed by the presence 

of neighboring particles. As the volume fraction of particles increases, each particle is subjected 

to increased drag owing to the higher volume of return flow fluid displaced by the settling 

particles, and a particle may even show a negative settling rate when it is carried upward by the 

return flow from the rapidly descending larger particles. Moreover, since particles have different 

sizes, small aggregates can resist the settlement of middle-sized ones, which in turn resist the 

settlement of large aggregates [Bethmont, 2005; Shen et al., 2009]. This phenomenon is called 

PLE. 
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[Bethmont, 2005; Bethmont et al., 2009] developed a new testing apparatus to investigate the 

interactions between spherical particles suspended in a yield stress fluid (cement paste). This 

apparatus enables to measure the resisting force of a granular lattice made of spherical particles 

of the same diameter or different dimeters, immersed in a suspending phase. Numerical 

simulations were also performed to evaluate the flow patterns around both a single particle and 

a network of particles. A comparison was made between the settlements of a single cylindrical 

particle with that of a spherical one. The results of the study laid out the physical basis governing 

the lattice effect phenomenon. A segregation initiation criterion was proposed to predict the 

onset of the settlement of a single spherical particle in a yield stress fluid. Such index differed 

from other indices found in the literature in that the stability constant was modified based on 

both simulations and experimental results. The stability constant was found to depend only on 

the shape of the inclusions. A new design approach for SCC based on the developed theory was 

presented as well. It was shown that the PLE is positive as far as they enhance the stability of 

fresh SCC, but it can have a negative effect on the overall stability of the system, as well (in 

case of improper PSD, i.e high volume of coarse particles compared to fine classes’ volume). 

The order of the magnitude of such effect depends on the solid fraction of particles, difference 

between the densities of the particles and the suspending fluid, and the rheological properties of 

the fluid. The PLE was attributed to the modification of stress fields around the particles in a 

lattice compared to a single particle. In addition, lattice effect is not influenced by the paste 

composition and is only affected by the volume fraction of the network of particles. Increasing 

the volume fraction of particles decreases the beneficial effect of particle lattice. Nevertheless, 

the influence of lattice on segregation reduction remained positive even for large particle volume 

fractions. Finally, it was found that the results obtained from model materials are applicable to 

SCC mixtures as well. A good correlation was established between the segregation initiation 

criterion and the segregation index for SCC derived from the sieve stability test              

[Bethmont, 2005; Bethmont et al., 2009]. 

[Roussel, 2007] presented a theoretical study to describe the segregation under gravity of a 

mono-sized granular material in a yield stress suspending fluid. A stability criterion, taking into 

account the mechanical interactions between the particles that could lower the risk of instability, 

was proposed. This criterion was then experimentally validated in the case of polystyrene 
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spheres in a cement paste by means of image analysis. The following equation was derived for 

the shortest gap between two non-identical spheres in a Bingham fluid: 

 

=
6Mτ0
π ρs-ρf g

                                                                  (2.15) 

 

with δ the shortest gap distance between the two spheres, M a coefficient taking into account an 

eventual difference between the radii of the two spheres (M = 3π/4 when the spheres are 

identical), ρs and ρf are the densities of the sphere and the suspending fluid, respectively, τ0 is 

the suspending fluid yield stress, and g is the acceleration due to gravity. [Roussel, 2007] 

compared this equation to that developed by [de Larrard, 1999a] to calculate the shortest 

distance between two particles in hardened concrete which reads: 

 

=d
φ

φmax

-1
3

-1                                                      (2.16) 

 

where d is the particle diameter; φ and φmax are the volume fraction and maximum volume 

fraction of solids, respectively. Knowing the yield stress of a given cement paste, the lowest δ 

value that can be reached before spheres cannot become closer to one another, can be calculated 

using Eq. 2.15. By means of Eq. 2.16, the solid fraction φ associated to the obtained δ value may 

be calculated. This solid fraction is the one reached after segregation occurred. It is the final 

packing state. This approach could be particularly useful for the investigation of the PLE of 

known regular shapes dispersed in a non-Newtonian fluid. An important parameter, i.e. the total 

volume of particles, which was shown by [Bethmont, 2005] to affect the stability of the 

suspensions, is not considered in Eq. 2.15 making this equation less reliable for practical 

purposes. 

[Chhabra and Richardson, 2008] mentioned a concept of hindered falling velocity for a network 

of particles compared to a single one. The terminal falling velocity of a sphere is influenced by 

the presence of neighboring particles. In concentrated suspensions, the settling velocity of a 

sphere is less than the terminal falling velocity of a single particle. For coarse (non-colloidal) 
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particles in mildly shear-thinning liquids (0.8 ≤ n < 1), Eq. 2.17 for Newtonian fluids applies at 

values of Re = ρ V 2 - n dn / μ up to about 2: 

 

V0

V
 = (1-C)Z                                                             (2.17) 

 

where V0 is the hindered settling velocity of a suspension of uniform-sized spheres at a volume 

fraction C, V is the terminal falling velocity of a single sphere in the same liquid, Z is a constant 

which is a function of the Archimedes number and (d / D) (see [Chhabra and Richardson, 2008]). 

This concept appears promising for the theoretical analysis of PLE, especially since [Chhabra 

and Richardson, 2008] provided equations to take into account the shape of the settling particle 

for the calculation of V. 

[Shen et al., 2009] used the aforementioned approach of hindered falling velocity to estimate 

the segregation index based on column segregation test. An argument was made to show that 

Eq. 2.17 can be expressed as the following form in case of concrete: 

 

V0

V
 = 1-

φ

φmax

k

                                                          (2.18) 

 

where k is a constant similar to Z in Eq. 2.17. The terminal settling rate (V0) was then used to 

compute the segregation index. Based on a series of assumptions, the final equation of 

segregation index was derived as: 

 

SI = 60V0

h
4 -30V0

                                                           (2.19) 

 

where h is the column height. The value of k is obtained from experimental results. The SI is 

calculated from the column segregation test results first. Then, using a trial and error procedure, 

k value is found so that the difference between theoretical and experimental SI values is minimal. 

The correlation between the predicted and actual SI values was found to be around 0.8. The 

value of k is supposed to reflect the PLE, and is then expected to vary for each type of aggregate. 



36 CHAPTER 2 BACKGROUND 

 
 

The concept of a constant hindered settling rate for the entire particle classes seems promising 

to analyze and quantify the PLE. However, it is not possible to predict the segregation potential 

of a mixture beforehand using this theory as the fundamental SCC mix design parameters do 

not directly appear in the equations. 

[Wallevik et al., 2009] claimed that in a PSD, if the volume fraction of each size-class is greater 

than or equal to the adjacent coarser class, the PLE is improved significantly due to the support 

that finer more stable particles provide for the coarser ones. However, no direct measurements 

of the PLE were presented in that work. 

Another crucial aspect of concrete, particularly SCC, is robustness. This concept becomes even 

more critical in case of a low-powder SCC such as Eco-SCC. The subsequent section 

concentrates on this aspect of concrete. 

2.6 Robustness 

2.6.1 Definition and assessment of robustness 

Robustness of concrete is generally defined as the capacity of a mixture to retain the target 

requirements in both fresh and hardened states in case small variations in raw material 

properties, mixing procedure and temperature, transport duration as well as casting occur 

[Billberg, 2009; Gettu et al., 2009; Nunes et al., 2006; Rigueira et al., 2009]. Robustness is 

crucial to ensure the satisfactory performance of a concrete mixture, especially for SCC [Bonen 

et al., 2007; Emborg et al., 2007]. Due to the differences between the mixture compositions of 

SCC and CVC, SCC performance is usually more sensitive to small variations in the raw 

materials characteristics and mixing process. Such higher susceptibility mainly originates from 

the more complex mix design of SCC including a greater number of ingredients and more 

demanding requirements in fresh state compared to CVC [Bonen et al., 2007]. Based on the 

definition of the robustness, it can be deduced that there are two global methods to increase the 

robustness of SCC. The first approach is to limit the changes during the production and 

placement of SCC by reducing the variabilities in raw materials and employing more precise 

characterization methods, increasing the production accuracy by introducing a stricter quality 

control (including a better control of mixing temperature and procedure), staff training, and so 
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on. This method can be costly and difficult to implement for concrete producers. Another 

strategy, which is of more interest in concrete technology and to concrete producers, is to 

optimize the proportioning of SCC mixture in a way to reduce the sensitivity of different 

properties to the variations in key mix design parameters, i.e. w/p, SP content, temperature, etc. 

The study of the robustness level of SCC can be carried out in a number of different manners 

using various methodologies. The results of such investigations may not provide the same type 

of information [Mueller et al., 2016]. 

“The European guidelines for SCC” [BIBM et al., 2005] suggests that the effects of raw 

materials variations and batching inaccuracies on the robustness of SCC can be mostly tracked 

to water content variations. In this respect, a robust SCC mixture is expected to maintain the 

same class of performance (in fresh and hardened states) with fluctuations of up to ± 10 l/m3 of 

water. This approach is widely used by different researchers to study the robustness of SCC 

[García et al., 2013; Mueller et al., 2016; Naji et al., 2011]. This approach represent a more 

general method in which one or several mix design parameters are altered, one at a time, and 

the influence of that change on the SCC behavior is then studied. [Nunes et al., 2013] reported 

that this methodology does not allow to capture interactions between the various parameters 

influencing robustness of SCC, such as raw materials variations, equipment inaccuracies and 

staff errors in each batching plant. Thus, another methodology was developed by [Nunes et al., 

2006] as described subsequently. 

[Nunes et al., 2006] proposed a statistical approach to study robustness. A central composite 

design was used to determine the effect of key mix design parameters and their interactions on 

the performance of SCC. In this stage, several SCC mixtures were made. Once the mathematical 

models were established, the mix design parameters were varied within the usual ranges of 

fluctuations in a common batching plant to simulate the changes in the behavior of a reference 

SCC by means of the derived models. The investigated parameters included water to powder 

volume ratio, filler to cement weight ratio, SP to powder weight ratio, and sand to mortar volume 

as well as solid volume. The robustness of the investigated mixture was evaluated by measuring 

the frequency of obtaining mixtures exhibiting properties within the accepted range of SCC 

workability [BIBM et al., 2005; Khayat, 1999]. Water to powder volume ratio, SP to powder 

weight ratio, and the volume of solids were found to have significant influence on the properties 

of SCC with water to powder volume ratio being the most influential factor for all measured 
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SCC properties. One important drawback of this method is the number of mixtures needed to 

be made before a reliable statistical model can be achieved [Montgomery, 2012]. 

[Shen et al., 2014] proposed a methodology involving the use of modified Segregation Probe 

test, developed in the same work, to evaluate the robustness of SCC in terms of static stability. 

The standard procedure to carry out this test includes casting a SCC sample into a 150 × 300 

mm cylinder and leaving it at rest for 1 min, after which the modified Segregation Probe is 

gently place on the top surface of the sample and allowed to freely penetrate for 30 s. The 

penetration depth of the probe is an indicator of the extent of segregation. The process of 

robustness evaluation differs from the standard procedure. For such measurements, the modified 

Segregation Probe is placed on the surface of the SCC inside the mixer and left to settle until it 

stops (about 15 s). The penetration depth is recorded, and water is added to the mixture to 

increase w/p in increments of 0.01 to 0.02 until clear signs of segregation appear. For each w/p, 

the penetration depth is measured. Three parameters were suggested to be analyzed in order to 

quantify the robustness of a mixture. The first index is the slope of the curve correlating the 

penetration depth to the variations in w/p. Generally, a steeper slope indicates less robustness of 

a mixture. The other two indices are calculated based on the difference between the target w/p 

and the w/p resulting in a level of segregation corresponding to 4 or 7 mm. Thus, the more a 

given SCC mixture can tolerate addition of water before reaching to such benchmark values of 

segregation, the higher the robustness of such mixture is. This methodology is easy-to-use and 

time-effective. However, adding the water to the same mixture for several times introduces some 

errors due to changes in great number of mix design parameters all at once (making it difficult 

to use it for a systematic study of robustness), modifications in the behavior of concrete via 

aging process, etc. 

[Billberg and Westerholm, 2008] proposed the concept of robustness area for the study of 

robustness of SCC. The response measured as a function of a certain variation in the mix design 

is the rheological properties of the SCC. Different values of obtained yield stress and plastic 

viscosity values are plotted in a rheograph. The zone inside which all points are placed is called 

a robustness area if the mixture is robust. Such area can be compared to the recommended 

rheological area for SCC, and the zones unsuitable for SCC can be established. From this graph, 

the tolerance of the mixture to various alterations in constituents could be determined. This 



2.6 Robustness 39 

 

approach appears promising and can provide extensive information on the robustness in fresh 

state of SCC. 

Using the aforementioned methodologies, the robustness of SCC was studied by several 

researchers, and the influencing parameters and solutions to improve the robustness were 

proposed. The next sub-section presents further review of some of these studies. 

2.6.2 Parameters affecting robustness 

For the study of robustness, it is essential to determine which mix design parameters exert a 

significant influence on a given property or a set of properties of SCC (in fresh and hardened 

state). [Kubens and Wallevik, 2008; Wallevik et al., 2007] showed that different deliveries of 

the same type of cement over time can result in significant variations in yield stress of a given 

SCC and can also slightly affect the plastic viscosity. [Petit et al., 2007] demonstrated the 

importance of mortar and SCC temperature on the variations of rheological properties. In a 

similar study, [Billberg and Westerholm, 2008] found that aggregate moisture content (water 

content), fines volume, and temperature can significantly modify the yield stress and plastic 

viscosity of micro mortars. It was observed that the effect of water content is far more significant 

than the other two parameters. Several other studies demonstrated the sensitivity of SCC 

performance to water and fines contents variations [Deshpande, 2006; García et al., 2013; Gettu 

et al., 2009; Kwan and Ng, 2010; Naji et al., 2011; Rigueira et al., 2009]. 

[Lowke et al., 2003] mentioned that changes in water content as small as 1.5% of aggregate 

mass can result in considerable loss of flowability or severe segregation. Various researchers 

shown the superiority of using VEAs over fine powders to enhance the robustness of SCC with 

respect to water variations [Gettu et al., 2009; Grünewald and Walraven, 2005; Lowke et al., 

2003; Petrov et al., 2001]. Considering other SCC ingredients, variations below 6% and 3% in 

the weight of sand and coarse aggregate, respectively, do not significantly affect concrete 

behavior [Rigueira et al., 2009]. However, [Gettu et al., 2009] stated that an error in the order 

of 10% in the weight of coarse aggregate can influence concrete properties. Changes of 3% and 

5% in the weights of cement and admixtures, respectively, were found to considerably influence 

concrete properties in both fresh and hardened state, although these factors seem to be strictly 

controlled in concrete plants [Rigueira et al., 2009]. 
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[García et al., 2013] compared the robustness of green and lean SCC mixtures made with VMA 

and powder, respectively, in an attempt to investigate the possibility of producing robust SCC 

mixtures with low powder content (green) and VMA. The water content was varied in small 

increments up to ± 7%. It was found that using VMA had a positive influence on plastic viscosity 

and stability, improving robustness of the mixture under consideration. However, variations in 

flowability and compressive strength were quite similar in all types of the investigated SCC. In 

the powder type SCC (made with LF), T50, and V-funnel flow time contributed most to the 

reduction of robustness. Segregation resistance and compressive strength were shown to have a 

negligible effect on the robustness of the studied SCC mixtures. [Yurugi et al., 1995] 

demonstrated that in general, an increase in the viscosity of the mixture by use of VEA and / or 

choice of material can result in a higher robustness. 

The effect of sand humidity (saturated surface-dry (SSD) humidity ± 1%) on the robustness of 

SCC mixtures incorporating different types of VEA and HRWRA were investigated by [Naji et 

al., 2011]. In addition, a statistical method, based on Kendall’s coefficient of concordance and 

Spearman’s rank correlation, was adopted to determine the properties that provide the same sort 

of information about robustness in order to reduce the number of measured SCC properties 

required to evaluate robustness. Microbial anionic polysaccharide and modified starch type 

VEAs were shown to be the most effective in increasing the robustness of SCC compared to 

cellulose-based VEAs. If no VEA was employed, polynaphtalene-based HRWRA was more 

efficient in improving robustness than the polycarboxylate-based one. The key properties of 

SCC that can be used to assess the robustness of SCC (for a constant slump flow) comprised air 

volume, J-Ring, surface settlement, the portable vane test, rheometer, and flexural as well as 

compressive strength according to [Naji et al., 2011]. Similar conclusions concerning the use of 

VMA were reported by [Sakata et al., 1996]. It was shown that incorporating a small 

concentration of welan gum in SCC made with low w/p and containing LF reduced the 

fluctuation of slump flow originating from variations in cement Blaine surface, sand fineness 

modulus, and fresh concrete temperature. Contrary to the aforementioned findings, [Khayat et 

al., 1999] found that SCC made with a low binder content and high dosage of VMA exhibited a 

lower robustness compared to SCC produced with a low content of VMA and a relatively low 

water content. Other researchers also demonstrated that the use of VMA (or VEA) cannot 

replace an appropriate material selection to increase robustness [Georgiadis et al., 2010; 
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Leemann, 2008]. Thus, based on results of different works presented here, it seems that the role 

of VMA in enhancing the robustness is mostly positive, but the extent of it must be determined 

for each case (mix design) to secure an adequate mixture performance. 

[Kwan and Ng, 2009] suggested to evaluate the robustness of a SCC mixture by determining 

the intervals for SP dosage or slump flow in which the mixture satisfied all the prescribed 

performance requirements. Setting the SP dosage of the mixture at the middle of aforementioned 

range can maximize the robustness of such SCC. It was shown in the same work that a reduction 

in w/c or an increase in fine to total aggregate ratio can improve the robustness of SCC. Using 

the same method of evaluations of robustness, [Kwan and Ng, 2010] demonstrated that using 

pulverized fly ash (PFA) or condensed silica fume (CSF) can increase the robustness of SCC. 

The CSF was found to be much more effective in enhancing the robustness than the PFA. 

[Ramge and Lohaus, 2010] also reported that using SF can increase the robustness level of pastes 

and mortars. Similarly, [Georgiadis et al., 2010] mentioned that employing LF can enhance the 

robustness of SCC. [Emborg et al., 2005] showed that increasing the cement content or paste 

volume can improve the robustness of SCC. Based on an extensive investigation of the effect of 

a vast number of mix design parameters, e.g. w/c, SP to powder ratio, volume-based w/p, sand 

to mortar ratio, etc., on the fresh properties and compressive strength of SCC, using the 

methodology developed in [Nunes et al., 2006], [Nunes et al., 2013] concluded that the most 

efficient strategy to improve the robustness of SCC was to minimize the use of SP and thus 

increase the paste volume to meet the fresh state requirements. LF was used in that study to 

increase the paste volume.  

Using the methodology proposed by [Shen et al., 2014], [Shen et al., 2015] studied the static 

segregation robustness of SCC mixtures. It was found that higher paste volume may improve 

robustness for different mixtures with the same slump flow. The aggregate volume fraction and 

aggregate packing density do not affect robustness until the paste yield stress is too low to 

maintain the aggregate in suspension. SCC with lower slump flow or higher fine to coarse 

aggregate ratio exhibited a better robustness. In addition, smaller size of aggregate, better 

gradation, and higher aggregate packing density could all enhance robustness with aggregate 

packing density being the least significant parameter. It was found that a lower SP content 

contributed to a higher level of robustness. No direct correlation was observed between the 

rheological properties of SCC and robustness. The most important underlying phenomenon 



42 CHAPTER 2 BACKGROUND 

 
 

explaining most of the results presented by [Shen et al., 2015] was identified to be the paste 

rheology, i.e. any variation in the mix design that led to a higher paste yield stress and plastic 

viscosity improved the robustness of the resulted mixture.  

It is obvious, based on the literature, that variations in water content and SP dosage have a 

significant influence on the properties of SCC and thus can adversely affect the robustness. 

Hence, [Bonen et al., 2007] recommended that the required fluidity level of SCC should be 

achieved by means of material proportioning optimization rather than increasing the water and 

SP contents. In this manner, the resulting mixture can obtain a better robustness. In case of a 

low-powder SCC such as Eco-SCC, low powder content (and paste volume), high w/p, and a 

high dosage of SP may result in robustness issues according to the review presented here. The 

next sub-section focuses on this subject. 

2.6.3 Robustness of Eco-SCC 

The robustness of Eco-SCC was examined and compared to that of lean-SCC and binder-rich 

SCC by [Mueller, 2012; Mueller et al., 2016]. Some mix design parameters of the studied 

reference mixtures are given in Table 2-1. For each reference mixture, the water content was 

varied by ± 5 and ± 10 l/m3. The SP dosage was also changed in steps of ± 10% and ± 20% from 

reference values. Different fresh and hardened properties were considered in that study. 

In fresh state, it was observed that in terms of slump flow, Eco-SCC was more robust than 

binder-rich SCC with regards to water variations and exhibited similar level of robustness 

against SP variations. The SP reduction had a stronger influence on slump flow than increasing 

the SP dosage. The robustness with respect to the J-Ring test was only performed on Eco-SCC 

and was reported to be less satisfactory than slump flow results (more variability). [Mueller, 

2012] argued that since most of the mixtures remained homogeneous during the J-Ring test, the 

unfavorable behavior of Eco-SCC originated from a higher yield stress and not blocking, and 

that the acceptance criterion for Eco-SCC needed to be revisited. The variations in rheological 

properties for Eco-SCC fell within a smaller area compared to binder-rich SCC, indicating better 

robustness for Eco-SCC. Besides, the rheological parameters for Eco-SCC were in a safer area 

of the rheograph, i.e. the mixtures either exhibit severe segregation that can be rectified with the 

addition of VMA for instance, or the mixture falls within the semi-SCC range which can be 

easily corrected by incorporation of more SP. 
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Table 2-1 General mix design elements of the mixtures considered for robustness study by 
[Mueller et al., 2016] 

 

Mixture SCM type Filler type 
Total powder, 

kg/m3 
w/p SP, % mass of powder 

Eco-SCC SF - 314 0.58 1.18 

Lean SCC FA LF 345 0.55 0.678 

Binder-rich 

SCC 
FA - 544 0.34 1.11 

 

Considering the hardened state properties of mixtures, the 28-day compressive strength 

performance of Eco-SCC and binder-rich SCC were analogous with variations in water or SP 

contents. The alterations in compressive strength were within 10% of the corresponding 

reference mixtures. The decrease in SP dosage had a more severe effect on the strength of Eco-

SCC (reduction) mostly due to the insufficient consolidation of the samples. The drying 

shrinkage was mostly affected by addition of water. Compared to the reference mixture, an 

average increase of 200 μm/m was observed at 56 days, and this difference remained rather 

constant over time. 

Based on the results presented by [Mueller, 2012], the performance of Eco-SCC was found to 

be always similar or superior to that of binder-rich SCC in all studied cases. More studies in this 

respect are necessary to further evaluate the robustness of Eco-SCC. 

2.7 Needed research 

Two principal methods to reduce the cement content per unit volume of concrete, and therefore 

reach an Eco mix design goal with lower CO2 emissions were discussed in this chapter. These 

two methods include particle size optimization and cement replacement with SCMs and / or 

filler. These methods can be implemented through optimization of the grading curves or 

optimization of particle packing using available particle packing models. Two mixture 

proportioning procedures based on such approaches ([Fennis, 2010; Hunger, 2010]) were 

discussed in detail and shown to be effective for designing Eco-concrete. The important particle 
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properties needed to use these methods comprise the PSD, particle packing density, and density 

of each material. Both methods involve a three-step cyclic optimization. 

The first step encompasses the optimization of the entire granular skeleton based on the 

considered criterion (maximum packing or ideal grading curve). The amount of water, SP 

content, and air volume are also inserted in this step. In the second step, the corresponding 

mortar of the obtained concrete mix design is prepared, and the fresh properties are examined. 

Based on the relationships already established between fresh properties of mortar and concrete, 

the fresh properties of the concrete can be predicted. Similarly, the compressive strength of the 

concrete can be estimated by means of the previously obtained relationships. If mixture does 

not change in this stage, in the final step, the requirements imposed by codes pertaining to 

workability, durability, etc. are considered, and the necessary modifications are made. Thus, the 

cyclic design continues until the mixture does not vary in the last cycle. Such concrete is the 

final result of the design procedure which is supposed to conform to the specified requirements. 

For the mix design method on the basis of ideal grading curve, which is of more interest to 

design Eco-SCC, an important issue is whether or not there exists a unique ideal grading curve 

for a given set of specifications. The importance of this matter lies in the fact that the value of 

packing density, which is also another important property of aggregate which affects the 

characteristics of concrete, depends on aggregate size distribution. However, it is well known 

that for the same PSD, varying the particle shape or mode of compaction could change the 

packing density and therefore the concrete properties. This issue is not well addressed yet in the 

literature and could be an interesting subject for further research. 

In terms of the choice of ideal curve, several equations are proposed. The FD (also called 

modified Andreasen and Andersen) model for PSD was found promising for the design of eco-

friendly SCC by [Hunger, 2010]. The choice of distribution modulus, q, in this equation is 

shown to be an important variable, which depends on the type of concrete to be designed. This 

parameter can affect the packing density, the passing ability, and the stability of SCC. However, 

there are no specific criteria to determine the appropriate value of q for a given type of concrete. 

Thus, if this method is to be applied to a new type of concrete, such as Eco-SCC, the proper 

choice of q should be determined. 

In case of optimization on the basis of maximum packing density, it was seen in the previous 

sections that the PSD corresponding to the highest packing does not necessarily coincide with 
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ideal grading curves (continuous PSD). An argument can be made here as which criterion is 

more influential on the stability of concrete mixtures. This problem is theoretically investigated 

to some extents in the literature. However, the outcome is not clear, particularly in case of real 

concrete mixtures. It is believed that the stability of a suspension is a function of the packing 

density of the inclusions, especially for CVC. Nevertheless, in a suspension, such as SCC with 

a wide range of particle sizes and a fluid suspending medium, the settlement of particles in the 

suspending fluid is also affected by the whole network, the so-called PLE. Thus, it is of interest 

to determine which parameter is more effective on the stability of a concrete mixture both 

theoretically and practically. 

The effect of PLE on the stability of concrete is not well understood, especially for SCC. Most 

of the research in this area is carried out on simplified systems, such as monodisperse spherical 

particles suspended in a homogeneous fluid. Thus, it is helpful to study the PLE in more details, 

on a theoretical scale to determine the influencing parameters, and then on actual concrete 

mixtures to verify the theoretical results. The results of such study can be used to maximize the 

PLE and thus stability of Eco-SCC mixtures through the PSD of sand and coarse aggregate. 

This is critical for Eco-SCC since the paste phase is quite fluid in such type of SCC, and the 

stability is mainly provided by the granular skeleton. 

Both of the aforementioned mixture proportioning methods are in early stages of development 

and require further investigation before being used on a global scale. In particular, the 

application of the method developed by [Hunger, 2010] to design Eco-SCC need to be studied 

in order to make the necessary adaptations. For instance, the choice of SCMs and filler material 

types and rate of replacement and their influence on the properties of concrete should be studied 

in order to assure a successful concrete design. In other words, while geometrical considerations 

pertaining to granular skeleton could lead to mixtures with optimum packing and / or minimum 

cement content, the properties of concrete may not be satisfactory at hardened state. Thus, 

certain constraints should be established and applied to the optimization algorithms in order to 

obtain proper concrete properties. 

Designing a robust SCC mixture with extremely low powder content (≤ 315 kg/m3) is 

challenging as the three essential functional workability requirements of self-consolidation, 

namely passing ability, filling ability, and stability are essentially provided by the higher powder 

content in SCC compared to normal concrete. Few research works ([Mueller, 2012; Wallevik et 
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al., 2014]) are found in the literature that address the design criteria and properties of this type 

of concrete. Thus, examining the applicability of the aforementioned design methods to this type 

of SCC is the initial step for the successful development of Eco-SCC. Considering that Eco-

SCC has a low powder content, high w/p, large sand as well as coarse aggregate content and 

consequently lower paste volume compared to ordinary SCC, it is expected that some of the 

durability and structural performance characteristics of this concrete are different from those of 

SCC. Thus, once a design procedure for Eco-SCC is established, it is very insightful to evaluate 

the mechanical properties and durability aspects to ensure the conformity to the target 

requirements. Finally, the robustness of the optimized Eco-SCC mixtures needs to be assessed 

since this is a crucial step in the development of any type of concrete if it is to be produced in 

large-scale.  
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CHAPTER 3 EXPERIMENTAL PROGRAM 

The present research work is carried out in three main phases covering the objectives mentioned 

in Chapter 1. The methodology adopted for the current study is described in this chapter. Section 

3.1 presents the first phase of this work which deals with the study of the PLE in model 

suspensions as well as SCC. The second phase, explained in Section 3.2, concentrates on the 

development of a global systematic method to proportion Eco-SCC and the performance of the 

obtained mixtures. Section 3.3 describes the final phase of the dissertation which involves the 

evaluation of the robustness of the best-performing mixture produced in Phase II. The diagram 

depicted in Figure 3-1 presents a general overview of this Ph.D. project. Note that since Chapters 

4 and 5 are presented in paper format with a separate experimental program section, the 

methodology pertaining to these chapters is not repeated in the present chapter, and only the 

general procedure followed and some supplementary information are provided. 

 

 

Figure 3-1 Overview of different phases of the Ph.D. study 

Phase I

• Effect of PSD, particle volume, and suspending medium yield stress on 
PLE and segregation of model suspensions (glass beads in limestone 
paste)

• Verification of results on SCC mixtures

Phase II

• Development step by step global procedure to design Eco-SCC
• Examine fresh and hadened properties of produced mixtures

Phase III

• Evaluate robustness of Eco-SCC with regards to water content 
variation, SP dosage fluctuation, and alteration of coarse aggregate 
characteristics (maximum size of aggregate, shape)



48 CHAPTER 3 EXPERIMENTAL PROGRAM 

 
 

3.1 Study of the PLE 

Due to the importance of the PLE on the stability of Eco-SCC, and in general SCC, this phase 

is dedicated to the study of this phenomenon. The results of this part of the study are useful for 

the design procedure to be developed in the next phase, i.e. for the optimization of sand and 

coarse aggregate. This part of the investigation consists of three sub-phases explained 

subsequently. 

3.1.1 Phase I-A: stability of model materials (homogeneous approach) 

The objective of the first part is to understand the mechanism of the PLE. For simplicity, 

homogeneous suspending fluids were employed. Thus, a limestone filler paste with low yield 

stress and a limestone filler paste with high yield stress, for simplicity called the “fluid paste” 

(FP) and “thick paste” (TP), respectively, were selected. The yield stress values of these pastes 

were similar to the typical values found for self-consolidating mortars. The properties of TP and 

FP are given in Chapter 4. Different combinations of spherical glass beads investigated in this 

stage are summarized in Table 3-1. Combinations 1 to 7 were studied in both TP and FP, while 

the rest of the combinations were only investigated in the FP. From this set of experiments, the 

state of stability of each particle size-class in the suspending fluids under consideration, the 

influence of particle volume fraction, and the effects of fluid yield stress as well as PSD on the 

PLE and segregation were determined. 

The testing program to quantify the PLE and segregation of the suspensions is illustrated in 

Figure 3-2. More details about each step of the testing procedure and the equation to calculate 

the PLE and segregation are given in Chapter 4. The segregation test was carried out in a 

rectangular column, called the segregation box, with a cross section measuring 150 by 150 mm 

and a height of 400 mm, as demonstrated in Figure 3-3. The back wall of the box was designed 

in a way to allow for four plates to be inserted into the box alongside the height to divide the 

sample into five sections of 60 mm high at the end of testing, as illustrated in Figure 3-3 (the 

total sample height inside the mold was maintained at 300 mm for all tests).  
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Table 3-1 Particle combinations used in the PLE study of model suspensions 
 

Combination 
Bead diameter, mm 

5 10 14 19 

1 100%    
2  100%   
3   100%  
4    100% 
5 75%   25% 
6 50%   50% 
7 25%   75% 
8 75% 25%   
9 50% 50%   
10 25% 75%   
11 40% 25% 25% 10% 
12 25% 25% 25% 25% 
13 10% 25% 25% 40% 
14 10% 40% 40% 10% 
15 40% 10% 10% 40% 

 

 

Figure 3-2 Testing procedure for Phase I-A 

Quantification of PLE and segregation

Measurements

Segregation test sample cast into 
segregation box

Rheology sample poured into rheometer 
container (Anton Paar MCR302)

Test samples

Sample for segregation test: beads hand 
stirred in limestone paste 

Sample for rheological measurement: 
hand stirred limestone paste

Preparation of limestone paste
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Figure 3-3 Configuration of segregation box 

3.1.2 Phase I-B: stability of model materials (heterogeneous approach) 

The second sub-phase deals with the segregation phenomenon of polydisperse beads in 

heterogeneous suspending fluids, hereafter called Model Mortar (MM). This approach is more 

similar to the case of segregation in real concrete. First, the state of stability of each bead size-

class (combinations 1 to 4 in Table 3-1) in the MM is examined. Afterwards, the segregation 

mechanism of polydisperse granular skeletons, i.e. combinations 11 to 13 in Table 3-1, is 

investigated in the MM. The MM is constituted of the FP plus 3 mm beads (25% of the total 

volume). In order to make a direct comparison between the homogeneous and heterogeneous 

suspending fluids cases, the segregation of the same combinations of particles (combinations 11 

to 13 in Table 3-1) in a paste, called mortar equivalent paste (MEP), exhibiting the same 

rheological properties and density as the MM is determined. Figure 3-4 presents the testing 

program employed in this part. Further details are provided in Chapter 4. 

3.1.3 Phase I-C: stability of SCC 

In the last part of this phase, the applicability of the results attained from model materials is 

evaluated in case of SCC. Three crushed aggregate size-classes, i.e. 5-10 mm, 10-14 mm, and 
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14-19 mm were used to reconstruct the PSD combinations 11 to 13 in Table 3-1. Two reference 

SCC mixtures with slump flow values typical of a wide range of common SCC mixtures (640 

and 710 mm) were prepared. The only difference between the two mixtures is the fluidity level 

of the mortar changed by means of a different SP dosage. The mortars were separately prepared 

and characterized in terms of density and rheology. The PSD of the coarse aggregate employed 

here is given in Table 3-2. Hence, a total of six mixtures were investigated, and the effects of 

mortar rheology as well as the PSD of coarse aggregate on the stability of SCC mixtures were 

determined. All mixture were characterized using slump flow (C1611/C1611M), J-Ring 

(C1621/C1621M), and V-funnel (with an opening of 75 × 75 mm) measurements. Rheological 

tests were also carried out by means of a ConTec Viscometer 5. The PLE and segregation were 

quantified by the column segregation test as described in [Assaad et al., 2004]. Further details 

about this part are presented in Chapter 4. 

 

 

Figure 3-4 General procedure followed for Phase I-B 
 

Quantification of PLE and segregation

Measurements

Segregation test sample cast into 
segregation box

Rheology sample poured into rheometer 
container (ConTec viscometer 6)

Test samples

Sample for segregation test: coarse beads 
hand stirred in MM 

Sample for rheological measurement: 
hand stirred MM

Preperation of MM: 3 mm beads hand stirred in FP

Preparation of FP
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Table 3-2 Coarse aggregate PSD used in the study of PLE on SCC 
 

Combination 5-10 mm 10-14 mm 14-19 mm 

Fine grading 40% 50% 10% 

Reference 25% 50% 25% 

Coarse grading 10% 50% 40% 

3.2 Development of a systematic method to achieve Eco-SCC 

mixtures 

This phase deals with the establishment of a design concept to achieve Eco-SCC mixtures. Such 

method of design should be comprehensive and adaptable to the properties of local materials. 

Thus, trial and error is not a viable option. The principal purpose here is to develop a step-by-

step method to reach a satisfactory Eco-SCC. Such design procedure may include several steps 

as illustrated in Figure 3-5. 

 

 

Figure 3-5 Main steps in Eco-SCC mix design procedure 
 

Determination of powder 
and water contents

Coarse aggregate and 
sand volumes

Choice of powder 
composition

Determination of SP 
dosage

Global warming 
potential assessment
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Hence, the general structure of this phase is planned to address the aforementioned steps of 

design for Eco-SCC and to examine the fresh and hardened states properties of the resulting 

mixtures. 

3.2.1 Materials 

Different materials employed in this phase along with the corresponding properties are 

presented in Table 3-3. The densities of sand and coarse aggregate are reported for saturated 

surface dry (SSD) conditions. The PSD of all the materials as well as the methods used to 

measure the packing density are given in Chapter 5. A polycarboxylate-based SP with dry 

content and density of 31.4%, and 1.07 g/cm3, respectively, was employed. A compatible 

stabilizer consisting of viscosity-modifying agent premixed with a polycarboxylate-based SP, 

with a dry content of 42.1%, was utilized. A compatible air entraining agent with a density of 

1.007 g/cm3 and solid content of 10.5% was used as well. 

 

Table 3-3 Properties of materials used in Phases II and III 
 

Material 
Density, 

g/cm3 

Water absorption, 

% 
Packing density 

Cement GU (C) 3.17 - 0.6408 

Silica fume (SF) 2.20 - 0.3251 

Fly ash Class F (FA) 2.50 - 0.6633 

Medium limestone filler (LF-M) 2.71 - 0.6794 

Coarse limestone filler (LF-C) 2.71 - 0.7268 

Natural river sand 2.67 0.86 0.7160 

Coarse aggregate 

(crushed) 

5-10 mm (CA1) 2.78 0.55 0.5721 

5-14 mm (CA2) 2.73 0.41 0.5931 

10-20 mm (CA3) 2.75 0.46 0.5664 



54 CHAPTER 3 EXPERIMENTAL PROGRAM 

 
 

3.2.2 Testing program 

The investigated Eco-SCC mixtures were designed according to the procedure shown in 

Figure 3-5. The optimization algorithm needed for the second step (determining sand and coarse 

aggregate volume fractions) was prepared in an excel sheet. The powder composition was 

optimized for each SCM or filler, both to maximize the fluidity for given water content based 

on rheological measurements and to secure acceptable properties in the hardened state. The 

rheological measurements were carried out in an Anton Paar MCR302 rheometer. The SP 

saturation point was determined for the chosen powder composition. The details of the 

experimental work performed for the design of Eco-SCC mixtures are presented in Chapter 5. 

 

Table 3-4 Pastes studied for powder composition optimization 
 

Powder material 
Cement replacement rate (% -volume) 

Paste 1 Paste 2 Paste 3 

SF 2.5 5 7.5 
FA 30 50 75 
LF-M 10 20 30 
LF-C 10 20 30 

 

A total of 13 Eco-SCC mixtures were designed and tested. Table 3-5 summarizes the tests 

carried out on Eco-SCC mixtures examined in Phase II. The T-box test quantifies dynamic 

segregation of SCC and is described in more detail here since it is not a widespread test yet. The 

testing apparatus includes a rectangular channel measuring 1000 mm in length, 200 mm in 

width, and 300 mm in depth. The channel is hinged in the middle to a support allowing for a 

free tilting motion around the center. The tilting motion is restricted to only one side, called the 

tilt-down side. The opposite side is called the tilt-up side. One cycle of the test is reached when 

the channel is tilted from an initial horizontal position towards the tilt-down side until touching 

the ground and then tilting back to the horizontal position in one continuous move. The testing 

procedure starts with pouring 16 l of SCC into the channel from the middle section while in 

horizontal position. The concrete sample is then subjected to 60 cycles of tilting with each cycle 

lasting 2 s. The dynamic stability is evaluated by means of a penetrometer placed on the tilt-up 

section and allowed to freely penetrate into the surface of the SCC sample. The penetration 
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measurements are carried out before and after the tilting cycles. A higher difference between 

the initial and final penetration depths indicates a higher dynamic segregation. Mixtures codes 

starting with an “A” indicates air-entrainment. The mixing procedure and details of testing in 

fresh and hardened state are presented in Chapter 5. 

 

Table 3-5 Testing plan for Eco-SCC mixtures studied in Phase II 
 

Mixture 
Tests 

Fresh state Hardened state 

15%LF-M 

- Slump flow 
(ASTM C1611) 
- J-ring (ASTMC1621) 
- V-funnel 
[PCI TR-6-03, 2003] 
- Unit weight - air content 
(ASTM C231) 
- Sieve stability 
[BIBM et al., 2005] 
- T-Box 
[Esmaeilkhanian et al., 2014] 
- Rheology 
(ConTec viscometer 5) 

- Compressive strength 
- Electrical resistivity 
- Drying shrinkage 
 

15%LF-C 

30%FA 

5%SF15%LF-M 

5%SF15%LF-C 

5%SF30%FA 

15%LF-M-S 

15%LF-C-S 

30%FA-S 

A15%LF-M 
- Compressive strength 
- Electrical resistivity 
- Drying shrinkage 
- Freeze and thaw 

A5%SF15%LF-M 

A5%SF15%LF-C 

A5%SF30%FA 

3.3 Robustness of Eco-SCC mixtures 

The robustness of 5%SF30%FA mixture, which was one the best mixtures of Phase II in terms 

of performance in fresh and hardened states, was examined. This mixture was remade in Phase 

III and is called Ref5%SF30%FA. The water content, SP dosage, and coarse aggregate 

characteristics of the reference mixture were varied in order to evaluate the robustness of this 

mixture. A total of 11 mixtures emerging from alterations in the reference mixture were 
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investigated, as presented in Table 3-6. With regards to the mixtures with different aggregate, it 

must be noted that the reference mixture was made with a combination of CA1 and CA3 

aggregate which were replaced by the same volume of CA2 and CA1 in mixtures 5-14-C and 5-

10-C, respectively. Using the mix design procedure developed in Chapter 5 (Phase II), these 

latter mixtures were re-optimized for the new coarse aggregate (different distribution modulus 

in FD equation).  

The rest of the mix design parameters remained constant between the reference mixture, 5-14-

C, and 5-10-C mixtures. For mixture 5-14-R, the CA2 aggregate in mixture 5-14-C was replaced 

by the same volume of 5-14 mm gravel (rounded aggregate) with the other mix design 

parameters kept unchanged. In this manner, the effect of coarse aggregate shape on the 

properties of Eco-SCC can be assessed. 

 

Table 3-6 Variations applied to the reference mixture studied for robustness 
 

Mixture Variation 

+10W 10 l increase in water content 

+5W 5 l increase in water content 

-10W 10 l decrease in water content 

-5W 5 l decrease in water content 

+20SP 20% increase in SP content 

+10SP 10% increase in SP content 

-20SP 20% decrease in SP content 

-10SP 10% decrease in SP content 

5-14-C Coarse aggregate replaced by CA2 

5-10-C Coarse aggregate replaced by CA1 

5-14-R Coarse aggregate replaced by gravel 

3.3.1 Materials 

A Type GU portland cement (C), SF, and FA were used as powder materials. Natural river sand, 

CA1, CA2, and CA3 were also employed. The relevant properties of all these materials are 

given in Table 3-3. In addition, 5-14 mm gravel (rounded coarse aggregate) with SSD density 



3.3 Robustness of Eco-SCC mixtures 57 

 

and water absorption of 2.63 g/cm3 and 0.63%, respectively, was utilized. The PSD of the 5-14 

mm gravel is similar to the PSD of CA2 presented in Chapter 5. The packing density of the       

5-14 mm gravel, measured by means of the same method presented in Phase II (Chapter 5), is 

0.6762. The particles of gravel are rounded and have a smooth surface compared to the particles 

of CA2 which are flaky with rough surface as can be seen from Figure 3-6. A polycarboxylate-

based SP with dry content and density of 31.4%, and 1.07 g/cm3, respectively was employed. 

A compatible stabilizer consisting of viscosity-modifying agent premixed with a 

polycarboxylate-based SP, with a dry content of 42.1%, was used.  

 

  

Figure 3-6 Gravel (left) and CA2 (right) particle shapes and textures 

3.3.2 Experimental procedure 

The concrete mixtures were prepared in a 100-l drum mixer in batches of 75 l. The mixing 

procedure started with homogenizing sand and coarse aggregate in the mixer, then introducing 

half of the mixing water and mixing for 1 min. Afterwards, all powder materials were added, 

and mixing was resumed for 30 s. Without turning the mixer off, the second half of the water 

including the SP was introduced to the mixture and mixing continued for additional 2.5 min 

(total of 3 min form the time cementitious materials were added). The mixture was left at rest 

for 2 min after which it was remixed for another 3 min. After this last mixing step, if the mixture 

inside the mixer exhibited signs of segregation, a stabilizer agent was incorporated, and mixing 

was resumed for 1 min. 
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The testing in the fresh state was performed immediately after the mixing sequence was 

completed. The sampling for hardened state test was carried out at the same time. The test 

applied to characterize the fresh properties of Eco-SCC mixtures are the same as those used in 

Phase II (see Table 3-5). The procedure for each test is described in the corresponding reference. 

Here, only details about the rheological measurements and testing of semi-SCC mixture (-20SP) 

are provided. Note that the rheometer and the employed testing configuration and analysis are 

identical to that applied in Phase II. 

The testing procedures for the semi-SCC mixture were adopted from [Sotomayor Cruz, 2012]. 

Thus, for the slump flow test, the cone was filled in three layers, and each layer was rodded with 

10 strokes. Concerning the slump flow measured with J-Ring test, the filling protocol for the 

cone was similar, but a modified J-Ring apparatus was employed. Thus, instead of the J-Ring 

with 16 bars used for SCC (ASTMC1621), a J-Ring setup with 8 bars was employed [Khayat et 

al., 2014]. For the unit weight, rheology, and sieve stability tests, the corresponding containers 

were filled in two layers, and each layer was rodded with 10 strokes.  

Rheological measurements were carried out using the ConTec Viscometer 5 rheometer. This is 

a coaxial cylinder rheometer in which the outer cylinder is rotated at increasing (pre-shearing 

period) and then at decreasing speed while the torque induced by the concrete on the inner 

cylinder is measured. The radii of outer and inner cylinders are 0.15 and 0.1 m, respectively. 

The container (outer cylinder) is filled with SCC and then placed inside the rheometer chamber 

where the beater then slides down penetrating the inner cylinder into the concrete sample. 

The measurement configuration used in this phase starts with a pre-shearing period of 30 s using 

rotation velocity of 0.4 rps. After pre-shearing, the rotation velocity is reduced step-wise from 

0.4 rps to 0.025 rps over seven increments. Each measurement step consists of a 1 s velocity 

transient interval and a 4 s sampling interval. A total of 50 sampling points are collected for 

each velocity. 

The data treatment and calculation of rheological parameters are similar to the procedure 

mentioned in Chapter 5. The raw torque-velocity data from rheometer is manually treated to 

obtain the most precise values of yield stress and plastic viscosity. The Bingham model is 

adopted to express the rheological behaviour of the Eco-SCC. First, for each velocity, the 50 

recorded torque points are examined to verify if equilibrium was reached during their 

measurements. If there are some outliers compared to the average or there is a range of non-
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equilibrium, those specific points or that whole range is eliminated, and the torque 

corresponding to that rotation velocity is calculated as the average of the remaining points. 

Otherwise, if the equilibrium was not reach for the entire velocity step, the point corresponding 

to that rotation velocity is omitted from the calculations of rheological properties. Once it is 

assured that all the T-N points are calculated in a state of equilibrium, yield stress (τ0) and 

viscosity (μ) of the mixture are calculated using the Reiner–Riwlin equation: 

 

= 4 ℎ 1 − 1 1                                                   (3.1) 

 

= 8 ℎ 1 − 1                                                              (3.2) 

 

where G (Nm) is yield torque corresponding to the y-intercept of the best-fitting line crossing 

torque - rotational velocity data, and H (Nm s) is the slope of such line. In the same equation, h 

(m) is the height of the cylinder, submerged in the concrete, while Ro and Ri (m) are the outer 

and inner radii, respectively. 

Afterwards, the plug flow check is run for each mixture to examine whether all parts of the 

sample are sheared inside the rheometer bucket during the test. Hence, the shear stress on the 

outer cylinder is compared to the calculated yield stress value to make certain that all shear 

stress values are larger than the yield stress. Failure to meet this condition means that there is a 

plug flow in the rheometer container during the rheology measurements, and thus the calculated 

yield stress and plastic viscosity values based on such data should be corrected. 

The correction is undertaken using an iterative loop in which an initial estimation of yield stress 

and viscosity is introduced to the loop (plug flow is not taken into account yet). Afterwards, 

these values are compared to the yield stress and plastic viscosity values derived from shear 

stress-shear rate data in which for the shear rates calculation, plug radius is used instead of the 

outer cylinder radius for the points that a plug flow occurred. In each iteration step, the sum of 

the differences between iterative parameters and those obtained from shear stress-shear rate data 

is calculated, and the loop is converged when this sum is minimized to a value smaller than 

0.001. The final values of yield stress and plastic viscosity obtained from the last shear stress-
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shear rate sets are selected as the rheological parameters of the mixture in this step. The final 

verification before reporting the rheological parameters of a mixture includes a comparison 

between the plug radius and the maximum size of aggregate. If the sheared zone thickness is 

smaller than the maximum size of aggregate, the point corresponding to that plug radius 

(velocity) is eliminated, and the plug flow correction is rerun. The yield stress and plastic 

viscosity values obtained after all the aforementioned verifications are reported as the 

rheological properties of the mixture [Wallevik et al., 2015]. The tests considered for the 

hardened state are also quite similar to those used in Phase II and are briefly explained 

subsequently. 

Cylindrical molds measuring 100 × 200 mm were cast to determine compressive strength 

(ASTM C 39) at 7, 28 and 56 days of moist curing. For the semi-SCC mixture, the samples were 

cast in two layers, and each layer was rodded with 10 strokes. Before conducting the 

compressive strength tests at each predetermined age, the samples were wiped with a damp cloth 

to remove any excess water, and electrical resistivity measurements were carried out using a 

commercial RCONTM concrete electrical resistivity meter. Free drying shrinkage (ASTM C 157) 

was determined with a digital type extensometer using prismatic specimens measuring 75 × 75 

× 285 mm. After demolding at 24 h, the prisms were immersed in lime-saturated water for 27 

days after which the shrinkage was monitored during 112 days in a temperature and humidity 

controlled room set at 23 ± 1°C and 50 ± 3% relative humidity. Drying shrinkage was only 

carried out for mixtures with varied water content. 
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Cet article présente des résultats de la première phase de cette thèse de doctorat qui aborde 

l’étude du mécanisme de l’effet de groupe des particules et son influence sur la stabilité statique 

des suspensions, notamment le béton autoplaçant. Ce phénomène est à l’origine de la stabilité 
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du béton autoplaçant écologique, soit Éco-BAP. Vu que l’objectif global de cette thèse est de 

développer des Éco-BAP (la deuxième phase de ce programme du doctorat présentée dans le 

chapitre 5), et que l’effet de groupe des particules est peu connu, les résultats de ce chapitre 

serviront à l’élaboration des Éco-BAP de qualité superiore tel que mentionné dans le chapitre 5. 

L’étude abordée dans ce chapitre est également utile pour la formulation des BAP, en général, 

ayant une meilleure stabilité.  

 

Résumé français : 

L'un des paramètres influençant la stabilité d'un squelette granulaire suspendu dans un fluide est 

la distribution granulométrique. Ce phénomène provient en partie de l'effet de groupe des 

particules (EGP). Dans un fluide donné, le comportement de sédimentation d'une particule ou 

d'un groupe de particules est modifié en présence d'autres particules. C’est dernier phénomène 

s’agit de l’EGP qui est d'un intérêt particulier pour la conception du béton très fluide dans lequel, 

compte tenu de la grande fluidité de la pâte, la ségrégation des gros granulats pourrait être 

problématique. La présente étude s’élabore sur la stabilité de plusieurs groupes des particules 

de verre sphériques (de 3 à 19 mm de diamètre) en suspension dans les pâtes de filler calcaire 

ayant des différentes propriétés rhéologiques. Les résultats montrent que quel que soit la 

granulométrie des particules en suspension, l’EGP de chaque classe granulaire est 

proportionnelle à la fraction volumique de telle classe. La principale contribution de l’EGP à 

l'amélioration de la stabilité de l'ensemble du système peut être attribuée à la stabilisation de 

chaque classe fine grâce à l’augmentation de fraction volumique de telle classe plutôt que 

l'interaction entre les différentes classes de particules. Deux indices sont proposés pour 

quantifier le potentiel de l’EGP d'une granulométrie donnée et pour prédire le risque de 

ségrégation d'un mélange de particules en suspension dans un fluide à seuil. Il est démontré que 

les prédictions faites par l'indice de ségrégation pourraient être appliquées aux mélanges du 

BAP. 

Mot-clé: Béton autoplaçant; Effet de groupe des particules; Granulométrie; Rhéologie; 

Ségrégation; Seuil de cisaillement; Stabilité 
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4.1 Abstract 

One of the parameters influencing the stability of a granular skeleton in a fluid is particle-size 

distribution (PSD). This phenomenon partially originates from the particle lattice effect (PLE) 

where in a given fluid the sedimentation behavior of one particle or a group of particles is 

modified in the presence of other particles. The PLE is of particular interest for the design of 

highly flowable concrete in which given the high fluidity of the paste, segregation of coarse 

aggregate is of concern. In the present study, the stability of several groups of bidisperse and 

polydisperse spherical glass particles (3 to 19 mm in diameter) suspended in limestone filler 

pastes designed with different rheological properties is investigated. Test results show that 

regardless of the PSD in the suspension, the PLE of any size-class is proportional to the volume 

fraction of such class. The main contribution of PLE to the enhancement of the stability of the 

overall system can be attributed to the stabilization of individual fine classes as the volume 

fractions of such classes are increased, instead of simply the interaction between different 

particle classes. Two indices are proposed to quantify the PLE potential of a given PSD and to 

predict the risk of segregation of a mixture of particles suspended in a yield stress fluid. The 

predictions made by the segregation index are shown to be feasible to apply to self-consolidating 

concrete (SCC) mixtures. 

 

Keywords Particle lattice effect; Particle-size distribution; Rheology; Segregation;                       

Self-consolidating concrete; Stability; Yield stress 

4.2 Introduction 

Sedimentation of granular inclusions in fluids is a matter of interest for different industrial 

processes and is widely studied by various researchers [Chhabra and Richardson, 2008; He et 

al., 2001; Hunnicutt and Wang, 2013; Mendez, 2011; Merkak et al., 2006]. One such field 

includes the design of Highly Flowable Concrete (HFC), and more specifically self-

consolidating concrete (SCC). SCC should achieve high filling ability, high passing ability, and 

satisfactory segregation resistance. Achieving the first two properties can compromise the 

stability of the mixture since it necessitates a more fluid paste (lower yield stress), i.e. a lower 
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capacity to maintain the aggregate in suspension [Khayat, 1999]. Thus, knowing that the 

particle-size distribution (PSD) of aggregate is a parameter affecting the stability of a suspension 

[de Larrard, 1999a], it is beneficial to exploit the potential of PSD in this respect to maximize 

the stability of the granular system. A more stable granular skeleton allows the design of a more 

fluid paste for the same level of stability, thus leading to greater deformability of SCC mixtures. 

The stability of particles in a suspension at rest, i.e. static stability, with focus on concrete 

stability, was addressed by some researchers. [Saak et al., 2001a], [Shen et al., 2009], and 

[Roussel, 2007] all proposed simple criteria for the critical yield stress value of paste below 

which sedimentation took place. [Bethmont, 2005] showed that the criterion suggested by [Saak 

et al., 2001a] provided excessive yield stress values while those put forward by [Roussel, 2007; 

Shen et al., 2009] led to better agreement with experimental data obtained from the study of 

cement pastes with yield stresses ranging from 0.7 to 16 Pa. Based on the investigation of the 

effect of different fine and coarse aggregate combinations on the stability of HFC, [Aïssoun et 

al., 2015] found that PSD played a significant role on the segregation resistance of the studied 

mixtures. [Brouwers and Radix, 2005], [Hunger, 2010], and [Mueller et al., 2014] showed 

experimentally that PSD of solid materials combinations following the Funk and Dinger curve 

[Funk and Dinger, 1994] can enhance the stability of SCC mixtures covering wide ranges of 

rheological properties. [Ramge et al., 2010] suggested a segregation potential classification for 

particles of different shapes, densities, and diameters. It was, however, found that such a 

classification is not sufficient to predict the segregation potential of a group of aggregate in 

mortar since the rheological properties and composition of the mortar were not considered. One 

phenomenon that can affect the sedimentation of particles in a fluid is the particle lattice effect 

(PLE). 

The PLE refers to the phenomenon that causes a difference between the sedimentation behavior 

of an individual particle and that of a group of particles. Interparticle interactions and 

modifications in the activated shear area (or flow patterns) around the particles inside the 

suspending fluid are the two principal phenomena contributing to the PLE [Bethmont, 2005; 

Ramge et al., 2010]. This phenomenon is usually studied with regards to static segregation. 

[Shen et al., 2009] derived a relationship between the settling velocity of one particle and that 

of a group of particles. A parameter in this equation could be related to the PLE of a given 

combination of aggregate. Nevertheless, this parameter does not provide information on the PLE 
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potential of aggregate before concrete production. [Roussel, 2007] linked the minimum distance 

between similar particles in a yield stress fluid to the properties of the fluid and the 

characteristics of the granular skeleton. Hence, knowing the yield stress of the fluid and 

assuming that in the segregated zone the particles are positioned at the minimum distance 

relative to each other, the volume fraction of aggregate in this area could be calculated. This 

theory is useful when comparing the influence of PLE on the segregation of a group of similar 

spheres to that of a single sphere. However, in case of concrete, further research is required in 

order to apply this approach. 

[Bethmont, 2005; Bethmont et al., 2009] found that the resisting force of a single particle to the 

flow of fluid around it is always lower than that of a group of particles, thus indicating the 

existence of the PLE. It was observed that the PLE was a function of the total volume of particles 

and the rheological properties of the paste. While this research gives an insightful basis to study 

the PLE, it does not provide an evaluation of the correlation between such PLE and the 

segregation potential of the mixture. In case of SCC mix design, the type of PLE that is 

important is the one originating from the interaction between several size-classes of aggregate 

in the mixture i.e., the finer more stable particles can restrict or stop the settlement of the coarser 

ones [Wallevik, 2003]. [Wallevik et al., 2009] pointed out that such PLE can increase if in a 

granular skeleton the volume fraction of a certain size-class is equal or larger than the 

consecutive coarser size-class.  

The aforementioned review demonstrated the importance of the granular skeleton in improving 

static stability of a suspension of particles in a yield stress fluid. However, no distinction is made 

between the contributions of PSD, PLE, and fluid rheological properties to the segregation 

resistance of suspended particles. Moreover, it is difficult to assess the segregation potential of 

a given granular skeleton based on the proposed theories. The hypotheses put forward by 

[Bethmont, 2005] and [Wallevik et al., 2009] need to be examined thoroughly to verify 

applicability and limits. The objective of the present study is to determine experimentally the 

influence of PLE on the static segregation of spherical particles in a yield stress fluid. Spherical 

glass particles of different sizes are used to construct several bidisperse and polydisperse PSDs. 

This allows for the investigation of the variation of PLE as a function of PSD. Limestone filler 

pastes with variable rheological properties are employed as suspending fluids. Thus, the 

influence of rheology on PLE and stability is quantified. The mode of action of PLE is discussed, 
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and an index is proposed to compare different PSD with regards to the PLE potential to resist 

segregation. The influence of total particle volume on PLE and segregation resistance is also 

evaluated. A global parameter is also derived to correlate both particle and suspending fluid 

properties to the stability of the system. The applicability of the results to SCC mixtures is 

examined using six industrial mix designs with variable coarse aggregate gradation and different 

mortar fluidity. 

4.3 Methodology 

This study was comprised of three phases. The objective of the first part was to understand the 

mechanism of the PLE. The suspending fluid here was considered to be homogeneous. Thus, a 

limestone filler paste with low yield stress and a limestone filler paste with high yield stress, 

called for simplicity fluid paste (FP) and thick paste (TP), respectively, were selected. The paste 

materials had yield stress values similar to the typical values found for self-consolidating 

mortars. Suspensions of bidisperse and polydisperse gradings of spherical glass beads dispersed 

in each of the two pastes were investigated. From these experiments, the influence of particle 

volume fraction and the effects of fluid yield stress as well as PSD on the PLE and segregation 

were established.  

The second phase dealt with the segregation phenomenon of polydisperse marbles in 

heterogeneous suspending fluids. This approach was similar to the case of segregation in real 

concrete. First, the segregation mechanism of the same polydisperse granular skeletons as the 

ones studied in phase one was investigated in a model mortar (MM). This model mortar was 

constituted of the FP plus fine beads. In order to make a direct comparison between the 

homogeneous and heterogeneous suspending fluids cases, the segregation of the same 

combinations of particles in a paste, called mortar equivalent paste (MEP), exhibiting the same 

rheological properties and density as the MM was determined. 

In the last phase, the static segregation resistance of SCC mixtures was assessed so that the 

results obtained from model materials can be extended to the case of SCC. Two reference SCC 

mixtures with slump flow values of 640 mm and 710 mm were prepared. The main difference 

between the two mixtures was the fluidity level of the mortar changed by means of a different 

high-range water reducing admixture (HRWRA) dosage. The PSD of the coarse aggregate was 
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then varied according to the polydisperse combinations considered in the previous phases. 

Hence, a total of six mixtures were studied making it possible to establish the effect of mortar 

rheology and the PSD of coarse aggregate on the stability of SCC mixtures.  

4.4 Experimental program 

4.4.1 Model materials 

Fine limestone powder with a maximum particle size of 100 μm along with a polycarboxylate-

based HRWRA was used in the composition of limestone pastes. The water to powder ratio 

(w/p) and HRWRA content were adjusted to obtain three pastes (TP, FP, and MEP) with 

different rheological properties given in Table 4-1. Glass marbles with a density of 2530 ± 20 

kg/m3 and nominal radii of 3, 5, 10, 14, and 19 mm were employed as solid inclusions. The 

maximum packing densities of the marble material, for each size class, as well as all of the 

investigated PSDs, were measured experimentally. The measuring procedure consisted of 

placing a sample of marbles with a constant mass into a cylindrical mold and leveling it with a 

ruler in a way to minimize the placement of the marbles on the top layer. The mold was then 

covered with a weight, applying a pressure of 10 kPa to the sample, during 1 min of vibration. 

At the end of the test, by measuring the height of the sample inside the mold, the final bulk 

density was calculated. The maximum packing density was calculated as the ratio between the 

final bulk density and real density of the marbles.  

The rheological properties of the MM are summarized in Table 4-1. The MM comprised of 

45.5% of 3 mm marbles and 54.5% of the FP. The MEP was a paste prepared to exhibit similar 

rheological properties and density as the MM. The total volume of coarse marbles, i.e., 5, 10, 

14, and 19 mm classes were kept constant (30% of total mixture volume) in all studied 

suspensions except for the ones used to investigate the effect of coarse marble volume on the 

PLE. 

All pastes were prepared in a paddle mixer in batches of 4.5 l. Water and HRWRA were 

introduced in the mixer first. The powder was then added into the mixer and mixed for 120 s at 

slow speed. The mixer was stopped afterwards for 90 s. During the first 30 s, any paste collected 
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on the sides of the mixer bowl was scraped down into the mixture. The sequence was finalized 

by a 180 s mixing period at medium speed. 

 

Table 4-1 Properties of suspending fluids 
 

Fluid 
Yield stress, Pa Viscosity, 

Pa.s 
Density, kg/m3 

Dynamic Static 
Thick Paste (TP) 13.6 ± 0.9 11.1 ± 0.9 1.3 ± 0.1 1910 ± 20 
Fluid Paste (FP) 7.0 ± 0.9 7.0 ± 1.0 0.8 ± 0.1 1910 ± 20 
Model Mortar (MM) 11.1 ± 0.6 13.8 ± 1.0 3.4 ± 0.1 2075 ± 10 
Mortar equivalent paste (MEP) 11.3 ± 0.6 12.0 ± 0.8 2.7 ± 0.1 2045 ± 10 
Fluid Mortar (FM) 5.3 ± 0.7 25.6 ± 0.6 2.0 ± 0.2 2315 ± 1 
Thick Mortar (TM) 14.6 ± 0.6 37.0 ± 1.0 3.0 ± 0.1 2295 ± 2 

 

A sample was extracted to perform the segregation test. From the same batch of limestone paste, 

another sample was employed for rheological characterization of the suspending fluids, i.e. the 

paste (either TP or FP). In case of the tests involving the MM, another sample was used to 

characterize the properties of the mortar. For tests in which the paste was the suspending fluid, 

the paste was immediately poured in two containers. The coarse marbles were added to one 

container. The mixture of paste and marbles was then hand stirred during 30 s to ensure an initial 

homogeneous distribution of particles. The second sample of paste was hand stirred 

simultaneously as an attempt to keep the paste in the same shear history as the interstitial 

suspending fluid in the sample [Mahaut, Mok, et al., 2008]. In case of tests where the MM was 

employed as the suspending fluid, after pouring the paste in two containers, first 3 mm marbles 

were added into one recipient and hand stirred for 30 s while the paste was simultaneously 

sheared as well. Afterwards, the coarse marbles were introduced into the MM receptacle (paste 

+ 3 mm marbles) and hand stirred for an additional 30 s. The paste in the other container was 

hand stirred at the same time. When rheological measurements were carried out on the MM, the 

MM sample was directly prepared in the rheometer bowl at the same time as the preparation of 

segregation test sample. 

Once the segregation test and rheological measurement samples were ready, the segregation 

sample was cast into the testing mold over a period of 30 s in a way to minimize the free fall 

height i.e., the sample container rest on the edge of the mold during the filling procedure. The 

mold was a rectangular column with a cross section measuring 150 mm by 150 mm and a height 
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of 400 mm. The rheology sample was hand stirred while the testing sample was placed into the 

mold after which it was transported to the rheometer for measurements. Details of the 

rheological measurements are described in Section 4.4.3. The sample was left at rest inside the 

mold for 30 min. After this period, four plates were inserted into the side wall of the mold 

alongside the height to divide the sample into five sections of 60 mm high (the total sample 

height inside the mold was maintained at 300 mm for all tests). The sample within each section 

was then collected and sieve-washed to retrieve the marbles. The marbles were dried and 

weighed to determine the segregation index (SI) and the lack of lattice index (LLI) as explained 

subsequently. The SI reflects the homogeneity of entire particles over the height of the mold 

and is derived from Eq. 4.1. 

 

SI (%) = 

∑ (mi-mi)
25

i=1
4

 mi
 ×100                                                    (4.1)  

 

where mi is the total coarse marble mass in the ith section, and mi is the average of mi over the 

five sections. Hence, SI represents the coefficient of variation of mi in the five sections of the 

mold. 

The LLI quantifies the state of distribution of each size-class over the height of the mold and 

thus is defined as: 

 

LLI (%) = (v1 × LLI1 + … + v5 × LLI5) ×100                                      (4.2) 

 

where vj is the volume fraction of size-class ‘j’, and LLIj is the lack of lattice index of the same 

class given by: 

 

LLIj (%) = 

∑ (
mi,j

M -
mi,j

M )
2

5
i=1

4

 
mi,j

M

 ×100                                                    (4.3) 
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where mi,j is the mass of size class ‘j’ in section ‘i’, and M is the average mass of all coarse 

marbles over the five sections i.e., one fifth of the total mass of coarse marbles in the test sample. 

Hence, a higher LLIj for a given size-class means a more heterogeneous distribution of that class 

over the height of the segregation box. Similarly, a higher LLI for a given PSD corresponds to 

a lower degree of PLE. In the present work, when SI or LLI are lower than 15%, the 

corresponding particles size-class or combination of particles are considered to be stable. 

4.4.2 SCC mixtures and corresponding mortars 

A Type GU portland cement complying with ASTM C150-07 and a fine limestone powder were 

employed as cementitious materials. Natural siliceous river sand (0-5 mm) with a saturated 

surface dry (SSD) density of 2.68 g/cm3 and water absorption of 0.9% was used in all mixtures. 

Crushed limestone coarse aggregate with SSD density of 2.75 g/cm3 and water absorption of 

0.49% were sieved to produce the three desired particle size classes, i.e., 5-10 mm, 10-14 mm, 

and 14-19 mm. Table 4-2 presents the material proportions of the investigated SCC mixtures. 

The packing densities of the sand and coarse aggregate for all of the investigated aggregate 

combinations were determined experimentally by means of the same method discussed in 

Section 4.4.1 for the model marble particles. 

For each PSD, one fluid SCC (F) and one thick SCC (T) mixtures were tested. The main 

difference between the two mixtures is the HRWRA content. The name of each mixture starts 

with the letter ‘F’ or ‘T’ representing the fluidity class followed by three numbers standing for 

the volumetric proportions between different size-classes of coarse aggregate. For example,      

F-40-50-10 stands for a fluid mixture containing 40% 5-10 mm, 50% 10-14 mm, and 10% 14-

19 mm classes (percentage of total coarse aggregate volume, which is fixed to 30% in all 

mixtures). 

The two mortars corresponding to each series of the SCC mixtures (fluid or thick) were 

separately prepared and characterized. The proportions of the mortars were similar to those of 

the respective SCC mixtures without the coarse aggregate. The properties of the mortars, called 

fluid mortar (FM) and thick mortar (TM), are given in Table 4-1. 

SCC mixtures were prepared in a 100-l rotating drum mixer. The mixing sequence comprised 

of homogenizing coarse aggregate and sand for 2 min before adding half of the water and mixing 

for 1 min. The cementitious materials were introduced afterwards, and mixing was resumed for 
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30 s, after which the remaining water with the HRWRA diluted in it was added into the mixer 

and mixed for an additional 2.5 min. The mixture was then left at rest for 2 min before the final 

3 min of mixing. Immediately after the end of mixing, the fresh properties were characterized 

by means of slump flow (C1611/C1611M), J-Ring (C1621/C1621M), and V-funnel (with an 

opening of 75 × 75 mm). Rheological measurements were also carried out (see Section 4.4.3). 

The column segregation test was performed to quantify the static segregation and the lattice 

effect for each mixture. The testing apparatus was comprised of a column measuring 660 mm 

in height and 200 mm in diameter. The column was divided into four separable sections 

measuring 165 mm each. The SCC sample was cast into the column over a period of 2 min, after 

which the column was left at rest for 15 min. Then, the concrete sample in each section was 

collected starting from the top. After determining the weight of each SCC sample, the sample 

was washed over a 5 mm sieve to retain the coarse aggregate [Assaad et al., 2004]. The ratio 

between the mass of the coarse aggregate and the total mass of the concrete sample for each 

section (relative mass of coarse aggregate) was determined, and the SI was calculated using Eq. 

4.1. Here mi corresponded to the relative mass of coarse aggregate in the ith section, and mi was 

the average of mi over the five sections. In order to determine the LLI and the LLIj using Eqs. 

4.2 and 4.3, the coarse aggregate collected from each section was sieved, and the mass of each 

size class, i.e., 5-10 mm, 10-14 mm, and 14-19 mm were recorded. These values were then 

normalized by the mass of the SCC sample in the respective section before being used in Eq. 

4.3. 

The mortars were made in a paddle mixer. The mixing sequence consisted of adding sand and 

2/3 of the mixing water into the mixer bowl and mixing for 1 min at slow speed. The 

cementitious materials were then introduced, and mixing was resumed for 1 min at slow speed 

before the addition of the remaining water with the HRWRA diluted in it and mixing for another 

2 min at slow speed. The mixer was then paused for 1 min. During the first 15 s, the mortar 

collected on the sides of the bowl was quickly scraped. After the rest period, the mixing was 

resumed for 3 min at medium speed. Rheological measurements and density test were carried 

out immediately after the end of mixing period (see Section 4.4.3). 
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Table 4-2 Material proportions and fresh properties of studied SCC mixtures 
 

 F-40-50-10 F-25-50-25 F-10-50-40 T-40-50-10 T-25-50-25 T-10-50-40 

Cement, kg/m3 375 
Limestone filler, 
kg/m3 

55 

Total powder, 
kg/m3 

430 

Water, kg/m3 193.5 
Sand, kg/m3 945a 955a 
HRWRA, l/m3 2.6 2.3 
5-10 mm, kg/m3 336 210 84 336 210 84 
10-14 mm, kg/m3 420 420 420 420 420 420 
14-19 mm, kg/m3 84 210 336 84 210 336 
Slump Flow, mm 710 710 800 620 640 680 
T50, s 1.5 1.0 0.9 1.9 1.6 1.7 
Slump flow – 
J-Ring, mm 

30 70 110 50 80 60 

V-funnel, s 3.2 4.2 6.7 4.8 6.9 9.5 
Yield stress, Pa 22 26 37b 44 42 35 
Viscosity, Pa.s 18 18 10b 20 22 14 
a The variation in sand content compensates for the variation in HRWRA content to maintain 
the overall volume of concrete constant 
b Segregation may affect the results 

4.4.3 Rheological measurements 

4.4.3.1 Model samples 

For TP and FP, the rheological measurements were performed in an Anton Paar MCR 302 

coaxial rheometer with a rotational inner cylinder. The inner and outer cylinders radii were 0.013 

and 0.014 m, respectively. The dynamic properties were measured immediately after the 

beginning of the segregation test. The measuring procedure was comprised of a 30 s pre-

shearing period at 0.5 rps after which the rotational speed was decreased over nine steps from 

0.5 to 0.025 rps. The torque-rotational speed data was used to calculate the yield stress based on 

the Herschel-Bulkley model by means of the modified Reiner-Riwlin equation [Heirman et al., 

2008]. The viscosity values reported in Table 4-1 for TP and FP are apparent viscosities 

corresponding to a shear rate of 20 s-1. The procedure for determining the static yield stress was 

comprised of applying a constant rotational speed of 0.04 1/min during 20 s to a sample that 
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was at rest for 5 min prior to testing. The shear stress increased first with time until a peak value 

after which the shear stress decreased and then remained constant. The peak value of shear stress 

was reported as the static yield stress [Saak et al., 2001b]. Both dynamic and static testes were 

repeated at the end of the segregation test i.e., after 30 min, and no significant variation in the 

rheological properties was observed. 

Rheological measurements on the MM and the MEP were carried out using a ConTec 

Viscometer 6 rheometer, which is a coaxial cylinder rheometer with an outer rotating cylinder. 

The radii of outer and inner cylinders were 0.06 and 0.05 m, respectively. The measuring 

procedure for dynamic properties consisted of pre-shearing the sample for 30 s with a rotational 

speed of 0.3 rps, after which the speed was reduced to 0.025 rps over seven steps. In this case, 

the Reiner-Riwlin equation corresponding to the Bingham model was employed to transform 

the torque-speed data to calculate yield stress and viscosity. The static yield stress was computed 

in the same manner as TP and FP with the only difference being that the applied rotational speed 

was 0.3 1/min. Rheological tests at 30 min showed no considerable changes in the properties of 

the materials. 

4.4.3.2 SCC and corresponding mortars samples 

A ConTec Viscometer 5 rheometer, similar to ConTec Viscometer 6, was employed to 

characterize the rheological properties of SCC mixtures. The radii of outer and inner cylinders 

were 0.15 and 0.1 m, respectively. The measuring configuration involved a 30 s pre-shearing 

period at 0.4 rps before the speed was decreased stepwise to 0.025 rps (7 steps). The Bingham 

model was used to calculate yield stress and viscosity of mixtures.  

Rheological characterization of the corresponding mortars was carried out in the same way as 

MM and MEP. 
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4.5 Results 

4.5.1 Homogeneous suspending fluids 

4.5.1.1 Effect of PSD on PLE and segregation of particles 

Figure 4-1a and b show the effect of volume ratio between two non-consecutive marble size-

classes (5 and 19 mm) on SI and LLI. Three studied granular mixtures are comprised of the 

following PSDs: 25%5mm75%19mm, 50%5mm50%19mm, and 75%5mm25%19mm. It is 

observed that regardless of the suspending fluid yield stress, increasing the volume fraction of 

any individual size-class increases the PLE of that class (lower LLI). This increase in PLE is 

more significant for 5 mm marbles, and thus the PLE and segregation of the whole system are 

mainly controlled by the volume fraction of 5 mm particles. It seems that the small increase in 

the PLE of 19 mm marbles cannot compensate for the higher tendency of these particles to 

segregate. The most stable system in Figure 4-1a and b is the one containing a higher volume of 

5 mm particles than the 19 mm ones. Comparing the homogeneity of 19 mm particles to the 

mixture with 100% 19 mm marbles, it is seen that in binary suspension, the distribution of 19 

mm particles is less homogeneous in all cases. This can be contributed to the decrease in 

absolute volume of this class in bidisperse PSD, and the fact that the 5 mm particles cannot 

effectively prevent the sedimentation of 19 mm ones.  

A comparison of Figure 4-1a to b demonstrates that while the higher yield stress of the TP 

reduces the extent of the segregation of the 19 mm marbles relative to the FP, it has a negligible 

effect on the stability level of 5 mm particles that are already stable in the FP. Thus, the 

importance of selecting a well-graded PSD with regards to stability increases with the fluidity 

of the suspending fluid. 

Figure 4-1c presents the influence of volume ratio between two consecutive marble size-classes 

(5 and 10 mm) on SI and LLI. The same PSDs and total particle volume are examined. Similar 

to the case of non-consecutive classes, increase in volume fraction of each size class leads to a 

better PLE for that class. Such improvement is more significant for 5 mm marbles. By increasing 

the volume fraction of 5 mm particles, the LLI and SI of the system first remains constant and 

then enhances when the volume of 5 mm marbles is higher than that of 10 mm ones. The 

enhancement of the LLI and SI is controlled by the volume fraction of 5 mm marbles. The best 
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resistance to segregation is observed when the volume fraction of 5 mm particles is higher than 

that of 10 mm particles. Contrary to non-consecutive classes, here the stability of 10 mm 

particles is improved compared to a monodisperse mixture of 10 mm marbles meaning that the 

lattice effect provided by the 5 mm particles reduces the settlement of 10 mm particles. 

 

 
(a)                                                             (b) 

 
(C) 

Figure 4-1 Influence of volume ratio between particle classes on SI and LLI of binary granular 
skeletons (a) non-consecutive classes in TP and (b) non-consecutive classes in FP, and (c) 

consecutive classes in FP 
 

Figure 4-2 shows the influence of volume ratio between the coarsest (19 mm) and the finest 

size-classes (5 mm) in a polydisperse granular mixture on the SI and LLI of the mixture. The 

considered PSDs are as follows: 10%5mm25%10mm25%14mm40%19mm, 

25%5mm25%10mm25%14mm25%19mm, and 40%5mm25%10mm25%14mm10%19mm. 

Therefore, the volume fraction and the volume ratio between the two middle classes are constant 
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in all tests, and the 10 mm and 14 mm classes are considered as one class (the middle class) in 

the analysis. 

It is seen that increasing the volume fraction of 5 mm class improves the stability and the PLE 

of the system. The enhancement of stability seems to be provided by a higher stability of 5 mm 

marbles and the middle class (10-14 mm) resulted from the increase in volume fraction of 5 mm 

class. The stability of 19 mm class is only influenced by its own volume fraction meaning that 

decrease in volume fraction of 19 mm marbles increased the LLI of this class (lower PLE). The 

segregation of 19 mm particles is higher than that of the mixture of 100% 19 mm marbles in the 

same paste (see Figure 4-1b), i.e. the presence of other marbles does not compensate for the 

reduction of stability of 19 mm class caused by the decrease in their absolute volume. On the 

contrary, when the volume fraction of 5 mm particles is at the highest, the stability of the middle 

class is improved, and since the total volume of this class is constant in all mixtures, such 

improvement is mostly contributed to the PLE provided by 5 mm class support. Thus, for the 

polydisperse skeletons with a constant middle class, the most stable mixture is obtained when 

the volume fraction of the stable class (5 mm) is greater than that of each individual segregating 

class. 

 

 
Figure 4-2 Effect of volume ratio between 5 and 19 mm particle classes on SI and LLI of 

polydisperse granular skeletons (middle class volume constant) in FP 
 

Figure 4-3 demonstrates the effect of the variations in the middle class volume fraction on the 

SI and LLI of polydisperse granular mixtures. Here, the considered PSDs are: 

40%5mm10%10mm10%14mm40%19mm, 25%5mm25%10mm25%14mm25%19mm, and 
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10%5mm40%10mm40%14mm10%19mm. Thus, 5 mm / 19 mm and 10 mm / 14 mm volume 

ratios are constant.  

Compared to the 50%5mm50%19mm mixture, the mixture containing 20% of middle class (10-

14 mm) exhibits a higher segregation mainly due to the increase in the absolute volume of 

unstable particles. At this point, the PLE does not enhance the stability. By continuing to 

increase the volume of the middle class, the stability of the system improves but does not reach 

a better stability level than the mixture without the middle class. Such enhancement of the 

stability is caused by a higher lattice effect provided by the middle class as can be seen from 

Figure 4-3. 

 

 
Figure 4-3 Effect of variation of middle class volume on SI and LLI of polydisperse granular 

skeletons in FP 

4.5.1.2 Effect of coarse particles volume fraction on segregation 

In order to investigate the effect of coarse particle volume fraction on segregation, the stability 

of polydisperse mixtures containing 25%, 30%, and 35% of particles (percentage of total 

suspension volume) with PSD of 25%5mm25%10mm25%14mm25%19mm is studies 

(Figure 4-4). Results from Figure 4-4 show that both SI and LLI decrease, in general, with 

increase in the total volume of marbles. It is observed that the LLI of 10-14 mm and 19 mm 

classes decreases when the total volume varies from 25% to 30% and then remains constant 

with further increase in volume to 35%. In case of 5 mm marbles, the LLI is constant at first and 

then decreases when the total volume of particles is increased to 35%. 
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Figure 4-4 Influence of coarse particle volume fraction on SI and LLI 

4.5.2 Heterogeneous suspending fluids 

Figure 4-5 presents the variation of SI and LLI with volume ratio between                                               

5 and 19 mm marble classes in a polydisperse granular skeleton suspended in the MM. The 

PSDs studied in this part include: 10%5mm25%10mm25%14mm40%19mm, 

25%5mm25%10mm25%14mm25%19mm, and 40%5mm25%10mm25%14mm10%19mm. 

The total volume of 5-19 mm marbles and 3 mm marbles are 30% and 25% of the total mixture 

volume, respectively, in all tests. The SI and LLI are only calculated for 5 mm and coarser 

marbles. 

It is observed that by replacing the 19 mm particles with 5 mm particles, the segregation and 

LLI first reduce and then remain constant. The improvement of stability originates from a higher 

stability of 5 mm and 10-14 mm marbles. Considering that the volume of 10-14 mm class is 

constant, the lower segregation of this class with increase in volume of 5 mm particles is due to 

a better PLE provided by 5 mm marbles. The stability of 19 mm particles is not significantly 

affected among the studied PSDs. However, the level of segregation of this class for all three 

PSDs is lower than that of the mixture with 100% 19 mm marbles in the same mortar. This is 

contributed to the PLE provided by finer particle classes. It is noted that in the case of the used 

mortar, where there are two stable classes (5 mm and 10-14 mm) and one segregating class, the 

most stable mixture is already obtained when the volume of 5 mm marbles is equal to that of 

the 19 mm class. 
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Figure 4-5 Influence of volume ratio between 5 and 19 mm particle classes on SI and LLI of 

polydisperse granular skeletons suspended in the MM (middle class volume constant) 
 

In order to determine the origin of the improvement of the stability of coarse particles suspended 

in the MM, a series of tests are carried out in MEP which is a paste with the same rheological 

properties and density as that of the MM (see Table 4-1). The PSDs investigated in this part are 

similar to those used in the MM study. The comparison between the results obtained from the 

MEP experiments and those of the MM is presented in Figure 4-6. 

It is observed that, except for the PSD with the lowest volume fraction of 5 mm particles (which 

also contains the highest volume fraction of 19 mm particles), the SI and LLI are quite similar 

in both fluids. In case of the PSD with the lowest 5 mm volume, both stability level and PLE 

decrease. Taking into account the segregation of 3 mm marbles for the same PSD, it is seen that 

the SI of 3 mm marbles is higher compared to the other PSDs. This higher degree of segregation 

for 10%5mm25%10mm25%14mm40%19mm PSD originates from the discontinuity between 

the 3 mm and 10 mm particles, and as it was shown before for the 5-19 mm binary mixtures, 

the segregation of a coarser class can significantly disturb the distribution of a finer non-

consecutive class. High level of segregation of 3 mm marbles in the MM leads to local areas 

with lower yield stress where coarse marbles are more prone to segregation. As a matter of fact, 

the distribution of the volume fraction of 3 mm marbles over the five sections of the segregation 

box was determined (suspension of 10%5mm25%10mm25%14mm40%19mm skeleton in 

MM). The yield stress of the FP is also known (Table 4-1). Inserting this data into the Mahaut 

and Chateau model [Mahaut, Chateau, et al., 2008] that links the yield stress of a suspension 

(MM) to the suspending fluid (FP) yield stress and volume fraction of solid inclusions (3 mm 

marbles), it is possible to calculate the coefficient of variation of the yield stress of MM over 
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the height of the segregation box for this test. This value was found to be 12%. This phenomenon 

does not occur in the MEP for which the rheological properties are constant everywhere 

(homogeneous fluid). For other PSDs, even though some segregation of 3 mm marbles occurs 

in the MM, the SI and LLI do not vary between the MM and the MEP. This is contributed to the 

lattice effect provided by the 3 mm particles for the coarse marbles (5 – 19 mm). 

 

 
Figure 4-6 Comparison between the LLI and SI of similar granular skeletons suspended in the 

MM and in the MEP 
 

Thus, the main contribution of 3 mm marbles to the enhancement of stability of coarse particles 

is through the modification of the rheology of the paste. The role of the PLE of the 3 mm 

particles is to stabilize this class throughout the suspending fluid (homogeneous matrix) as well 

as to slightly reduce the segregation of coarse marble particles. However, the PLE of the fine 

beads does not lead to a better stability level of coarse beads in any case (Figure 4-6). It seems 

that if no excessive segregation of fine particles takes place, the influence of these particles on 

the stability of the mixture can be mostly considered through the variations of the rheology of 

the suspending fluid originated from the inclusion of fine particles. 

4.5.3 Influence of coarse aggregate PSD on stability and PLE of SCC 

Table 4-2 presents the fresh properties of the investigated SCC mixtures, in exception of the 

segregation test. The results of the segregation tests are summarized in Figure 4-7. It is seen that 

the trends of SI and LLI obtained for both fluid and thick SCC mixtures are similar to the ones 

attained for marbles suspended in the MM (see Figure 4-5). Regardless of the fluidity level, 
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decreasing the volume of 5-10 mm class from 40% to 25% of total coarse aggregate volume 

does not affect the SI and LLI of the SCC mixtures. Further reduction of 5-10 mm class to 10% 

causes an increase in both indices. In the latter case, the increase in segregation level is more 

drastic for the fluid concrete than the thick one. It is noted that apart from the mixtures with 10-

40-50 PSD type, all other SCC mixtures exhibited the same level of stability. 

 

 

(a)                                                                              (b) 

Figure 4-7 Effect of the variations of PSD on the SI and LLI of SCC mixtures 
 

For each fluidity class (F or T), varying the PSD of coarse aggregate from 40%5-10mm50%10-

14mm10%14-19mm to 25%5-10mm25%10-14mm25%14-19mm does not remarkably affect 

the rheological properties of the SCC mixtures, as shown in Table 4-2. The importance of 

maximizing the PLE is obvious in Figure 4-7a and b, where for 40-50-10 and 25-50-25 PSDs, 

the stability level of the respective SCC mixtures does not vary despite a considerable increase 

in the fluidity of the mortar. More specifically, for the two mixtures that meet all the fresh 

properties requirements of self-consolidation, i.e. T-40-50-10 and F-40-50-10, the yield stress 

is reduced by half from T-40-50-10 to F-40-50-10, while the SI remains rather similar. Thus, 

employing an appropriate PSD with a high level of PLE provides the possibility of improving 

the passing ability and the filling ability of SCC (through higher fluidity) without compromising 

the stability of the mixture. 
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4.6 Discussions 

4.6.1 Characterization of the PLE potential of a PSD 

In this section, an empirical PLE potential indicator called lattice factor, which can best explain 

the obtained LLI results, is proposed. Since the influence of PLE on stability is more significant 

in fluid suspending mediums, only the results of the tests carried out in FP are taken into account 

for the determination of the lattice factor. A few hypotheses are considered for the development 

of this factor. First, the effect of the finest class on the PLE is always positive while that of the 

coarsest is always negative except for binary mixtures of two consecutive size classes. Second, 

the influence of the middle classes is always positive but lower than those of the finest and the 

coarsest classes. Third, in case of binary granular skeletons of two consecutive size classes, the 

effect of the coarse class is positive but lower than the finer class. At last, the PLE is highly 

affected by the total particle volume fraction and slightly influenced by the minimum and 

maximum particle sizes in the suspension. According to the aforementioned hypotheses and 

based on the obtained results, the following equation is proposed to calculate the lattice factor: 

 

Lattice factor = 
V0 + a1V1+ ∑ aiVi

n-1
i=2 - Vn  × ∅2

dmindmax
                                    (4.4) 

 

where V0 is the volume fraction of the finest size class, V1 is the volume fraction of the coarser 

consecutive class, V2 to Vn-1 are the volume fractions of the middle classes, Vn is the volume 

fraction of the coarsest class, ϕ is the total particle volume, and dmin and dmax are the minimum 

and the maximum diameters of particles, respectively. The terms a1 to an-1 are coefficients to be 

determined. 

Considering Eq. 4.4, it is always necessary to have at least two size-classes in the mixture in 

order for this equation to be applicable. If these two classes are consecutive, then the first two 

terms of the equation are used i.e., V0 and V1. If the two classes are non -consecutive, the value 

of V1 equals to zero, and Vn corresponds to the volume fraction of the coarse class. It is suggested 

that if fine particles (sand) are to be taken into consideration for the calculation of the lattice 

factor, their entire volume can be counted as V0. Based on the results of this work and for 
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simplicity, the choice of a1 = ai = … = an-1 = 0.3 which provides the best correlation with the 

experimental data is selected. The correlation between the LLI and the proposed lattice factor is 

shown in Figure 4-8. 

It is seen that there is a good relationship between the lattice factor and the LLI data. Starting 

from a lattice factor of approximately 0.15, the LLI tends to remain constant with increase in 

lattice factor. Thus, this value can be regarded as a critical value when comparing different 

PSDs. For the results pertaining to the MM, the LLI is calculated only for coarse particles, 

whereas all the particles (including 3 mm ones) are considered for the calculation of the lattice 

factor. It should be noted that this curve is not unique and may vary depending on the rheology 

of the suspending fluid and the difference between the densities of the fluid and the particles. 

However, Eq. 4.4 remains valid when comparing the lattice effect potential of a group of PSDs 

(with similar densities) that are to be used in a given fluid (constant rheological properties and 

density). 

 

 
Figure 4-8 Relationship between the lattice factor and the LLI 

 

According to this approach, in ideal grading curves such as [Andreasen and Andersen, 1930] or 

[Funk and Dinger, 1994], the PLE is improved when the granular skeleton is finer. Hence, for a 

given minimum and maximum aggregate sizes, reducing the distribution modulus in either of 

these equations increases the lattice effect potential of that PSD. 
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4.6.2 Segregation Criterion 

Based on the theory put forward by [Roussel, 2007], the initial distance between the particles in 

a mixture is proportional to the extent of the final segregation. The initial average distance 

between the segregating particles is estimated in this study using the same equations as those 

used to calculate the excess paste thickness [Midorikawa et al., 2009]. The first step is to 

calculate the volume of excess fluid (Vef). This volume corresponds to the part of the suspending 

fluid which remains after all the voids between the particles are filled. Vef is calculated from Eq. 

4.5: 

 

Vef = Vf -Vcp

1-αcp

αcp
                                                        (4.5) 

 

where Vf is the volume of the suspending fluid, and Vcp and αcp are the coarse particle volume 

and coarse particle packing density, respectively. The value of Vef derived from Eq. 4.5 can be 

used to compute the initial average distance between the particles, 2K, by means of Eq. 4.6: 

 

Vef=
1

6
π di+2K 3-di

3 Vi

1
6 πdi

3
                                             (4.6)

n

i=1

 

 

where Vi is the volume fraction of the size class with an average diameter of di. Eq. 4.6 is based 

on the assumption that all particles are spherical, and that K remains constant for all size classes. 

It can be noticed from Eqs. 4.5 and 4.6 that K depends on the total volume of particles, the 

particle packing density, and the specific surface area of particles (for instance, higher content 

of fine grains in a granular skeleton leads to a higher specific surface area and results in a lower 

K value in Eq. 4.6). The two latter parameters are related to the PSD and shape of particles. 

Thus, K is controlled by particle volume fraction, particle shape, and the PSD.  

Apart from K, the suspending fluid yield stress and density differences between the particles 

and the suspending fluid also affect the final state of segregation [Roussel, 2007; Saak et al., 

2001a]. 
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[Roussel, 2007] stated that, in the segregated zone, the final arrangement of particles suspended 

in a fluid is proportional to the yield stress of the fluid in the form presented in Eq. 4.7: 

 

δ ∝ 
τ

∆ρg
                                                                   (4.7)  

 

where δ represents the shortest distance between two particles, τ is the suspending medium yield 

stress, Δρ is the difference between the densities of particles and the fluid, and g is the 

gravitational acceleration. It is expected that the ratio between the average initial distance 

between the particles (2K) and the probable final shortest distance between the particles (δ) 

should provide an indication of the segregation potential of a mixture. Thus, the SI should be 

proportional to the following parameter: 

 

2K
τ
∆ρg

 = 2K∆ρg

τ
                                                               (4.8) 

 

Figure 4-9 presents the correlation between all the segregation data obtained in this research 

work and the parameter defined in Eq. 4.8. It is observed that there is a good relationship 

between the SI and the introduced parameter. It must be noted that from a theoretical point of 

view, when the value of Eq. 4.8 is smaller than one, no segregation can occur [Roussel, 2007]. 

This fact can be verified in Figure 4-9. 

The slight scatter in the data pertaining to model materials mostly originates from the errors of 

measurement of the SI, especially for highly segregating mixtures. However, the overall 

correlation is satisfactory and applies not only to the model material, but also appears promising 

for the SCC mixtures. It is noticed in Figure 4-9 that the deviation of SCC points from the 

general curve are higher. The sources of such elevated errors of prediction for SCC is discussed 

in Section 4.6.3. Hence, it is important that the applicability of Eq. 4.8 to the prediction of static 

stability of SCC be further verified by means of more extensive testing.  
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Figure 4-9 A global parameter controlling the stability of suspensions of particles 

 

Regarding the design of concrete mixture, the parameters that can be readily adjusted in Eq. 4.8 

in order to provide a stable concrete are the paste yield stress and K. Therefore, once the yield 

stress of the suspending fluid (paste or mortar) is fixed, K can be varied by means of changes in 

the PSD so that the mixture falls in the stable zone. Such grading curve is expected to provide a 

sufficient PLE as well. The reverse approach is to use Eq. 4.4 to determine a PSD with a high 

lattice factor and then calculate the necessary yield stress for the suspending fluid so that a 

satisfactory level of stability is achieved. 

4.6.3 Other factors influencing the settlement of aggregate in SCC 

Regarding the application of Eq. 4.8 to the prediction of SCC static segregation, it should be 

noted that cement paste (or mortar) yield stress evolves with time due to the thixotropy 

phenomenon and aging process [Mahaut, Mok, et al., 2008; Roussel, 2007]. An increase of yield 

stress in time as a result of thixotropy or hydration process is beneficial to the PLE and stability 

of the system whereas a decrease in yield stress caused for example by the delayed action of the 

HRWRA may lead to a higher static segregation [Roussel, 2007]. 

If at the flow stoppage, the yield stress is not high enough to keep a certain aggregate size-class 

in suspension, the aggregate can start settling. The plastic viscosity of the suspending medium 

is one of the parameters controlling the settlement velocity. If the falling rate is low enough 

(high viscosity of the suspending medium), the particle displacement may remain limited until 

the yield stress grows large enough, due to thixotropy and hydration, to maintain the particles 

in suspension. In this case, the final state of segregation is not considerably affected by the 
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presence of such originally unstable particles. Thus, integrating the effects of viscosity and yield 

stress variation in time into Eq. 4.8 can increase the accuracy of the predictions of segregation 

and reduce the scattering of SCC data in Figure 4-9. 

Another parameter that can affect the falling pattern of particles in a fluid is the particle shape 

[Ramge et al., 2010; Roussel, 2007; Saak et al., 2001a]. Non-spherical particles may be 

subjected to more, less, or equal drag force from the surrounding fluid; this depends on the 

particle size, shape, and orientation [Chhabra and Richardson, 2008]. However, for a group of 

irregularly shaped particles such as aggregate used in concrete, it is quite complex to take this 

effect into consideration [Chhabra and Richardson, 2008]. Another effect of particle shape 

which is not considered in Eq. 4.8 is on the calculation of 2K from Eq. 4.7 which is derived 

based on the assumption of spherical particles. This may lead to an underestimation or 

overestimation of 2K depending on the shape of employed aggregate. 

4.7 Conclusions 

The static stability of a series of model suspension systems made with spherical glass particles 

of different sizes and combinations was investigated. The solid inclusions were suspended in 

limestone pastes prepared with variable yield stress levels that were employed as the suspending 

mediums. The influence of PSD, particle volume fraction, and the suspending fluid rheological 

properties on segregation and PLE of model mixtures was determined. The applicability of the 

results to SCC was evaluated. Based on the outcome of the presented research work, the 

following conclusions are warranted: 

 

• The increase in volume fraction of any size class of a granular skeleton can improve 

stability of that class via a more effective PLE. This phenomenon is the main 

contribution of the PLE to the stability of the mixture. However, if this size-class is 

segregating, an increase in the PLE is not sufficient to mitigate segregation. When the 

volume of the stable class of the granular skeleton becomes large relative to that of the 

unstable ones (a ratio greater than or equal to one by volume), the stable particles can 

provide a low degree of support for coarser unstable particles, which is another 

manifestation of the PLE originating from inter-particle interactions. 
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• In suspensions where the number of unstable classes is more than that of stable ones, the 

volume fraction of stable class should be greater than each individual segregating class 

in order to secure sufficient PLE and proper stability. For suspensions where the number 

of stable classes is greater than the unstable ones, a volume fraction of stable class equal 

to each individual segregating class can be sufficient to ensure better PLE and higher 

stability. 

• The use of fine marble spherical particles is shown to stabilize coarser particles via an 

increase in the yield stress of the suspending fluid (paste) as well as the enhanced PLE.  

• The increase in coarse aggregate volume fraction enhances the PLE and stability. 

• The detrimental effect of the reduction of suspending fluid yield stress on the segregation 

of a suspension can be masked by using a PSD with an adequate PLE. 

• The PLE potential of PSDs can be quantified for comparison purposes. An experimental 

index, called the lattice factor, is proposed in this study to evaluate such potential. 

• A global index is developed to predict the risk of static segregation of a given suspension 

based on the effects of PSD, particle volume fraction, and particle density as well as the 

suspending fluid yield stress and density. This index appears promising to be employed 

for the evaluation of the static stability of SCC mixtures. 

• An appropriate PSD constitutes of a continuous granular skeleton in which the volume 

fraction of each class increases with the decrease in the size in order to improve the PLE. 

When such PSD is employed in a SCC mixture, the fluidity of the mixture can be 

significantly increased without jeopardizing the stability of the mixture.  
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Contribution au document : 

Cet article présente des résultats de la deuxième phase de ce programme de doctorat. L’étude 

élaborée dans cet article s’aborde sur la formulation et performance du béton autoplaçant 

écologique, soit Éco-BAP. Étant donné que l’objectif global de cette thèse est de développer des 

Éco-BAP, ce chapitre est une partie indispensable de cette thèse. Les résultats du chapitre 
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précédant concernant la granulométrie appropriée pour augmenter l’EGP ont été utilisés dans 

ce chapitre également. L’efficacité du protocole développé a été vérifiée en caractérisant des 

mélanges de l’Éco-BAPs formulés, c’est qui est essentiel pour valider la méthode de formulation 

proposée. 

 

Résumé français : 

L’engagement à réduire l'impact environnemental de la construction en béton est d'une grande 

importance de nos jours. En cas du béton autoplaçant (BAP), cela est encore plus crucial étant 

donné la forte teneur en liant de ce béton nécessaire pour assurer les propriétés rhéologiques 

requises. La présente étude propose une approche de conception appropriée pour la production 

des BAPs de faible empreinte de carbone (Éco-BAP). La teneur en poudre maximale pour un 

mélange d’Éco-BAP est fixée à 315 kg/m3. La méthode de formulation est basée sur 

l'optimisation des proportions volumétriques de sable et de gros granulats selon une courbe 

granulométrique idéale. La teneur en eau est ajustée pour fournir le volume de pâte minimum 

nécessaire pour obtenir des propriétés autoplaçantes. La fumée de silice, les cendres volantes, 

et des fillers calcaires tant qu’un ciment portland de type GU sont utilisés comme matériaux en 

poudre. La composition de poudre est déterminée en fonction d'optimisation rhéologique de la 

pâte pour réduire la demande en eau, tout en satisfaisant les propriétés mécaniques, les 

considérations de durabilité, et la performance écologique. Cette méthode de formulation est 

jugée efficace pour obtenir des Éco-BAPs. Les mélanges avec teneur en poudre totale allant de 

280 à 310 kg/m3 ont été produits. Ces derniers ont manifesté des caractéristiques de maniabilité 

satisfaisantes et des résistances à la compression à 28 jours dans l'intervalle visé de 25 à 30 MPa. 

La durabilité et le retrait de séchage des mélanges étudiés sont jugés adéquats. L'éco-efficacité 

des mélanges Éco-BAP a été évaluée, et il a été démontré que cela se trouve dans la zone 

optimale. 

 

Mot-clé: Béton autoplaçant écologique; durabilité; formulation; maniabilité; optimisation 

granulométrique 
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5.1 Abstract 

Commitment to reducing the environmental impact of concrete construction is of great 

importance nowadays. In case of self-consolidating concrete (SCC), this is of critical 

significance given the high binder content of such concrete needed to ensure the required 

rheological properties. The present study proposes an appropriate design approach for producing 

SCC of low carbon footprint (Eco-SCC). The maximum powder content for an Eco-SCC 

mixture is typically set to 315 kg/m3. The design method is based on optimization of the 

volumetric proportions of sand and coarse aggregate according to an ideal particle gradation 

curve. The water content is adjusted to provide the necessary minimum paste volume to obtain 

self-consolidating properties. Silica fume, fly ash, and limestone fillers are used as powder 

materials along with a Type GU portland cement. The powder composition is determined 

according to rheological optimization of paste to reduce the water demand while satisfying 

mechanical properties and durability aspects, and environmental considerations. Such design 

method is found to be effective for obtaining Eco-SCC. Mixtures with total powder content 

ranging from 280 to 310 kg/m3 are shown to exhibit satisfactory workability characteristics and 

28-day compressive strengths in the range of 25 to 30 MPa. The durability and drying shrinkage 

of the investigated mixtures are found to be adequate. The eco-efficiency of Eco-SCC mixtures 

is assessed and shown to be within the optimum area. 

 

Keywords Durability; ecological self-consolidating concrete; mix design; particle-size 

optimization; workability 

5.2 Introduction 

5.2.1 Background 

Although concrete is generally an eco-friendly material, CO2 emission during cement clinker 

production is an environmental issue associated with concrete [Damineli et al., 2010; Flatt et 

al., 2012; Habert and Roussel, 2009; Proske et al., 2013; Turner and Collins, 2013; Yang et al., 

2013]. Turner and Collins [Turner and Collins, 2013] reported that the production of 1 kg of 

cement can release between 0.66 to 0.82 kg of CO2. Given the volume of annual concrete 
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production [Flatt et al., 2012], the contribution of CO2 emissions to the global warming due to 

cement production is significant [Aïtcin, 2000; Flatt et al., 2012; Turner and Collins, 2013; Yang 

et al., 2013]. Hence, reduction of the environmental impact of concrete has gained interest over 

recent years giving rise to various types of ecologically friendly concrete (Eco-concrete). Eco-

concrete can be produced by either minimizing the use of portland cement while securing 

acceptable properties, or by maximizing the concrete mechanical performance to reduce section 

dimensions as well as increasing durability to enhance service life. In the latter strategy, the 

cement content is usually increased. The efficiency of each approach depends on the type of 

application and concrete element [Habert and Roussel, 2009]. The principle in the former 

category is to reduce cement content by replacing part of the cement by supplementary 

cementitious materials (SCMs) or filler. In addition, the total powder content is minimized by 

optimizing the solid materials volume to obtain maximum packing density of the granular 

materials, which is essential to reduce powder content.  

Based on such principle, Proske et al. [Proske et al., 2013] reported a 60% reduction in CO2 

emissions for Eco-concrete mixtures containing cement clinker and slag contents of 150 kg/m3, 

in comparison to conventional concrete. Fennis [Fennis, 2010] proposed a procedure for 

designing Eco-concrete mixtures based on the maximum packing density approach. In this 

method, the volumetric proportions of all solid materials were optimized to attain the minimum 

amount of interparticle voids. The resulting Eco-mixtures had 25% lower CO2-emissions than 

the reference mixture. This methodology decreased the number of trial batches and was easy-

to-use. However, it required an extensive material characterization and recalibration of the 

empirical relationships for the local materials. The design method was shown to be applicable 

to proportioning SCC mixtures. 

SCC is a sustainable material due to its high durability and ease of placement that can speed up 

construction operations [Figueiras et al., 2009]. SCC mixtures are typically designed with high 

powder content to ensure the desired fresh properties [Khayat, 1999]. In this respect, designing 

SCC with low cement and low total powder contents, here called green SCC, can be of great 

interest since it embodies the advantages of both self-consolidation and eco-friendliness while 

reducing material cost and facilitating placement. 

Hunger [Hunger, 2010] applied a combination of the methods proposed by [Brouwers and 

Radix, 2005; Hüsken and Brouwers, 2008] to design green SCC. In this approach, the 
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volumetric proportions of all granular materials are optimized so that the grading curve of all 

solid materials can correlate well with the Funk and Dinger (FD) ideal curve [Funk and Dinger, 

1994] which reads: 

 

P(di) =
di

q-dmin
q

dmax
q -dmin

q      q ≠ 0                                                    (5.1) 

 

where P(di) is a fraction of the total solids being smaller than size d, and q is the distribution 

modulus. dmin and dmax correspond to the minimum and maximum size of particles to be 

optimized, respectively. The water content is determined from the choice of water to powder 

ratio (w/p). A trial self-consolidating mortar corresponding to the resulting mixture is made and 

tested for mini-slump flow and mini V-funnel. If the results of these tests are within the accepted 

workability box, the respective SCC mixture is approved. Such design process is user-friendly 

and needs few input data.  

Ghezal and Khayat [Ghezal and Khayat, 2002] used the response surface methods to analyze 

results obtained from factorial design experiments to develop SCC mixtures with low cement 

content. The procedure was shown to be efficient for proportioning a wide range of green SCC 

mixtures containing only portland cement and limestone filler. Optimum SCC formulations with 

280 kg/m³ of type GU cement and 95 kg/m³ of limestone filler yielded adequate workability and 

mechanical properties for SCC intended for commercial and housing construction. 

All the aforementioned design methods focus on the replacement of cement with SCMs and 

fillers resulting in a reduction of CO2 emissions (although such materials have some 

environmental impact and are not emission-free [Chen et al., 2010; Grünewald and de Schutter, 

2016; Proske et al., 2013; Yang et al., 2015]). However, the total powder content remains 

relatively high leading to an elevated cost of production per unit volume of SCC and an 

excessive compressive strength for most common applications where C25/35 strength class 

concrete suffice [Mueller et al., 2014]. In this regard, Wallevik and Nielsson [Wallevik and 

Nielsson, 1998] proposed SCC mix design with less than 320 kg/m3 cementitious materials and 

without any filler. The authors applied the so-called rheological approach and employed the 

particle lattice effect concept. Fidjestol et al. [Fidjestol et al., 2003] reported “Eco-mix” SCC 

with low carbon footprint, based on the same approach, containing about 150 kg/m3 cement and 
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270 kg/m3 fly ash. Eco-SCC was defined by Wallevik et al. [Mueller and Wallevik, 2009; 

Wallevik et al., 2009] as SCC mixture with total powder content limited to 315 kg/m3. Such 

powder-based definition is global and simple to conform with. Wallevik et al. [Wallevik et al., 

2014] argued that a definition of Eco-concrete based on the clinker content or the amount of 

CO2 emitted per ton of cement production is complicated due to the large variability of the 

clinker content of cement. CO2 emissions are considerably diminished in this concept compared 

to normal SCC or conventional concrete (CC) for applications where strength class of C25/35 

and normal durability characteristics are required (ready-mix concrete). Mueller et al. [Mueller, 

2012; Mueller et al., 2014; Mueller and Wallevik, 2009] advanced further the rheology-based 

approach for the proportioning of Eco-SCC by developing rheographs as a basis of mixture 

optimization. The matrix volume, particle-size distribution (PSD), and matrix-aggregate 

interaction were shown to be key design factors for this approach. 

In the present work, different tools and recommendations for the design of Eco-concrete 

[Brouwers and Radix, 2005; Hunger, 2010; Mueller, 2012; Wallevik et al., 2009] were 

combined to propose a systematic design method to produce Eco-SCC with a maximum powder 

content of 315 kg/m3 with minimal trial experiments. Fresh properties and mechanical 

characteristics as well as some durability aspects of the optimized Eco-mixtures were assessed. 

The eco-performance of the obtained mixtures were evaluated as well. The proposed step-by-

step method can yield Eco-SCC mixtures with satisfactory fresh and hardened properties suited 

for commercial and housing construction. 

5.2.2 Design of Eco-SCC: challenges 

The design steps proposed in the current paper were specially selected and customized to 

overcome the challenges of producing Eco-SCC mostly originating from the low powder 

content of such type of concrete. It is in fact easier from a rheological point of view to produce 

stable rich-powder SCC than lean SCC, as in case of Eco-SCC. The paste is inherently more 

fluid for Eco-SCC compared to SCC due to a higher range of w/p. An elevated fluidity of the 

paste is also necessary to ensure the required deformability of Eco-SCC which can be 

compromised due to the relatively low paste volume of such concrete. Hence, low-powder SCC 

is more susceptible to segregation, bleeding, and surface settlement. In this regard, the mix 

design approach needs to incorporate use of the lattice effect, which is independent of the 
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rheological properties of the suspending fluid (i.e., paste for the mortar phase and mortar for the 

concrete phase), to ensure proper stability. The lattice effect is directly linked to PSD 

[Esmaeilkhanian et al., 2017; Mueller, 2012; Wallevik et al., 2009] i.e., for two adjacent particle 

size classes, the volume fraction of the finer class should always be equal or larger than that of 

coarser one in order to improve the lattice effect and enhance stability [Esmaeilkhanian et al., 

2017]. Thus, in the current work, the optimization of volumetric proportion of sand and coarse 

aggregate was carried out based on the FD grading curve. In the FD model, the choice of q is 

essential to the successful formulation of Eco-SCC since it determines the packing density of 

the system as well as the coarse aggregate volume fraction. Due to the low paste volume of Eco-

SCC, it is more difficult to achieve the required flowability. In addition, Eco-SCC is more prone 

to blocking. Therefore, the packing density of the granular skeleton should be high to enhance 

flowability while the total coarse aggregate volume should remain relatively low to reduce risk 

of blockage. Although some recommendations on the value of q can be found in the literature 

[Hunger, 2010; Mueller, 2012], there is no systematic method to determine the appropriate value 

of q for a given set of materials. Hence, a new method allowing to obtain the proper value of q 

for any combination of available sand and coarse aggregate is proposed in this paper. 

Another important aspect of Eco-SCC design is the powder composition of the paste. The 

powder composition should be determined in such a manner to increase paste fluidity while 

securing the performance requirements in the hardened state (performance-based design). The 

effect of a certain mineral admixture on the fluidity level of a cement paste depends on the 

influence of such admixture on the packing density, specific surface area, and hydration 

reactions of the system as well as the interaction of SP with that admixture [Ferraris et al., 2001]. 

Rheological optimization is particularly chosen here as this test can capture all the 

aforementioned effects and indicate directly whether the replacement of the cement with a 

certain alternative material can enhance the fluidity of the paste [Ferraris et al., 2001]. With 

regards to mechanical properties and durability, the relatively high w/p of Eco-SCC can make 

it more difficult to achieve the desired performance if a significant amount of cement is replaced 

with less reactive or inert materials. Thus, the type and rate of replacing admixtures should be 

chosen in a manner to satisfy the requirements in fresh state as well as the performance in 

hardened state. The developed mix design method is elaborated in section 5.4. 
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5.3 Experimental program 

5.3.1 Materials 

Type GU Portland cement (C), Class F fly ash (FA), silica fume (SF), and medium-sized 

limestone filler (LF-M) as well as coarse-sized limestone filler (LF-C) were employed. Three 

classes of crushed limestone coarse aggregates of 5-10 mm (CA1), 5-14 mm (CA2), and 5-20 

mm (CA3) were used. The CA1 aggregate had a saturated surface dry (SSD) density of 2.78 

g/cm3 and water absorption of 0.55%. These values were 2.73 g/cm3 and 0.41% for the CA2 

aggregate and 2.75 g/cm3 and 0.46% for the CA3 aggregate. Natural river sand with a SSD 

density of 2.67 g/cm3 and water absorption of 0.86% was employed as the fine aggregate. The 

PSDs of all solid materials are shown in Figure 5-1. The SP used was polycarboxylate-based 

with dry content and density of 31.4%, and 1.07 g/cm3, respectively. A compatible stabilizer 

containing viscosity-modifying agent premixed with a polycarboxylate-based SP, with a dry 

content of 42.1%, was utilized. A compatible air entraining agent (AEA) with a density of 1.007 

g/cm3 and solid content of 10.5% was used as well. 

 

 

Figure 5-1 Particle size distribution of solid materials 
 

The packing densities of the sand and each coarse aggregate class are evaluated using dry 

methods similar to those mentioned in [Aïssoun, 2011; de Larrard, 1999b]. The sample is first 

oven-dried for 24 hours at 110 °C. To determine the packing density, the sample is cast into a 
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cylindrical container without any pressure or vibration. The sample then undergoes 1 min of 

vibration under a 10 kPa overhead pressure. Knowing the mass and final volume of the sample 

inside the container, the final density of the granular skeleton can be calculated. The ratio 

between this density and the real density of the particles is considered as the maximum packing 

density of the tested sample. The packing density of any combination of solid materials is 

calculated using the compressible packing method (CPM) [de Larrard, 1999b].  

5.3.2 Testing procedure 

The investigated concrete mixtures were mixed in a drum mixer with 100-l capacity. The mixing 

procedure started with homogenizing the sand and coarse aggregate in the mixer, then adding 

half of the water and mixing for 1 min. For air-entrained mixtures, the AEA was diluted with 

the first half of the mixing water. All powder materials were then introduced, and mixing was 

resumed for 30 s. Without turning the mixer off, the second half of the water with SP diluted in 

it was added, and mixing continued for 2.5 min. Then the mixing was paused for 2 min, after 

which it was continued for additional 3 min. Whenever the stabilizer was employed, it was 

added to the mixture during the last mixing period along with one third of the mixing water. 

Testing in the fresh state included slump flow (ASTM C1611), J-ring (ASTM C1621), V-funnel 

[PCI TR-6-03, 2003], unit weight and air content (ASTM C231), sieve stability [BIBM et al., 

2005], T-Box [Esmaeilkhanian et al., 2014], and rheological measurements using a ConTec 

Viscometer 5 rheometer. This is a commercial coaxial rheometer with a rotary outer cylinder 

and a stationary inner one. The radii of outer and inner cylinders were 0.15 and 0.1 m, 

respectively. The measurement procedure consisted of a 30 s pre-shearing period at 0.4 rps 

followed by a stepwise decrease in the speed to 0.025 rps (in seven steps). Given the 30 seconds 

of pre-shearing, examination of possible flow induced particle migration [27] was made, to 

verify the quality of the rheological data. In addition to this, the raw data were examined to 

ensure torque equilibrium during each measuring step (constant speed). Afterwards, the 

Bingham model parameters were extracted through the Reiner-Riwlin equation. These are the 

yield stress and plastic viscosity. At the end, corrections for eventual plug flow and the ratio 

between the thickness of the sheared zone to the maximum size of aggregate were applied when 

necessary [Wallevik et al., 2015]. 
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Compressive strength (ASTM C39) was evaluated at 7, 14, 28, and 56 days of moist curing 

using 100×200 mm cylindrical specimens. Electrical resistivity measurements were carried out 

on the same samples using a commercial RCONTM concrete electrical resistivity meter. The 

specimens were brought to a surface dry condition before resistivity measurements. Drying 

shrinkage was assessed on 75×75×285 mm prisms after 28 days of curing in lime-saturated 

water (ASTM C157). Prismatic specimens measuring 75×75×355 mm were used to evaluate 

freeze and thaw resistance of mixtures (ASTM C 666, A). Test samples were demolded after 1 

day and cured at standard conditions as per specification until the time of testing. For mixtures 

containing FA, the curing time for the frost durability test was 28 days rather than the specified 

14 days. 

5.4 Proposed design method 

The mix design protocol put forward here to produce Eco-SCC includes five steps, presented 

below. 

5.4.1 Powder and water contents 

The maximum powder volume (solid material finer than 125 µm except for sand particles) is 

limited to 10% of the total concrete volume (100 l/m3), as per definition of Eco-SCC [Mueller, 

2012; Wallevik et al., 2009]. This volume corresponds to 315 kg/m3 for a concrete made with 

portland cement of a specific gravity of 3.15 g/cm3. Although such low powder content (or 

powder volume) leads to reduced CO2 emissions for Eco-SCC compared to SCC, it is still 

essential to replace part of the cement with alternative materials in order to meet the 

environmental objective of Eco-SCC design (see 3.3). The water volume should be as low as 

possible to improve the mechanical properties and durability, yet to ensure a minimum matrix 

volume to meet self-consolidation requirements [Mueller, 2012]. Considering the maximum 

powder volume of 10%, and setting the minimum paste volume as 30% of total concrete volume 

[Domone, 2006], the minimum water content for non-air-entrained and air-entrained mixtures 

equals to 180 kg/m3 and 150 kg/m3, respectively. This is based on the assumption that the air 

content is 2% and 5% for non-air entrained and air entrained mixtures, respectively (the trial 

mixture may have a different air content). However, proportioning an Eco-SCC mixture in this 
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way may result in a non-robust concrete given the fact that during batching, there can be some 

variations in the mixing water compared to the theoretical amount. The air content cannot be 

accurately controlled either. Thus, this minimum water content is increased by 10 to 20 kg/m3 

for the trial batches. 

5.4.2 Sand and coarse aggregate volumes 

Having determined the total volume of powder materials, air, and water, in the next step the 

total volume of sand and coarse aggregate can be calculated. Afterwards, the volumetric 

proportions of sand and each type of coarse aggregate are computed using a simple optimization 

process similar to the one proposed by [Hüsken and Brouwers, 2008]. Such algorithm requires 

knowledge of the PSDs and densities of sand and coarse aggregate. The volume fractions of 

sand and coarse aggregate are calculated so that the deviation between the actual PSD of the 

combination of sand and coarse aggregate and an ideal grading curve fitting the FD model      

(Eq. 5.1) is minimized. To achieve this, the following equation adopted from [Hüsken and 

Brouwers, 2008], is used to determine the combined volumetric residue on a sieve with opening 

‘di’ for all materials, i.e. Q(di): 

 

Q di  =
∑ νk

ρk
Qk(di)

m
k=1

∑ ∑ νk
ρk

Qk(di)
m
k=1

n
i=1

                                                    (5.2) 

 

The coefficient k is the ratio between the volume fraction of material ‘k’ and the total sand and 

coarse aggregate volumes. The sum of all k equals to unity. Qk(di) corresponds to the residue 

of material ‘k’ on a sieve with opening ‘di’. ρk indicates the specific gravity of material ‘k’. The 

cumulative fraction of particles finer than an arbitrary size di, i.e. P' di , for the entire mixture 

of sand and coarse aggregate is given by Eq. 5.3: 

 

 P'(di) =
1                                for i = n

P' di+1 -Q di               for i =1, 2,…, n-1                 (5.3) 
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During the optimization process, k values are varied so that the combination that minimizes the 

following target function [Hüsken and Brouwers, 2008] is found. 

 

(P di -P' di )2
n

i=1

                                                       (5.4) 

 

For each size class, P(di) is calculated by means of Eq. 5.1, i.e. FD model. An important 

parameter to be determined in this model is the distribution modulus (q). A value between 0.21 

and 0.25 was proposed by Hunger [Hunger, 2010] for the entire PSD of solid materials 

(including powder fraction) of green SCC mixtures with regular powder content. The best 

description of sand and coarse aggregate PSD for Eco-SCC was provided with q of 0.2 according 

to Mueller [Mueller, 2012]. The values of q were obtained from mixtures that met the self-

consolidation requirements. 

In the current work, q is selected according to the properties of the employed materials, as 

explained subsequently. First, a diagram of packing density and coarse aggregate volume 

fraction as a function of q is established. To do so, using the algorithm and the equations 

presented before, for each value of q, the PSD of materials is optimized leading to the volume 

fraction of each component (sand and coarse aggregate). Knowing the proportion of each 

material and the total sand and coarse aggregate volume, the packing density of the combination 

and the total coarse aggregate volume can be calculated. An example of such diagram is 

presented in 5.5.1. 

Increasing q continuously increases the coarse aggregate volume while the packing density 

reaches a peak value at a certain coarse aggregate volume. If the maximum packing density is 

attained at a coarse aggregate volume higher than the usual upper limit for SCC, then the q value 

at the highest allowed coarse aggregate volume should be selected. Otherwise, the q value 

corresponding to the maximum packing density should be chosen. Hence, in order to make a 

choice of q, a maximum coarse aggregate content should be devised. 

A lower total volume of coarse aggregate and a lower volume of coarse aggregate near the 

maximum size of aggregate reduces the risk of blocking and thus enhances the passing ability 

of mixtures [Ng et al., 2006; Roussel et al., 2009]. This can be a critical design parameter in 
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case of Eco-SCC for which the low powder content can lead to a higher probability of blocking. 

As a matter of fact, the Eco-SCC mixtures developed by Mueller [Mueller, 2012; Mueller et al., 

2014] contained coarse aggregate volume that was significantly below the average content used 

for normal SCC. Thus, a lower limit of maximum coarse aggregate volume compared to 

ordinary SCC needs to be taken into account for such type of concrete. Another point to bear in 

mind is that a smaller q value results in a finer PSD with a higher level of particle lattice effect, 

hence leading to more stable mixtures [Esmaeilkhanian et al., 2017]. The choice of q for the 

present work is discussed in a later section. 

5.4.3 Volumetric proportions of powder materials 

The total powder content is known at this stage, but the powder composition needs to be 

determined. The cement replacement rates by SCMs and/or fillers are selected based on the 

influence of such material on the paste fluidity (characterized by rheological measurements), 

mechanical properties, and durability of the Eco-SCC as well as the environmental performance 

of Eco-SCC (CO2 emissions per unit volume of concrete considering only the emissions 

associated with the production of Eco-SCC ingredients). According to the classification 

proposed by Wallevik et al. [Wallevik et al., 2014], a low carbon concrete (LCC) is referred to 

a concrete mixture with total CO2 emissions per unit volume of produced concrete lower than 

or equal to 250 kg (CO2 emitted during material transportation and concrete batching is not 

considered here). A replacement of cement with SCM or filler is considered advantageous if 

such replacement results in the reduction of water demand for a given rheology or decreases the 

yield stress and plastic viscosity for a constant water content. Similarly, an advantageous 

replacement in terms of hardened concrete properties means that mechanical properties and 

durability performance should not be considerably reduced as a result of such replacement. 

Regarding eco-performance of Eco-SCC, any replacement of cement with a material of lower 

carbon footprint is considered to be beneficial. Other user requirements such as minimum 

cement content or maximum allowed rate of replacement for a given SCM or filler are to be 

considered in this part. Figure 5-2 summarizes the general procedure to be followed in this step 

in order to determine the powder composition.  

The procedure used to obtain the relationship between the rheological properties of the paste 

(fluidity level) and the replacement of cement with powder materials started with the preparation 
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of paste in a Hobart mixer. Water and SP were first mixed in the mixer bowl, and powder 

materials were added. The material was mixed at low speed for 2 min before a 1 min break for 

scraping the mixer bowl and vane. Mixing procedure was finalized by 3 min of mixing at 

medium speed [Mahaut, Mok, et al., 2008]. The paste was immediately poured into the 

rheometer container to perform rheological measurements. 

Rheological measurements were carried out in an Anton Paar MCR 302 coaxial rheometer with 

a rotational inner cylinder. The inner and outer cylinders radii are 13 and 14 mm, respectively. 

The measuring protocol consisted of a 30 s pre-shearing period at 0.7 rps before the rotational 

speed was decreased in 14 steps from 0.7 to 0.025 rps. For each speed step, the average of torque 

values that reached equilibrium were taken into account as the torque value pertaining to that 

speed. The torque-rotational speed data were used to calculate the yield stress based on 

Herschel-Bulkley (HB) model using a modified version of the Reiner-Riwlin equation [Heirman 

et al., 2008]. The reported viscosity values correspond to apparent viscosities at a shear rate of 

20 s-1. Such shear rate is representative of typical shear rates experienced by paste during 

concrete placing [Ferraris and Gaidis, 1992]. In this manner, the results obtained for paste 

rheology can be representative of concrete rheological behavior. 

5.4.4 Chemical admixtures 

The initial SP content used in the optimized Eco-SCC mixtures is set to 85% of the SP saturation 

point for the selected powder composition. The saturation point is measured by means of the 

flow cone method (ASTM C939). Tests are carried out on pastes made with w/p representing 

that of the concrete. Testing starts with an SP amount of 0.1% in dry content of the mass of 

powder, and the SP is increased in 0.05% increments. The paste samples are prepared using the 

same protocol as the one employed for rheological measurements. The flow cone (with an 

orifice diameter of 12.7 mm) is filled with 1725 ± 5 ml of paste, and the time needed for paste 

to flow out is recorded as the flow time. Once two consecutive measurements show less than 

0.5 s of difference, the testing is stopped, and the SP dosage corresponding to the first point is 

considered to be the saturation point. Other admixtures such as stabilizer or AEA can be used 

in accordance to the producer’s recommendations or previous experience. 
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Figure 5-2 General procedure to determine the powder composition of Eco-SCC 
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5.4.5 Global warming potential assessment 

At this stage, the mixture composition of Eco-SCC is known. The global warming potential 

(GWP) is used to evaluate the environmental impact of each mixture. GWP corresponds to CO2 

emissions per unit volume of concrete. Thus, GWP is calculated as the sum of equivalent CO2 

emissions (e-CO2) stemming from the production of each of the constitutive materials of 

concrete mixtures as given by Eq. 5.5: 

 

GWP = ∑ gi×m
i

n
i=1                                                          (5.5) 

 

where gi is the equivalent CO2 (e-CO2) emissions per unit mass of constituent i, and mi 

corresponds to the mass of concrete ingredient i per unit volume of concrete. In the current work, 

the e-CO2 data are adopted from a Dutch database [Groen Beton (Green Concrete) 3.2, 2014] 

and presented in Table 5-1. Note that other emissions associated with material transportation 

and concrete production are not considered here since such data are case specific. At this stage, 

if a mixture does not lie in one of the LCC categories proposed by [Wallevik et al., 2014] (or if 

the mixture fails to comply with other environmental requirements specific to a given project), 

the solution should be sought in step 3 of the design method by, for instance, increasing the 

cement replacement rates or finding alternative materials with lower environmental impact. 

Figure 5-3 summarizes the mix design protocol presented in this section. Results are given in 

the following section. 

5.5 Results and discussion 

5.5.1 Proportioned Eco-SCC mixtures 

Following the aforementioned design procedure, 13 Eco-SCC mixtures were obtained. The total 

powder volume of these mixtures was fixed to 10% of the total concrete volume. The relative 

water volumes for non-air-entrained and air-entrained mixtures were set to 20% and 17.5% of 

total mixture volume, respectively. According to ACI 211.1-91, such spread in water content 

should yield in air-entrained mixtures with the same classes of workability and compressive 
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strength as the non-air-entrained mixtures. Note that these are theoretical values for the design 

phase and may change in the trial batches depending on the actual air content. The w/p varied 

between 0.56 and 0.68 for the studied Eco-SCC mixtures. 

 

  

Figure 5-3 Summary of the proposed mix design procedure for Eco-SCC 
 

Before the optimization of sand and coarse aggregate, a choice of q for the FD model should be 

made. As described, a diagram as illustrated in Figure 5-4 is used to determine q. The maximum 

coarse aggregate volume is set at 30% of the total concrete volume. According to [Domone, 

2006], this value is close to the lower limit of what is commonly used in SCC mixtures. From 

Figure 5-4, it is evident that maximum coarse aggregate content is reached before the maximum 

Step 1

• Maximum powder content: 10% of total concrete volume
• Water content: 17% to 20% of total concrete volume depending on air 

volume, aggregate properties, etc.

Step 2

• Optimization of sand and coarse aggretgate volume according to FD 
model

• Choice of q: increase packing density and lattice effect while keep risk of 
blocking low

Step 3

• Determine volume fractions of powder materials to minimize water 
demand and to reduce environmental impact

• Limit cement replacement rate, if necessary, to secure adequate 
mechanical properties and durability

Step 4

• Determine SP saturation point for each powder composition
• Use 85% of SP saturation dosage in trial batches and adjust if necessary

Step 5
• Global warming potential assessment
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packing density, and thus the aggregate content is the decisive parameter for the materials used 

in this study. The q value corresponding to 30% coarse aggregate content is 0.23. Note that the 

packing density corresponding to such q is less than 0.3% below the maximum packing density. 

With this choice of q in the FD model, volumetric proportions for sand, CA1, CA2, and CA3 

were found to be 54%, 35%, 0%, and 11%, respectively, relative to the total sand and coarse 

aggregate volume. These fractions were kept constant for all 13 Eco-SCC mixtures. 

Regarding the powder composition optimization, all SCMs and fillers employed in the study 

have a lower carbon footprint compared to GU portland cement as shown in Table 5-1. Thus, 

replacing cement with these mineral admixtures reduces the CO2 emissions per unit volume of 

Eco-SCC. Figure 5-5 shows the results of the rheological measurements on pastes prepared with 

different powder compositions. The cement replacement rates for SF were 2.5%, 5%, and 7.5%. 

These values for FA were 30%, 50%, and 75%. In case of fillers, 10%, 20%, and 30% of cement 

was replaced. The reported rheological properties were normalized by those of a 100% GU 

portland cement paste with yield stress and apparent plastic viscosity (at 20 s-1) values of 3.1 Pa 

and 0.81 Pa.s, respectively. The w/p and SP content were constant for all pastes. Replacing 

cement by SF was shown to increase both the yield stress and the apparent viscosity of the 

mixture, while replacement by FA and either filler reduced these properties. The influences of 

both fillers on the rheology of paste are quite similar. Thus, in terms of reducing the water 

demand of mixtures for a given set of rheological properties within the range of studied cement 

replacements, it is concluded that the partial replacement of cement with SF does not appear to 

be beneficial whereas replacement with FA and both limestone fillers is advantageous. 

Regarding mechanical properties and durability, it is established in the literature that SF 

improves hardened properties [Barbhuiya et al., 2009; Nochaiya et al., 2010] while, in case of 

LF in general, there is a threshold of replacement beyond which the properties start to be affected 

significantly (degradation) [Ghezal and Khayat, 2002; Mueller, 2012]. Regarding FA, there is 

mainly a retarding effect on the development of hardened properties which increases with the 

amount of FA used [Barbhuiya et al., 2009; Lachemi et al., 2003; Nochaiya et al., 2010].  
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Figure 5-4 Relationship between packing density, coarse aggregate volume, and distribution 

modulus (q) 
 

 

Figure 5-5 Effect of cement replacement by SCMs and fillers on the rheological properties of 
pastes 

 

Taking all the aforementioned parameters into account, three binary mixtures containing LF-M, 

LF-C, and FA are made. Since these materials have a positive effect on the rheological 

properties but can adversely influence the hardened state performance, the replacement rates are 

restricted to 15%, 15%, and 30% (volume-based) for LF-M, LF-C, and FA, respectively 

(mixtures: 15%LF-M, 15%LF-C, and 30%FA in Table 1). The limits for the LFs are adopted 

from ASTM C595 but are slightly lower since, in this standard, the permitted value of 15% is 

mass-based. As the w/p of Eco-SCC mixtures are high, the replacement boundary for FA is set 

to 30% in order to ensure that the 56-day compressive strength falls within the prescribed range 
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of 25 to 35 MPa. These preliminary mixtures serve as references that are aimed to be further 

improved (in terms of matrix composition) by means of SF addition, use of stabilizer, and air-

entrainment.  

Three ternary mixtures are made from the binary mix designs by replacing 5% of cement with 

SF (mixtures 5%SF15%LF-M, 5%SF15%LF-C, and 5%SF30%FA in Table 5-1). In this 

manner, the increase in water demand of mixtures caused by SF is balanced by the decrease in 

water demand resulted from the partial replacement of cement by LF or FA. The binary mixtures 

are prepared again with stabilizer agent as well so that the enhancement of fresh properties can 

be assessed (mixtures: 15%LF-M-S, 15%LF-C-S, and 30%FA-S in Table 5-1). Finally, four air-

entrained mixtures (Table 5-1), A15%LF-M, A5%SF15%LF-M, A5%SF15%LF-C, and 

A5%SF30%FA, are investigated to evaluate the frost durability of optimized Eco-SCC 

mixtures. 

The next step in the design protocol is to determine the SP content for each powder composition. 

Figure 5-6 presents the results of the tests on different pastes with the same powder composition 

as the Eco-SCC mixtures to be studied, i.e. 15%LF-M, 15%LF-C, 30%FA, 5%SF15%LF-M, 

and 5%SF15%LF-C as well as 5%SF30%FA. A w/p of 0.4 was chosen for all the investigated 

pastes. Three replicates were made for each paste. Based on the average standard deviation 

obtained for all tests, a variation of flow time less than 0.5 s is considered negligible. It is 

observed that for the 15%LF-M, 15%LF-C, and 30%FA mixtures, the variation in flow time 

with SP dosage became negligible beyond a SP dry dosage of 0.15% of the mass of powder. 

Such threshold was 0.20% for the 5%SF15%LF-M, 5%SF15%LF-C, and 5%SF30%FA 

mixtures. As mentioned earlier, 85% of this saturation dosage was chosen for the production of 

trial Eco-SCC batches. For air-entrained mixtures and mixtures with stabilizer agent, the SP 

content was adjusted during the batching to secure the same level of slump flow as that of the 

corresponding reference mixture. Thus, no tests were carried out on pastes pertaining to these 

mixtures. 

The last stage of the design procedure consists of the GWP evaluation. Figure 5-7 presents the 

GWP of the investigated mixtures.  
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Figure 5-6 Flow time as a function of SP content for pastes to determine saturation point 
 

 

Figure 5-7 Global warming potential of investigated Eco-SCC mixtures 
 

The values of GWP range between 170 and 232 kg/m3 of e-CO2. According to the classification 

given in [Wallevik et al., 2014], all mixtures fall in the category of LCC, namely the total e-CO2 

emissions for the mixtures is lower than 250 kg/m3. Thus, all mixtures can be accepted from an 

environmental point of view. 
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Table 5-1 Mixture proportions of investigated Eco-SCC mixtures along with environmental impact of each component 
 

Mixture 

kg/m3 

C SF FA LF-M LF-C 
Total 
powder 

Sand CA1 CA3 Water 
SP 
(liquid) 

AEA 
(liquid) 

Stabilizer 
(liquid) 

15%LF-M 268 - - 40 - 308 983 637 200 199 1.34 - - 
15%LF-C 271 - - - 41 312 994 644 202 201 1.47 - - 
30%FA 220 - 74 - - 294 979 635 199 198 1.32 - - 
5%SF15%LF-M 252 11 - 40 - 303 981 636 200 199 1.64 - - 
5%SF15%LF-C 251 11 - - 40 302 978 634 199 198 1.65 - - 
5%SF30%FA 206 11 75 - - 292 990 642 201 200 1.67 - - 
15%LF-M-S 267 - - 40 - 307 975 632 198 198 3.32 - 1.41 
15%LF-C-S 265 - - - 40 305 969 629 197 197 3.46 - 1.40 
30%FA-S 223 - 75 - - 298 991 643 202 201 3.27 - 1.44 
A15%LF-M 256 - - 39 - 295 939 609 191 166 1.79 0.10 - 
A5%SF15%LF-M 243 11 - 39 - 293 946 613 192 168 2.18 0.10 - 
A5%SF15%LF-C 243 11 - - 39 293 944 612 192 167 2.13 0.10 - 
A5%SF30%FA 196 11 71 - - 278 939 609 191 166 1.96 0.10 - 

Global Warming Potential (GWP), equivalent CO2 emissions (e-CO2), kg/kg [Groen Beton (Green Concrete) 3.2, 2014] 

 

0.82 

0.0052 

0.0033 

0.032 

0.032 

 0.0029 

0.0062 

0.0062 

0.00034 

0.72 

0.72 

0.72 
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5.5.2 Fresh properties of optimized Eco-SCC mixtures 

Table 5-2 summarizes the fresh properties of all investigated Eco-SCC mixtures. Regarding the 

slump flow (sf), all mixtures were in the acceptable SCC range, rather closer to the lower limit. 

Flow diameters were quite similar (around 600 mm) although the SP demand varies between 

the mixtures, as illustrated in Figure 5-8. 

 

Table 5-2 Fresh properties of the investigated mixtures 
 

Mixture 
Sf, 
mm 

T50, 
s 

Sf-Jr, 
mm 

Vft, 
s 

SSI, 
% 

TI, 
mm 

Air, 
% 

Yield 
stress, Pa 

Viscosity, 
Pa.s 

15%LF-M 610 1.1 45 3.1 6.9 3 3.5 49 9 
15%LF-C 620 1.0 40 3.0 5.0 2 2.5 42 8 
30%FA 640 0.6 50 3.4 8.7 4 3.0 39 7 
5%SF15%LF-M 580 0.6 10 2.4 3.5 2 4.1 45 8 
5%SF15%LF-C 610 0.8 40 3.5 6.9 4 4.1 42 8 
5%SF30%FA 570 0.7 20 3.4 2.7 1 2.5 61 8 
15%LF-M-S 590 1.6 30 3.6 3.0 2 3.7 48 13 
15%LF-C-S 590 1.6 60 4.2 2.9 3 4.1 41 14 
30%FA-S 600 1.0 50 3.3 3.2 3 3.3 48 11 
A15%LF-M 610 1.8 50 2.5 3.9 4 8.8 42 13 
A5%SF15%LF-M 600 1.3 30 2.8 4.6 3 9.0 45 12 
A5%SF15%LF-C 600 1.3 50 2.5 2.7 1 9.2 51 15 
A5%SF30%FA 560 1.0 40 2.1 5.9 4 8.8 60 13 

Sf: slump flow, Jr: J-Ring, Vft: V-funnel time, SSI: sieve stability index, TI: T-Box index 

 

It is observed that in each category of mixtures, i.e. binary (reference mixtures), ternary, with 

stabilizer, and air-entrained mixtures, SP demands were rather analogous with exception of the 

binary air-entrained mixture (A15%LF-M). The addition of SF or stabilizing agent to reference 

mixtures increased the SP demand by 22% and 140%, respectively. The drastic increase in the 

SP demand caused by the stabilizer was partially due to the high dosage (of stabilizer) employed 

in this study (the dosage was according to the producer’s recommendation). The increase in SP 

demand due to the use of SF can be attributed to the higher specific surface area of SF particles 

and the adsorption of SP molecules on these particles [Park et al., 2005]. Simultaneous air-
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entrainment of mixtures while reducing the water content increased the SP demand by 54%. 

Which can be mainly contributed to the reduction in the water content compared to the reference 

mixtures. 

 

 

Figure 5-8 SP demand for different mixtures 
 

In terms of passing ability characterized by the difference between the slump flow and the J-

ring flow (sf-Jr), all mixtures except for 15%Lf-C-S, had a maximum difference ≤ 50 mm. The 

V-funnel flow times were relatively low (from 2 to 4 s) indicating a low plastic viscosity and 

high filling ability. All Eco-mixtures exhibited satisfactory static and dynamic stability levels in 

terms of both sieve stability (≤ 10%) and T-Box (≤ 4 mm). Thus, stability does not appear to be 

a concern for the design of Eco-SCC when the proposed optimization method is used for the 

proportioning of sand and coarse aggregate. Such design ensures a highly compact continuous 

PSD for which the volume of each size-class is equal or higher than the adjacent coarser class. 

This results in an increased particle lattice effect leading to an excellent segregation resistance.  

The air content ranged between 2% and 4% for non-air-entrained mixtures and was around 9% 

for air-entrained mixtures. In general, all the Eco-SCC mixtures designed here by the 

aforementioned mix design procedure meet the requirements for SCC in the fresh state. The 

rheological properties of the Eco-SCC mixtures are discussed in the next section. 
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5.5.3 Rheology of Eco-SCC mixtures 

The measured yield stress values for the investigated Eco-SCC mixtures are between 39 and 61 

Pa. The plastic viscosity values vary between 7 and 15 Pa.s. Mueller [Mueller, 2012; Mueller et 

al., 2014] reported that yield stress and plastic viscosity values of Eco-SCC can range between 

20 and 120 Pa and from 10 to 60 Pa.s, respectively. A comparison of the data shows that while 

the obtained yield stress in this work overlaps with the results of Mueller [Mueller, 2012; 

Mueller et al., 2014], the plastic viscosity of some of the investigated mixtures is lower (the first 

six mixtures in Table 5-2). One important reason for this phenomenon is the higher w/p of such 

mixtures (0.64 to 0.67) compared to the values of w/p by Mueller [Mueller, 2012; Mueller et 

al., 2014] which are always lower than 0.61. The higher w/p of mixtures in the current work is 

mostly due to a lower average powder content relative to the mixtures made by Mueller 

[Mueller, 2012; Mueller et al., 2014].  

Figure 5-9 plots all the rheological data measured in the current work in a rheograph where the 

proposed area for Eco-SCC by Mueller [Mueller, 2012] (Zone II) along with other areas for 

SCC (Zone I) and low viscous high yield SCC (LV-HY-SCC, Zone III) suggested by Wallevik 

and Wallevik [Wallevik and Wallevik, 2011] are also depicted. It is observed that all Eco-SCC 

mixtures developed here fall in Zone II and Zone III which are established rheological areas for 

SCC in general. The low plastic viscosity of mixtures can enhance the deformability of the 

mixtures but may result in segregation problems in some cases (although all mixtures passed 

both used stability testes as presented in Table 5-2). The mixtures with stabilizer agent and the 

air-entrained mixtures (which contain less water) lie within the Eco-SCC zone and approach the 

lower boundaries of SCC in terms of plastic viscosity in Figure 5-9. Thus, it is recommended to 

aim for plastic viscosity values equal or higher than 10 Pa.s during the design phase of Eco-SCC 

by either decreasing the water content (by replacing water with air, for instance, as done in this 

work) or by use of a stabilizer agent in order to obtain Eco-SCC mixtures which secure proper 

placement. 
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Figure 5-9 Rheograph comparing rheological properties of the studied Eco-SCC mixtures to 
different proposed rheological limits 

5.5.4 Compressive Strength 

Table 5-3 summarizes the compressive strength results of the investigated Eco-SCC mixtures. 

Regarding the 28-day compressive strength, except for the two mixtures with FA, all mixtures 

exhibited compressive strength within the target range of 25 to 30 MPa. Deficit to meet the 

strength requirement for mixtures with FA was expected, given the retarding effect of FA on 

the development of compressive strength. The addition of SF improved the compressive 

strength. Moreover, the air-entrained mixtures had similar strength compared to the 

corresponding reference mixtures without air-entrainment.  

Considering the 56-day compressive strength, most mixtures exhibited an improvement relative 

to 28-day strength with the binary mixtures containing FA showing the most significant 

increase. At this age, all mixtures were within the targeted compressive strength range of 25 to 

35 MPa.  

5.5.5 Drying shrinkage 

Table 5-4 presents the drying shrinkage test results for the investigated Eco-SCC mixtures for 

different drying times. For all mixtures, the shrinkage strain after 112 days in dry conditions is 

between 350 and 660 µstrain. These values compare well to the ranges obtained by Mueller 

[Mueller, 2012; Mueller et al., 2014] for Eco-SCC mixtures and are slightly lower, on average, 
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mostly due to the lower curing time used by Mueller (7 days). The shrinkage values are also 

lower compared to the shrinkage strains reported by Hwang and Khayat [Hwang and Khayat, 

2010] for SCC mixtures, targeted for structural repair, made with w/p of 0.35 and 0.42 and high 

paste content. Despite a considerably high w/p of Eco-SCC compared to ordinary SCC, a lower 

drying shrinkage strain is observed, mainly due to the lower paste volume of Eco-SCC mixtures. 

 

Table 5-3 Compressive strength and electrical resistivity of investigated mixtures at various 
ages 

 

Mixture 

Compressive strength, MPa Electrical resistivity, Ω.m 

7 days 

14 days 

28 days 

56 days 

7 days 

14 days 

28 days 

56 days 

15%LF-M 22 24 27 28 28 35 38 43 
15%LF-C 20 23 25 26 28 37 34 39 
30%FA 16 19 23 28 25 35 42 70 
5%SF15%LF-M 20 24 30 30 30 43 67 84 
5%SF15%LF-C 20 25 28 31 25 39 63 92 
5%SF30%FA 19 25 29 32 27 53 96 134 
15%LF-M-S 20 23 25 26 27 34 39 43 
15%LF-C-S 20 22 25 26 26 32 36 43 
30%FA-S 18 20 23 27 34 33 43 76 
A15%LF-M 21 22 25 25 34 44 50 53 
A5%SF15%LF-M 20 24 30 30 40 63 85 122 
A5%SF15%LF-C 20 23 28 32 36 59 91 111 
A5%SF30%FA 17 23 27 30 31 64 115 163 

 

In Table 5-4, mixture 30%FA shows the lowest shrinkage strain (437 µm/m at 112 days) among 

the binary mixtures. Several researchers reported similar results, i.e. use of FA reduced drying 

shrinkage [Şahmaran et al., 2007, 2009, 2011; Silva and de Brito, 2016] while LF could increase 

the shrinkage strain [Şahmaran et al., 2007; Silva and de Brito, 2016]. The addition of FA leads 

to the densification of the matrix which may reduce the internal moisture evaporation 

[Maslehuddin et al., 1987]. The shape, pozzolanic property, and filler effect of FA contribute to 

such densification [Şahmaran et al., 2009, 2011]. It is alternatively theorized that unhydrated 

FA particles serve as fine particles to restrain the shrinkage deformation [Şahmaran et al., 2007, 
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2009, 2011]. Valcuende et al. [Valcuende et al., 2012] attributed the increase in shrinkage 

caused by LF addition to the higher fineness of the porous structure of the concrete made with 

LF which results in a finer capillary network increasing the force of attraction exerted by the 

capillary walls. With respect to binary mixtures containing a stabilizer agent, mixtures 15%LF-

M-S and 30%FA-S exhibited shrinkage levels slightly higher than the corresponding reference 

mixtures, i.e. 15%LF-M and 30%FA, respectively. It may originate from the substantial SP 

adjustments during the batching in order to obtain the targeted fluidity level. Since 70% of the 

mass of the used SP is water, such added SP increased the w/p resulting in higher shrinkage 

strains. 

From Table 5-4, it is observed that addition of SF increased somewhat the drying shrinkage of 

mixtures. This can be partly explained by considering that replacing cement with SF increased 

the w/p of the resulting mixture due to the lower density of SF and a fixed water content for all 

mixtures. Such increased w/p yielded to somewhat increased shrinkage for the mixtures 

containing SF compared to the respective references. 

Regarding air-entrained mixtures, there was not a unique trend of variation in shrinkage strain 

between the reference mixtures and the corresponding air-entrained ones. All air-entrained 

mixtures had a considerably lower w/p relative to the corresponding references that is favorable 

to a reduction in shrinkage deformations. This is the case for mixtures A5%SF15%LF-M and 

A5%SF15%LF-C that exhibited shrinkage strains of 354 µm/m and 453 µm/m, respectively at 

112 days compared to 524 µm/m and 537 µm/m for the corresponding reference mixtures, 

respectively. Mixture A5%SF30%FA developed similar shrinkage strain to the corresponding 

reference mixture 5%SF30%FA while A15%LF-M mixture had a slightly higher strain 

compared to 15%LF-M. This latter phenomenon can be partially attributed to somewhat lower 

compressive strength development of mixtures A5%SF30%FA and A15%LF-M relative to the 

corresponding references (see Table 5-3) due to air-entrainment. A lower compressive strength 

means a weaker matrix to restrain the drying shrinkage deformation of A5%SF30%FA and 

A15%LF-M mixtures resulting in the same level of strain compared to the references 

5%SF30%FA and 15%LF-M despite a lower w/p. 
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Table 5-4 Drying shrinkage of Eco-SCC mixtures 
 

Mixture 
Shrinkage strain, µm/m 

4 days 7 days 14 days 28 days 56 days 112 days 

15%LF-M 79 158 268 429 498 499 
15%LF-C 85 181 277 403 497 511 
30%FA 200 220 254 318 436 437 
5%SF15%LF-M 145 166 315 372 470 524 
5%SF15%LF-C 169 244 444 455 465 537 
5%SF30%FA 132 176 281 450 460 656 
15%LF-M-S 76 152 247 389 447 504 
15%LF-C-S 81 112 213 413 462 511 
30%FA-S 156 173 271 392 458 524 
A15%LF-M 77 223 264 429 475 521 
A5%SF15%LF-M 99 169 239 248 329 354 
A5%SF15%LF-C 318 335 352 413 433 453 
A5%SF30%FA 210 226 471 492 512 659 

5.5.6 Durability 

The frost durability results after 300 cycles of freezing and thawing indicated that the weight 

loss of samples was negligible for all mixtures. The length changes and durability factors were 

between 70 and 126 µm/m and 97% to 100%, respectively. Thus, the air-entrained Eco-SCC 

mixtures exhibited excellent durability to freezing and thawing. 

The quality of the porous structure of the samples, which is linked to the transport properties of 

concrete, was evaluated by means of the electrical resistivity test [Zidol, 2014]. The results for 

all studied Eco-SCC mixtures are presented in Table 5-3. It is seen that, except for the A15%LF-

M mixture, the air-entrained mixtures exhibited the best performance mainly due to a notably 

lower w/p compared to other mixtures. Non-air-entrained mixtures containing SF showed the 

highest electrical resistivity after the air-entrained mixtures, attributed to the enhanced 

microstructure provided by the SF incorporation.  

A proposed classification [Association Française de Génie Civil (AFGC), Concrete Design for 

a given Service Life of Structures - Durability Indicators, 2004] of potential durability zones is 

based on electrical resistivity test results. According to this classification, at 28 days, mixture 
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A5%SF30%FA fall in the moderate durability potential zone (100 to 250 Ω.m) while other air-

entrained and ternary non-air-entrained mixtures lie in the low zone (50 to 100 Ω.m). All the 

binary mixtures with or without stabilizer exhibit very low durability potential (< 50 Ω.m). At 

56 days, in addition to A5%SF30%FA mixture, the 5%SF30%FA, A5%SF15%LF-M, and 

A5%SF15%LF-C mixtures showed moderate durability potential. At this age, the 30%FA and 

30%FA-S mixtures developed low durability potential, which was an improvement compared 

to 28 days.  

Shane et al. [Shane et al., 1999] proposed a correlation between the 28-day electrical resistivity 

values and the 56-day rapid chloride penetration test (RCPT) results. Based on this relationship, 

the 56-day RCPT of mixture A5%SF30%FA can be expected to be in the range of 1000 to 2000 

coulombs (low). These values for the other air-entrained and ternary non-air-entrained mixtures 

are within the range of 2000 to 4000 coulombs (moderate) according to the aforementioned 

classification. These correlations between the electrical resistivity and RCPT provide useful 

information about the corrosion resistance potential of Eco-SCC mixture. 

As expected, the addition of SF to the binary mixtures or the simultaneous air-entrainment and 

water content reduction of mixtures are efficient strategies to improve the durability 

performance of Eco-SCC mixtures.  

5.5.7 Eco-Efficiency 

The eco-efficiency of the Eco-SCC mixtures is evaluated by means of indices proposed by 

Damineli et al. [Damineli et al., 2010]. The binder intensity index based on the compressive 

strength, bi,cs, provides a measure of the amount of binder necessary to deliver a unit of 

compressive strength and is given by: 

 

bi,cs=
b

f'c
                                                                       (5.6) 

 

where b is the total binder content in kg/m3, and f’c is the compressive strength at a given age. 

A lower value of bi,cs indicates a more efficient use of binder materials. In the present research, 

b corresponds to the total powder content of each mixture (Table 5-1). Another index, called 
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CO2 intensity indicator based on the compressive strength, specifies the amount of CO2 released 

to produce one unit of compressive strength. This index can be calculated from Eq. 5.7: 

 

ci,cs=
c

f'c
                                                                  (5.7) 

 

where c is the total amount of CO2 emitted to produce one unit of concrete volume. A lower ci,cs 

means less CO2 emissions to deliver a unit of compressive strength and thus a more eco-friendly 

concrete. It has been suggested [Damineli et al., 2010; Purnell and Black, 2012] that since the 

major CO2 emissions for concrete are associated with the cement, it is reasonable to estimate 

ci,cs index only by considering the emissions during cement production. In this work, c in           

Eq. 5.7 equals GWP and thus includes the emissions associated with the production of all 

constituents of Eco-SCC mixtures. 

Figure 5-10 presents the calculated bi,cs indices for the studied Eco-SCC mixtures for 28 and 56 

days of age. The values of bi,cs are between 10 and 13 kg/m3.MPa-1 at 28 days. Corresponding 

values are within the range of 9 to 12 kg/m3.MPa-1 at 56 days. Damineli [Damineli et al., 2010] 

undertook an analysis of extensive published data including different types of concrete from 

various countries and reported bi,cs values between 5 and 30 kg/m3.MPa-1. Thus, in terms of 

binder (powder) efficiency, the investigated Eco-SCC mixtures can be considered to exhibit 

values below the average values obtained by [Damineli et al., 2010] (17 kg/m3.MPa-1).  

The ci,cs values for Eco-SCC mixtures, shown in Figure 5-11, are within the range of 6.4 to 9.7 

kg/m3.MPa-1 at 28 days and 5.7 to 9.1 kg/m3.MPa-1 at 56 days. Damineli [Damineli et al., 2010] 

obtained values between 2 and 22 kg/m3.MPa-1 based on the analysis of data from several 

publications (only cement emissions were considered). Hence, similar to the bi,cs indicator, the 

studied Eco-SCC mixtures are placed below the usual average values (12 kg/m3.MPa-1). 

From Figure 5-10 and Figure 5-11, it is observed that replacing cement with SF in binary 

mixtures to produce ternary mixtures reduced both bi,cs and ci,cs indicating a more efficient use 

of powder materials and a more eco-friendly concrete. Other approaches used in this study, i.e. 

addition of a stabilizer agent or simultaneous air-entrainment and water content reduction did 

not seem to significantly influence these indices. Thus, the latter approach is beneficial in that 

it can enhance durability performance of Eco-SCC mixtures (as discussed in 5.5.6) while 
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maintaining the same eco-performance as corresponding reference mixtures. Note that all the 

investigated Eco-SCC mixtures exhibited similar performance in fresh state (except for SP 

demand). 

 

 

Figure 5-10 Powder efficiency analysis of studied Eco-SCC mixtures 
 

 

Figure 5-11 CO2 intensity indicator of studied Eco-SCC mixtures 
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5.6 Conclusions 

A mix design procedure to develop Eco-SCC (low-powder SCC) is proposed. The key design 

concept is based on the optimization of sand and coarse particles as well as the powder 

composition. The design protocol starts with determination of powder and water content. 

Thereafter, volume fractions of sand and coarse aggregate are optimized according to the FD 

curve with a q value allowing for a high packing density and lattice effect as well as a low 

blocking risk. The powder composition is optimized to secure adequate properties. The volume 

fractions of powder materials are determined so as to ensure a lower water demand (by means 

of rheological measurements on pastes) while securing sufficient mechanical and durability 

properties as well as low environmental impact. The next step of the design method involves 

establishing the SP saturation point for the selected powder composition. 85% of the SP 

saturation amount was employed in the Eco-SCC mixture. The last stage of design involved the 

evaluation of the GWP of obtained mixtures. The design protocol is shown to be an effective 

tool to produce Eco-SCC which requires limited effort for trial batches. 

Eco-SCC mixtures with powder contents between 278 and 312 kg/m3, designed according to 

the proposed mix design method, were shown to exhibit adequate passing ability, filling ability, 

and stability as well as 28-day compressive strength within the target range of 25 to 35 MPa for 

building and commercial applications (with the exception of two mixtures containing 30%FA). 

All mixture fell in the category of LCC. The average drying shrinkage of mixtures was slightly 

below average values for normal SCC. Electrical resistivity measurements indicated that the 

studied Eco-SCC fell in the low and moderate durability potential zones. Air-entrained mixtures 

exhibited an excellent freeze-thaw resistance. The Eco-performance of Eco-SCC mixtures, 

evaluated by binder efficiency index and CO2 emissions per unit of compressive strength, was 

found to be well above the average of a wide range of concrete mixtures of versatile types 

commonly produced around the world. 
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CHAPTER 6 ROBUSTNESS OF ECO-SCC 

As mentioned in Chapter 2, the robustness is an important step in the development of a concrete 

mixture, especially SCC. In case of Eco-SCC, it is even more critical to study the robustness 

due to the low paste volume, high w/p, and relatively high dosage of SP. In addition, there is 

limited knowledge about the robustness of Eco-SCC. Thus, in this chapter, the robustness of 

one of the best-performing Eco-SCC mixtures from Chapter 5, i.e. the 5SF30FA mixture, was 

evaluated. This mixture, called Ref5%SF30%FA in this chapter, is re-batched with an adjusted 

dosage of SP to secure 610 ± 10 mm initial slump flow. All of the fresh and hardened properties 

were measured again. All changes were made to this reference mixture. This mixture did not 

contain any stabilizer, but once the variations were applied, if any of the resulted mixtures 

showed clear signs of segregation during batching and after the slump flow test, a stabilizer (as 

described in Chapter 3) was used to correct the mixture thus keeping the slump flow within the 

range of the reference mixture. 

The effect of variations in water content is presented in Section 6.1. The effects of SP dosage 

alterations on the properties of Eco-SCC is summarized in Section 6.2. Section 6.3 deals with 

the influence of changes in coarse aggregate properties (maximum size of aggregate, PSD, and 

shape) on the performance of the reference mixture. It must be noted that the variations in 

aggregate properties as considered here may be more severe than what is usually considered in 

robustness studies that assume small variations in the mix design. Nevertheless, the results of 

this part can provide some insight into the behavior of Eco-SCC made with different aggregate 

types. Finally, Section 6.4 provides a general overview of the variations in rheological properties 

of the investigated mixtures by means of a rheograph. A total of 12 Eco-SCC mixtures are 

studied in this chapter. Table 6-1 presents the mix design of the investigated mixtures. It is seen 

that the total powder content of mixtures varies between 293 and 298 kg/m3. Such variation for 

the water content is between 194 and 211 kg/m3. 
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Table 6-1 Eco-SCC mixture proportions studied for robustness 
 

Mixture 

kg/m3 

C SF FA 
Total 

powder 
Sand CA1 CA2 CA3 Gravel Water SP (liquid) 

Stabilizer 

(liquid) 

Ref5%SF30%FA 208 11 76 295 995 645 - 202 - 201 1.59 - 

-10W 210 11 77 298 1008 654 - 205 - 194 2.03 - 

-5W 209 11 76 296 1003 650 - 204 - 198 1.87 - 

+5W 206 11 75 292 989 641 - 201 - 205 1.59 - 

+10W 207 11 75 293 993 644 - 202 - 211 1.59 - 

-20SP 209 11 76 296 1004 651 - 204 - 203 1.28 - 

-10SP 208 11 76 295 996 646 - 203 - 202 1.43 - 

+10SP 207 11 75 293 991 642 - 202 - 201 1.74 - 

+20SP 208 11 76 295 996 646 - 203 - 202 1.91 0.13 

5-14-C 207 11 75 293 992 - 836 - - 201 1.82 - 

5-10-C 208 11 76 295 994 854 - - - 202 1.80 - 

5-14-R 208 11 76 295 997 - - - 805 202 1.59 - 
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6.1 Effect of water variation 

The water content of the Ref5%SF30%FA was varied by - 10 l, - 5 l, + 5 l and + 10 l to produce 

mixtures -10W, -5W, +5W, and +10W, respectively, as indicated in Table 6-1. The SP dosage 

was adjusted, if necessary, to ensure an initial slump flow similar to the reference mixture (610 

± 10 mm). This approach is more practical since, on the job site, the quality of the final product 

(SCC mixture) exhibiting the targeted slump flow is important. Note that the slump flow of the 

reference mixture is within the range found in Chapter 5 for Eco-SCC mixtures meeting the 

requirements of self-consolidation. Thus, no attempt was made to increase the slump flow value 

in the current chapter. It was judged not to be necessary to employ a stabilizer for the mixtures 

investigated in this part since all mixtures were visually stable. The air content of the mixtures 

was between 1.5% and 2%. The influence of water fluctuation on the fresh and hardened 

properties of the investigated mixtures are presented subsequently. 

6.1.1 Fresh state 

Figure 6-1 shows the influence of water variations on the slump flow and SP demand of the 

selected Eco-SCC. It is seen that the mixture is quite robust with regards to the increase in water 

content. Addition of water up to 10 l does not affect the slump flow of the investigated Eco-

SCC. The VSI of the mixtures varied between 0 and 1, and thus no stabilizer was incorporated. 

Such robustness of Eco-SCC against increase in water content can be attributed to the superior 

stability of the granular skeleton mostly originated from a high PLE, and to the fact that the 

paste in Eco-SCC is initially designed to be highly dispersed. Consequently, further reduction 

of the rheological properties of paste (due to the addition of water) does not lead to a higher 

slump flow for the mixture as the aggregate friction and interaction dominates the behavior in 

this case. 

The reduction in water content resulted in an increase in the SP demand of the mixtures in order 

to maintain the same range of slump flow. The resulted mixtures exhibited good stability. Thus, 

in case of a decrease in water content, the robustness of Eco-SCC can be secured by adjusting 

the SP dosage. The higher sensitivity of Eco-SCC to the reduction in water content may originate 
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from the low matrix volume of this type of SCC, and the importance of the state of the dispersion 

of the paste which can be reduced through decrease in water. 

 

 

Figure 6-1 Effect of water content variation on slump flow and SP demand of Eco-SCC 

 

The relative fluctuations in the SP demand of the reference Eco-SCC mixtures as a function of 

water variations is presented in Figure 6-2. The vertical axis represents the difference in the SP 

demand of a given mixture with that of the reference mixture normalized by the SP demand of 

the reference mixture. The relative significance limit determines the boundary, normalized by 

the reference mixture SP demand, beyond which a variation in the SP demand can be considered 

significant. Here, this limit is assumed to be 0.05% of SP (dry content) relative to the mass of 

the powder. 

It is seen from Figure 6-2 that while increasing the water content did not influence the SP 

demand (for a constant slump flow), the reduction of the amount of water by 5 and 10 l increased 

the SP demand by 15% and 20%, respectively. However, such increase in the amount of SP did 

not exceed the limit of significance, and thus the studied Eco-SCC mixture can be considered 

robust in this aspect. It must be mentioned that such relative variations of SP dosage compare 

well to the values reported by [Naji et al., 2011] that reached a maximum of 31.6% for regular 

powder SCC made with different HRWRA - VMA combinations (and variable water content). 
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Figure 6-2 Relative variation of SP demand with water content 
 

The influence of the alterations in water content of the Eco-SCC on the passing ability and 

blocking behavior as characterized by the J-Ring test is illustrated in Figure 6-3. It is observed 

that the variations in water content do not significantly affect the difference between slump flow 

and J-Ring flow final diameters. Hence, Eco-SCC appears to be robust with respects to this test. 

This outcome may be explained by the fact that the rheological properties and the coarse 

aggregate content of the mixtures studied in this part do not vary considerably from one another. 

 

 

Figure 6-3 Influence of water alterations on passing ability of Eco-SCC (J-Ring test) 
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Figure 6-4 shows the relative changes of slump flow- J-Ring difference with variations in water 

content. The margin of error is considered to be 42 mm here which is equivalent to the 

repeatability value proposed by [BIBM et al., 2005] for the slump flow test. This value is thus 

divided by the slump flow- J-Ring difference value of the reference mixture to determine the 

relative significance limit. It is observed from the figure that there is a fluctuation of ± 20% 

compared to the reference mixture when the water content is varied. Nevertheless, such 

variations are below the limit of significance meaning the investigated mixture exhibited 

satisfactory robustness in terms of passing ability. The relative variations of slump flow –J-Ring 

values found by [Naji et al., 2011] for regular powder SCC reached up to 55%. 

 

 

Figure 6-4 Relative variation of slump flow - J-Ring with water content 
 

Figure 6-5 presents the changes in V-funnel flow times with water content alterations. It is 

obvious from this figure that there is an inverse correlation between the water content and the 

flow time, i.e. an increase in the amount of water reduced the V-funnel time and vice versa. 

However, the variations of the V-funnel flow time remain small, and thus the Eco-SCC mixture 

under consideration can be assumed robust in this respect. The main reason for this robust 

behavior in terms of V-funnel time is the high stability of the Eco-SCC, and the rather invariant 

rheological properties of the investigated mixture as can be seen later. 

The relative variations of V-funnel flow times with the fluctuations of the water content is 

illustrated in Figure 6-6. The absolute limit of error used to calculate the relative significance 

limit is 0.4 s taken from [BIBM et al., 2005]. It is observed that 5 and 10 l increase in the water 
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content resulted in a reduction of 20% and 25%, respectively, in the flow time. Such variations 

exceed the significance limit. However, considering the absolute variations of the V-funnel time 

for these mixtures (Figure 6-5), it is obvious that the high relative changes in flow times mostly 

originate from the fact that the reference mixture flow time is rather low leading to large relative 

fluctuations. Since all mixtures remain in the same class of V-funnel performance, it can be 

concluded that the robustness in terms of V-funnel time is not problematic for the investigated 

Eco-SCC.  

 

 

Figure 6-5 Variations of V-funnel flow time with fluctuations of water content of Eco-SCC 
 

 

Figure 6-6 Relative variation of V-funnel flow time with water content 
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Figure 6-7 shows the variability of the stability of Eco-SCC, evaluated by sieve stability and T-

Box tests. The sieve stability test results are influenced by both static and dynamic segregation 

resistance of the mixtures although the static effect is dominant as suggested by [Keske et al., 

2013; Koehler et al., 2010]. T-Box mostly characterizes dynamic stability. It is observed in 

Figure 6-7a that segregation increased with both reduction and increase in the water content 

although it remains below the acceptability criterion of 10% (according to European guidelines 

[BIBM et al., 2005], such criterion is between 18% and 23% depending on the application).  

 

 

(a) 

 

(b) 

Figure 6-7 Effect of water content variability of Eco-SCC on (a) Sieve stability index, (b) T-
Box PDI 
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Thus, all mixtures are considered stable regardless of fluctuations in the amount of mixing water. 

The increase in segregation with a higher water content is attributed to lower rheological 

properties of the paste leading mainly to a higher degree of bleeding as observed during the 

experimental work. The same reason applies to the higher segregation occurred when the water 

content was decreased, but here the lower rheological properties of the paste are caused by a 

higher dosage of SP that was added to these mixtures to maintain a constant slump flow. 

The dynamic stability results presented in Figure 6-7b show that the PDI of T-Box test remained 

rather constant with regards to the fluctuations in the water content. For all mixtures, the PDI is 

equal to or lower than 4 mm, which is the upper acceptable limit for dynamic stability. These 

results point once again to the high stability level of Eco-SCC mainly originating from an 

optimized PSD to increase the PLE. 

Figure 6-8 shows the relative changes of stability of Eco-SCC with water content variations. 

The absolute margins of error used here to determine the relative limits of significance are 3.4% 

[BIBM et al., 2005] and 0.5 mm [Esmaeilkhanian et al., 2014] for sieve stability and T-Box 

tests, respectively. In terms of sieve stability, the maximum variation (almost 100%) is attained 

at 10 l of increase in water content. Although the latter value is higher than the relative 

significance limit, the robustness of the mixture is not compromised since in absolute terms, the 

mixture under consideration remained stable and maintained the same class of stability (index 

below 18%). Considering the T-Box index, the fluctuation of the index passed the limit of 

significance for a water reduction of 10 l due to the added SP to keep the slump flow constant. 

However, the corresponding mixture remained in the stable zone (T-Box index ≤ 4 mm) 

meaning the mixture can be considered robust. 

The influence of water fluctuations on the rheological properties of Eco-SCC is presented in 

Figure 6-9. Regarding the yield stress in Figure 6-9a, it is obvious that this property does vary 

significantly with the variation in water content. It must be noted that for mixtures with lower 

water content than the reference, SP demand was higher to maintain a constant slump flow, 

which can be seen in Figure 6-9a as well. This is the main reason why the yield stress of the 

Eco-SCC mixtures remain invariant despite the reduction in the mixing water. As explained in 

the case of slump flow, even though increasing the water content may induce a decrease in the 

paste yield stress, the yield stress of the concrete does not change due to the fact that the paste 

is already in a highly dispersed state in the reference mixture, and thus its rheological properties 
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cannot be reduced considerably. In addition, the rheological behavior of Eco-SCC may be 

greatly dominated by the inter-aggregate interactions, thus limiting a further reduction in yield 

stress with decreased paste rheology. 

 

 

(a) 

 
(b) 

Figure 6-8 Relative variations of stability of Eco-SCC with water content for (a) sieve stability 
and (b) T-Box tests 

 

Figure 6-9b shows a decreasing trend in plastic viscosity of Eco-SCC mixtures regardless of the 

variation in water content. It is important to notice here that the range of plastic viscosity values 

measured for the investigated mixture is quite narrow, and thus part of such fluctuations in the 

viscosity values may be explained by the errors in measurements and the accuracy of the 
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rheometer. Apart from such measurement artifacts, a decrease in the plastic viscosity due to an 

increase in the water content is expected. The decrease in the viscosity of mixture with lower 

water content may partially originate from the addition of SP compared to the reference mixture. 

 

 

(a) 

 

(b) 

Figure 6-9 Variations in (a) yield stress, (b) plastic viscosity of Eco-SCC with alterations in 
water content 

 

The variations in rheological properties of the reference Eco-SCC mixture as a function of water 

content fluctuation is presented in Figure 6-10. No limits of error for such rheological 

measurements could be found in the literature. It is observed that the maximum variations of 
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yield stress and plastic viscosity corresponded to 15% and 26%, respectively. These values are 

similar to the ones reported by [Mueller, 2012] for Eco-SCC mixtures with variable water 

content. [Naji et al., 2011] mentioned values of coefficient of variation as high as 70% for 

rheological properties of regular powder SCC mixtures with different water content. Since other 

workability tests confirmed that the performance of the mixtures with varied water content 

remained satisfactory, the variability of rheological properties found here are considered to 

remain within an acceptable robustness area for Eco-SCC.  

 

 
(a) 

 
(b) 

Figure 6-10 Relative variability of (a) yield stress and (b) plastic viscosity with fluctuations of 
water content 
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Note that the relatively large variation of plastic viscosity can originate from the low value 

measured for the reference mixture (10 Pa.s) causing high relative values for small alterations. 

6.1.2 Properties in hardened state 

The effect of water content alterations on the compressive strength of Eco-SCC is illustrated in 

Figure 6-11. It is seen that increasing the water content slightly reduced the compressive strength 

and vice versa. The change in compressive strength at 28 and 56 days between the reference 

mixture and the mixtures with varied amount of water is within a margin of ± 3 MPa. Such 

variation corresponds to 10% of the compressive strength of the reference mixtures. [Naji et al., 

2011] reported similar values of relative difference for SCC mixtures with regular powder 

content and variable amount of water. Such variations of compressive strength by water content 

fluctuation was found to be less than 5% for Eco-SCC with variable water content (and 28-day 

compressive strength of approximately 60 MPa) investigated in [Mueller, 2012]. 

 

 

Figure 6-11 Influence of water content changes on the compressive strength of Eco-SCC 
 

The influence of water content variations on the drying shrinkage of Eco-SCC mixtures is 

demonstrated in Figure 6-12. It is observed that all shrinkage curves coincide for all ages, 

namely the fluctuations in the mixing water of the reference Eco-SCC mixture does not 

substantially affect shrinkage. Shrinkage at 112 days was approximately 540 µm/m for all 

studied mixtures. The invariance in the developed shrinkage of Eco-SCC mixtures with small 
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differences in the amount of mixing water may be contributed to similar paste volumes 

(maximum difference of ± 10 l) and compressive strength of the mixtures. Note that the paste 

volume of Eco-SCC is low making this type of concrete less susceptible to drying shrinkage. 

 

 

Figure 6-12 Comparison of drying shrinkage strains for Eco-SCC mixtures with varied water 
contents 

 

Figure 6-13 presents the evolution of electrical resistivity of Eco-SCC mixtures as a function of 

water variations in the reference mix design. It is observed that there is very little variability 

between the electrical resistivity of the reference mixture and those of the mixtures with different 

water contents at all ages. Thus, it appears that the transport properties of the reference Eco-

SCC mixture are not highly influenced by small variations in the amount of mixing water. The 

electrical resistivity of all investigated mixtures at 56 days is within the medium durability range 

according to the classification proposed by [Shane et al., 1999]. 

6.2 Influence of SP fluctuation 

The SP dosage of the Ref5%SF30%FA was varied in increments of ± 10% and ± 20% to prepare 

mixtures -20SP, -10SP, +10SP, and +20SP (Table 6-1). The water content was kept constant for 

all mixtures, and therefore the variation in slump flow is due to changes in SP content. The           

-20SP mixture exhibited a slump flow within the limits of semi-SCC and hence was tested and 

sampled based on the recommendations for this type of concrete presented in [Sotomayor Cruz, 
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2012]. The +20SP mixture exhibited signs of segregation during batching and thus was 

corrected by incorporation of a small dosage of a stabilizer agent. The rheological measurements 

carried out on the -10SP mixture were erroneous and are not presented here. The performance 

of these mixtures and the robustness of Eco-SCC with regards to SP variations is discussed in 

the following sub-section. 

 

 

Figure 6-13 Variation in electrical resistivity of Eco-SCC with fluctuations in water content 

6.2.1 Properties in fresh state 

The variability of slump flow of Eco-SCC as a function of fluctuations in the SP dosage is 

illustrated in Figure 6-14. It is seen that the slump flow of the reference mixture is highly 

affected for SP variations of ± 20% while it exhibits more robustness at ± 10% change. At 20% 

increase of SP dosage, stabilizer agent was required to bring the mixture to a stable state. The   

-20SP mixture exhibits a slump flow of 500 mm meaning that this mixture is rather semi-SCC. 

The high sensitivity of the slump flow of Eco-SCC to the alterations in SP content is mostly 

caused by the high efficiency of the polycarboxylate-based SP used in this research work. Thus, 

small fluctuations in the dosage of the SP can lead to great differences in the state of dispersion 

of the paste and hence the rheological properties of the paste and concrete. It must be noticed 

that the sensitivity of slump flow to SP variations is not a particularity of Eco-SCC and can 

occur in lean and binder-rich SCC as well as shown by [Mueller et al., 2016]. Thus, special care 

should be taken during batching to keep the variations in SP content below ± 10%. 
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Figure 6-14 Influence of SP content variations on the slump flow of Eco-SCC 
 

The relative changes of slump flow of Eco-SCC with variation in SP content is illustrated in 

Figure 6-15. The margin of error considered here to calculate the relative significance limit is 

42 mm adopted from [BIBM et al., 2005]. It is seen that the only significant alteration of slump 

flow occurred at 20% reduction in SP content resulting in a semi-SCC mixture. Such decrease 

in the slump flow is in the order of 20% which is quite similar to the value obtained by [Mueller, 

2012] for Eco-SCC mixtures with variable SP dosages. 

 

 

Figure 6-15 Relative variations of slump flow of Eco-SCC with SP dosage fluctuation 
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Figure 6-16 shows the effect of SP alterations on the slump flow – J-Ring difference of Eco-

SCC. It is seen that there is no clear correlation between the J-Ring test result and the variations 

in the SP dosage although most of the mixtures exhibit a value close to that of the reference 

mixture. The lack of a relationship between the SP content and the slump flow – J-Ring 

difference can partially originate from the fact that as -20% SP the testing was carried out with 

a modified J-Ring adapted for semi-SCC (with less bars), and at+20% SP, a stabilizer was added 

to modify the rheology of the mixture which has a direct influence on the J-Ring test results. 

Thus, the testing conditions and varied parameters were not similar for all mixtures. In general, 

it can be concluded that at +20% SP, the blocking behavior becomes problematic and the 

mixture is no longer robust. It must be noted that the SP dosage in mixture +20SP is well above 

the saturation point found for this mixture in Chapter 5 and is thus to be avoided in order to keep 

the mixture resistant to segregation and blocking. 

 

 

Figure 6-16 Effect of SP alterations of Eco-SCC on the J-Ring test 
 

Figure 6-17 shows the effect of SP dosage variation on the relative slump flow – J-Ring 

difference of the studied Eco-SCC mixture. It is observed that regardless of the fluctuation in 

the SP content, the relative variations of the slump flow – J-Ring differences remain within the 

margin of error (repeatability) of the J-Ring test, and thus the investigated Eco-SCC mixture 

appears to be robust in this respect. 
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Figure 6-17 Relative variation of slump flow - J-Ring of Eco-SCC with SP dosage 
 

The fluctuation of V-funnel flow time of Eco-SCC with regards to variations in the SP content 

is presented in Figure 6-18. This test was not carried out on -20SP mixture as this mixture was 

semi-SCC. It is observed that the variations in the V-funnel time cause by changes in the SP 

dosage is insignificant. This can be attributed to the fact that the V-funnel flow time is mostly 

affeted by the plastic viscosity of the mixture, and as shown later in this sub-section, all of the 

mixtures investigated in this part exhibit similar plastic viscosities. Such invariant V-funnel flow 

times is also indicative that the stability of the mixture is not compromised with an increase in 

the SP content, as confirmed in Figure 6-20. 

 

 

Figure 6-18 Variation of V-funnel flow time of Eco-SCC mixtures with changes in SP dosage 
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The relative alteration of the V-funnel flow time of the reference Eco-SCC mixture as a function 

of the SP dosage is presented in Figure 6-19. It is seen that the only significant variation occurred 

at 10% of increase in the SP content. This can be mostly attributed to a lower stability of the 

mixture due to a higher SP content (reduced mortar yield stress). This fact can be verified in 

Figure 6-20. Note that this phenomenon did not occur for 20% of increase in the SP dosage 

since a stabilizer agent was added to that mixture. Despite such increase in the V-funnel flow 

time, the flow times in absolute terms remain in the same class of performance (as mentioned 

earlier) and hence do not compromise the robustness of the investigated Eco-SCC mixture. 

 

 

Figure 6-19 Relative changes in the V-funnel flow time of the studied Eco-SCC mixture with 
SP content variation 

 

Figure 6-20 demonstrates the influence of SP dosage fluctuation on the stability of Eco-SCC. 

The T-Box was not performed for -20SP mixture as this test is only applicable to SCC. It is 

observed from Figure 6-20a and b that the segregation resistance of the studied mixtures is not 

considerably affected by the variations in the SP content. It must be noted that for the +20SP 

mixture, a stabilizer agent was incorporated to bring the mixture to a stable state. Thus, Eco-

SCC seems to be robust with regards to the variations in SP dosage, and when necessary, can 

be corrected (here by adding a stabilizer) to remain robust. As explained in case of water 

alteration, such robustness in terms of stability is principally provided by the stability of the 

granular skeleton which is optimized to maximize the PLE. 
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(a) 

 
(b) 

Figure 6-20 Influence of SP dosage variations on (a) sieve stability index, and (b) T-Box PDI 
for Eco-SCC 

 

Figure 6-21 demonstrates the influence of SP variation on the relative changes in the stability 

of the studied Eco-SCC mixture. It is observed that with regard to the sieve stability index, no 

significant variations in the segregation resistance of the mixtures occurred. Considering the 

dynamic stability of the reference mixture, the change of stability was significant at -10% and 

+20% SP dosage variations. However, in both cases, the dynamic segregation resistance of the 

mixtures increased, and thus the performance of the mixtures improved. In total, the investigated 

mixture showed acceptable stability robustness. Note that the 20% increase in the SP content 

required incorporation of a stabilizer agent to maintain satisfactory performance of the resulting 

mixture. 

 



6.2 Influence of SP fluctuation 143 

 
 

 
(a) 

 

 
(b) 

Figure 6-21 Relative alteration of a) sieve stability and b) T-Box tests with variation of SP 
content for Eco-SCC 

 

The effect of SP dosage fluctuations on the rheological properties of Eco-SCC is shown in 

Figure 6-22. The points corresponding to -10SP mixture are not included due to an error during 

the rheological measurement. From Figure 6-22a, it is observed that with an increase of 10% in 

the SP content, the yield stress remains rather constant. A further increase of the SP dosage to 

20%, considering that some stabilizer is incorporated, does not significantly affect the yield 

stress and the mixture maintains its robustness. On the contrary, reducing the amount of SP in 

the reference mixture by 20% causes an important increase in the yield stress. Thus, an alteration 

of the order of ± 20% in the SP content of the reference mixture can lead to robustness issues 
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for the Eco-SCC and thus must be avoided. Nevertheless, it is shown here that if such variations 

of SP occur during the batching at large-scale, it is easy to correct the mixture by adding a 

stabilizer agent or more SP, as required. 

 

 

(a) 
 

 

(b) 
Figure 6-22 Effect of SP content variations on (a) yield stress, and (b) plastic viscosity of Eco-

SCC 
 

From Figure 6-22b, the plastic viscosity values are found to remain in the same order of 

magnitude for the reference mixture and the mixtures with varied SP content. Even the addition 

of a stabilizer to the +20SP mixture does not cause a major increase in the viscosity and this 
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mixture remain robust with respect to plastic viscosity. This behavior could be expected since 

SP is essentially considered to influence the yield stress rather than the viscosity. 

Figure 6-23 shows the relative variations of the rheological properties of the investigated Eco-

SCC mixture in terms of SP dosage alteration. The maximum relative deviations from the 

reference values for yield stress and plastic viscosity are 35% and 27%, respectively. These 

values are in the same order of magnitude as those obtained by [Mueller, 2012] for Eco-SCC 

mixtures with variable SP contents. Note that the maximum values of relative variation 

correspond to the semi-SCC mixture (-20SP), and such values are considerably lower for other 

mixtures. 

 

 
(a) 

 
(b) 

Figure 6-23 Relative variations of a) yield stress and b) viscosity of the reference Eco-SCC 
mixture with SP fluctuation 
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6.2.2 Hardened state performance 

The influence of SP content changes on the compressive strength of Eco-SCC is illustrated in 

Figure 6-24. It is seen that the compressive strength of the Eco-SCC mixtures with varied SP 

dosages are quite similar to the compressive strength of the reference mixture for all ages 

(maximum of 6% relative difference). Hence, the studied Eco-SCC mixture remains robust with 

respect to compressive strength. 

 

 

Figure 6-24 Effect of SP variations on the compressive strength of Eco-SCC 
 

Figure 6-25 presents the influence of SP fluctuations on the electrical resistivity of Eco-SCC. 

 

 
Figure 6-25 Influence of SP dosage alterations on the electrical resistivity of Eco-SCC 
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Similar to the compressive strength, the variations in SP content of the reference mixture does 

not seem to substantially affect the electrical resistivity, and all mixtures fall in the same 

durability class (moderate) at 56 days. Thus, it is expected that the transport properties of the 

investigated Eco-SCC are not highly influenced by the alterations in the SP content. 

6.3 Effect of coarse aggregate properties 

In this section, the effect of the variations of important aggregate properties, i.e. maximum size 

of aggregate (and consequently PSD) and aggregate shape, on the fresh and hardened properties 

of Eco-SCC are examined. From the reference mixture, Ref5%SF30%FA, which was made with 

CA1 (5-10 mm) and CA3 (10-20 mm) crushed optimized aggregates, two other mixtures were 

designed. These mixtures included 5-14-C, containing only the CA2 (5-14 mm) aggregate, and 

the 5-10-C mixture produced only with the CA1 aggregate. Both CA1 and CA2 are crushed 

limestone aggregates with similar densities. Hence, the main difference between each coarse 

aggregate class is the maximum size of the aggregate resulting also in a variable PSD and 

packing density values. The 5-14-C and 5-10-C mixtures have the same powder composition 

and water content as the reference mixture, but the volume fractions of the sand and coarse 

aggregate were re-optimized (based on the procedure described in Chapter 5) to compensate for 

the difference in the PSD and packing density of coarse aggregate. The obtained q value of the 

FD equation for the 5-14-C and 5-10-C mixtures were 0.29 and 0.37, respectively. The mixture 

proportions of these mixture was presented in Table 6-1. 

To study the influence of coarse aggregate shape on the performance of Eco-SCC, another 

mixture, 5-14-R, was made with 5-14 mm gravel (rounded aggregate). The gravel had the same 

PSD and similar density as the CA2 aggregate. Mixture 5-14-R was not re-optimized. Thus, it 

can be assumed that the only major difference between mixtures 5-14-C and 5-14-R is the shape 

of the coarse aggregate. The properties of the studied mixture in both fresh and hardened states 

are discussed in the following sections. 

6.3.1 Fresh state properties 

Table 6-2 summarizes the fresh properties of the Eco-SCC mixtures studied in this part. For the 

same slump flow of around 600 mm, the two mixtures made with CA2 and CA1 aggregate had 
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a higher SP demand compared to the reference mixture. Comparing mixtures 5-14-C and 5-14-

R, it was observed that using rounded aggregate resulted in a reduction in the SP demand for a 

constant slump flow. The higher SP demand of 5-10-C and 5-14-C mixtures in comparison to 

Ref5%SF30%FA can be attributed to the higher specific surface area and lower packing density 

of the granular skeleton of the former mixtures. A lower SP demand for 5-14-R mixture relative 

to 5-14-C originates mostly from the lower specific surface area and higher packing density of 

the granular skeleton of 5-14-R mixture. Note that for the same SP dosage, mixture 5-14-C 

exhibited a slump flow of 540 mm. 

In terms of the passing ability and blocking behavior characterized by the slump flow – J-Ring 

difference, no significant variation was seen between the reference mixture and 5-14-C and 5-

10-C mixtures. Similarly, changing the aggregate shape between mixtures 5-14-C and 5-14-R 

did not influence the J-Ring test result. The robustness of the mixtures with regards to the 

alterations in coarse aggregate properties may be attributed to the fact that all mixtures contained 

the same volume of coarse aggregate and also exhibited analogous rheology as seen in Table 6-2. 

The V-funnel flow times did not alter considerably with variations in coarse aggregate properties 

as observed in Table 6-2. This can be explained by the fact that the parameters controlling the 

V-funnel flow time such as the coarse aggregate content, stability, and rheology of mixtures did 

not vary significantly between the reference mixtures and the mixtures with varied aggregate 

properties. 

 

Table 6-2 Fresh properties of Eco-SCC mixtures with varied coarse aggregate characteristics 
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Ref5%SF30%FA 610 0.176 50 2.9 4.1 3 51 10 

5-14-C 600 0.202 40 2.5 2.8 2 43 9 

5-10-C 620 0.199 50 2.4 3.3 2 50 9 

5-14-R 600 0.176 50 2.1 5.1 4 39 9 
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In terms of segregation resistance characterized by the sieve stability and T-Box tests, it is seen 

from Table 6-2 that similar to other properties, the stability of mixture remained within the same 

range (all stable) regardless of the changes in aggregate characteristics. One reason for this 

outcome was that the maximum size of aggregate for mixtures 5-14-C and 5-10-C was smaller 

than the corresponding reference mixture (i.e. Ref5%SF30%FA) which could offset the effect 

of lower rheological properties of the mortar in mixtures 5-14-C and 5-10-C due to a higher SP 

content. Another fact that may explain the good robustness of mixtures with respect to the 

stability was that the PSD of all mixtures correlate well with the FD curve resulting in a 

continuous grading with a maximized PLE and thus a highly stable granular skeleton. 

In terms of yield stress and plastic viscosity, although mixtures 5-14-C and 5-10-C exhibited a 

higher SP demand compared to Ref5%SF30%FA mixture, the rheological properties are rather 

similar indicating a good robustness. From a comparison of the rheological properties of 5-14-

C and 5-14-R mixtures, it is obvious that both mixtures showed alike yield stress and viscosity 

although the SP demand of 5-14-R mixture was lower. 

Table 6-3 summarizes the relative variation of the fresh properties of the Eco-SCC mixtures 

prepared with coarse aggregate different from that of the corresponding mixtures. Note that the 

reference mixture pertaining to 5-14-C and 5-10-C mixtures was the Ref5%SF30%FA mixture 

while for the 5-14-R mixture, the respective reference was the 5-14-C mixture. 

 

Table 6-3 Relative changes in the fresh properties of the Eco-SCC mixtures with varied coarse 
aggregate characteristics 
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5-14-C 14.6 -20.0 -13.7 -32.0 -33.3 -15.4 -3.8 

5-10-C 12.8 0.0 -14.4 -18.7 -33.3 -1.6 -9.4 

5-14-R -12.7 25.0 -14.6 83.9 100.0 -8.1 -1.4 



150 CHAPTER 6 ROBUSTNESS OF ECO-SCC 

 
 

For all mixtures, the relative changes of the SP demand remains below the significance limit of 

28% (25% for 5-14-R mixture) indicating a good robustness for the studied reference mixtures. 

The same conclusions apply to the slump flow – J-Ring difference and the V-funnel flow time 

results. With respect to stability, the 5-14-R mixture exhibited a relative variation of T-Box 

index beyond the relative significance limit. However, this is mostly due to the small value 

measured for 5-14-C mixture, the reference mixture for 5-14-R mixture, and as mentioned 

earlier in absolute values, the 5-14-R mixture maintained an acceptable level of stability and 

was thus considered robust. Considering the rheological properties, except for the relative 

variation of the yield stress of the 5-14-C mixture, all other variation values are lower than 10% 

of the corresponding reference mixtures indicating an adequate robustness.  

6.3.2 Properties in hardened state 

Table 6-4 summarizes the compressive strength and electrical resistivity of Eco-SCC mixtures 

with altered coarse aggregate properties. It is seen that mixtures 5-10-C and 5-14-C exhibited 

quite similar performance to that of the corresponding reference mixture Ref5%SF30%FA for 

all ages. Comparing mixture 5-14-C with 5-14-R, it is observed that the use of gravel led to a 

slightly lower compressive strength and electrical resistivity developments. A lower 

compressive strength can be attributed to less aggregate interlock caused by a rounder shape and 

a lower quality of the interfacial transition zone (ITZ) due to a smoother surface for the gravel. 

The low quality ITZ can also be the reason why the electrical resistivity is lower for the 5-14-R 

mixture than the 5-14-C mixture. Thus, in general, all mixtures with varied aggregate 

characteristics remain in the same class of performance as the corresponding reference mixtures. 

 

Table 6-4 Hardened properties of Eco-SCC mixtures with altered aggregate characteristics 
 

Mixture 
Compressive strength, MPa Electrical resistivity, Ω.m 

7 days 28 days 56 days 7 days 28 days 56 days 

Ref5%SF30%FA 17.2 29.2 34.2 21.9 77.2 127.8 

5-14-C 18.3 29.2 34.4 21.0 77.0 130.4 

5-10-C 17.0 28.9 34.3 20.9 69.6 116.4 

5-14-R 17.2 27.7 30.7 23.0 62.1 100.0 
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6.4 Robustness area of studied Eco-SCC mixture 

The rheological measurements carried out on the Eco-SCC mixture investigated in this chapter 

are presented in the rheograph in Figure 6-26. The recommended zone for SCC (Zone I) 

[Wallevik and Wallevik, 2011], the recommended zone for Eco-SCC (Zone II) by [Mueller, 

2012], and the zone for low viscous high yield stress SCC (LV-HY-SCC, Zone III) [Wallevik 

and Wallevik, 2011] are also illustrated in this figure. It is seen that most mixtures, evaluated in 

this chapter, can be generally placed in a small area thus indicating a good rheological robustness 

for the studied Eco-SCC mixture in the fresh state, despite very low plastic viscosity. The only 

mixture that exhibited rheological properties far outside the robustness area is the -20SP mixture 

(with a yield stress of about 70 MPa) which was a semi-SCC based on the slump flow test. All 

of the investigated mixtures fell within Zone III which is the area for LV-HY-SCC as suggested 

by [Wallevik and Wallevik, 2011]. Most of such mixtures were also situated near the boundaries 

of the Zone II recommended for Eco-SCC by [Mueller, 2012]. 

 

 

Figure 6-26 Robustness area for the studied Eco-SCC mixtures 

6.5 Concluding remarks 

The robustness of one optimized Eco-SCC mixture containing 5% of SF and 30% of FA was 

discussed in this chapter. The studied variations included the water content (±5 and ±10 l/m3), 

SP dosage (±10% and ±20%), and the coarse aggregate properties (maximum size of aggregate 
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and shape). In general, the studied Eco-SCC mixture was found to be robust with regards to the 

aforementioned variations with few exceptions in terms of the fresh properties. 

For mixtures with reduced water content, the SP demand increased in order to maintain the same 

slump flow as the reference mixture. Increasing the SP dosage by 20% necessitated the 

incorporation of a stabilizer agent to secure a stable mixture. The mixture with a 20% reduction 

in the SP content exhibited semi-self-consolidating properties. The Eco-SCC was shown to be 

most sensitive to the fluctuations in SP dosage. Thus, measures must be taken to minimize the 

errors pertaining to the SP content during batching to ensure the robust production of Eco-SCC. 

The use of coarse aggregate with smaller maximum size resulted in an increase in the SP demand 

by 14% in order to keep the same slump flow as the reference mixture. Employing rounded 

aggregate led to the reduction of the SP demand for a similar slump flow compared to an 

analogous mixture with crushed aggregate. Thus, it is possible to produce Eco-SCC with a 

higher slump flow than the average one obtained in this investigation for all mixtures (600 ± 20 

mm), or to reduce the water content of Eco-SCC for the same slump flow by using coarse 

aggregate with a more favorable shape than the one used in this work, i.e. rounded rather than 

flaky. 
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CHAPTER 7 CONCLUSIONS AND FUTURE 

WORK 

7.1 Conclusions 

This Ph.D. thesis was carried out with the principal objective of developing Eco-SCC mixtures, 

i.e. SCC mixtures with total powder materials equal to or lower than 315 kg/m3. Since the key 

to designing this type of SCC is the particle lattice effect (PLE), this phenomenon was 

thoroughly studied first to reveal the underlying mechanisms and the influencing parameters. 

From this part, the choice of appropriate PSD for the sand and coarse aggregate was determined. 

Afterwards, a mix design procedure was devised to produce Eco-SCC. Since this type of 

concrete was found to be sensitive to the properties of the constituent materials, mix design 

optimization based on trial and error is not a viable option to proportion Eco-SCC. 

A step-by-step design procedure for Eco-SCC capable of taking into account the properties of 

raw materials was therefore developed in the current work. The method includes four steps and 

can provide optimum Eco-SCC mix designs with minimal trial batches, regardless of the 

properties of the local materials. The fresh and hardened properties of the produced Eco-SCC 

were also examined. Testing involved slump flow, J-Ring, V-funnel, sieve stability, T-Box, and 

rheological measurements as well as compressive strength, electrical resistivity, drying 

shrinkage, and frost durability (freeze-thaw). The robustness of one the best-performing 

mixtures was assessed to assure the successful large-scale production of Eco-SCC in a batching 

plant. The robustness study was carried out with regards to variations in water content and SP 

dosage as well as coarse aggregate characteristics. 

Considering the limitations set by the extent of this study and based on the results, the following 

conclusions can be warranted: 

1- An increase in the volume fraction of any size-class enhances the stability of that class. This 

phenomenon occurs due to a more effective PLE for the size class. Nevertheless, for an unstable 

size-class, such increase in the PLE is not sufficient to prevent segregation. When the volume 

of the stable classes of the granular skeleton becomes large relative to that of the segregating 

ones (a ratio greater than or equal to one by volume), the stable particles can to some extent 
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support the coarser unstable particles, which is another form of the PLE originating from inter-

class interactions. 

2- In all suspensions, sufficient PLE and proper stability can be secured if the volume fraction 

of stable classes is large enough compared to unstable ones.  

3- Fine spherical particles are shown to stabilize coarser particles via an increase in the yield 

stress of the suspending fluid (paste). Fine particles may provide a mild support for coarser 

particles as well (PLE) leading to slight improvement of the stability of coarse particles. 

4- With increase in coarse aggregate volume fraction, the stability is significantly improved due 

to higher PLE. 

5- A proper PSD (incorporating high level of PLE) can offset the detrimental effect of the 

reduction of suspending fluid yield stress on the segregation of a suspension. 

6- An experimental index, called the lattice factor, is proposed in this work to quantify the PLE 

potential of PSDs. This index provides information that can be used for comparison purposes. 

7- A universal parameter is devised to predict the risk of static segregation of a given suspension 

based on the influences of PSD, particle volume fraction, and particle density as well as the 

suspending fluid yield stress and density. This index seems appropriate to be employed for the 

assessment of the static stability of SCC mixtures. 

8- A proper PSD is comprised of a continuous granular skeleton in which the volume fraction 

of each size-class increases with decrease in the particle diameter in order to enhance the PLE. 

The use of such PSD in an SCC mixture enables the fluidity of the mixture to be significantly 

increased without compromising the stability of the mixture. 

9- A mix design procedure based on the optimization of sand and coarse particle volumes as 

well as the powder composition is proposed and is shown to be an effective tool to proportion 

Eco-SCC with minimal number of trial batches. 

10- The design protocol starts with determining the powder and water contents followed by the 

optimizations of volume fractions of the sand and coarse aggregate according to the Funk and 

Dinger (FD) curve with a q value allowing for a high packing density and a low blocking risk. 

The powder composition is optimized to obtain volume fractions of powder materials leading 

to lower rheological characteristics for a given water demand while securing adequate 

mechanical, durability properties, and acceptable eco-performance. The next step involves 

determining the SP saturation point for the selected powder composition. A value of 85% of this 
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latter content is employed in the trial batches of concrete. The last design step deals with the 

assessment of the global warming potential of the developed mixture. 

11- Eco-SCC mixtures with powder content between 278 and 308 kg/m3 proportioned by the 

proposed method are found to exhibit sufficient passing ability (slump flow – J-Ring difference 

≤ 50 mm), filling ability (slump flow of 600 ± 30 mm, V-funnel time of approximately 3 s), and 

stability (sieve stability index < 10%, T-Box PDI ≤ 4 mm) as well as 28-day compressive 

strength complying to the intended range of 25 to 35 MPa (the 30%FA mixture bordering), 

which is adequate for building and commercial applications. 

12- The average drying shrinkage of the optimized Eco-SCC mixtures (approximately 500 

µstrain after 112 days of drying) is slightly less than the average for SCC with lower w/p found 

in the literature. Electrical resistivity measurements showed that the investigated Eco-SCC 

mixtures lie in the low and moderate durability potential areas. Air-entrained Eco-SCC mixtures 

exhibited excellent freeze-thaw resistance (durability factors between 97% and 100%, 

maximum expansion 126 µstrain). 

13- The Eco-performance of Eco-SCC mixtures, characterized by the powder efficiency and 

CO2 efficiency indices, are found to be satisfyingly better than the average of a wide range of 

concrete mixtures commonly used worldwide. The CO2 emissions per unit volume of 

investigated Eco-SCC mixtures were below 250 kg. 

14- The robustness of Eco-SCC mixture is shown to be adequate (with a few exceptions) with 

regards to water variations, SP dosage alterations, and coarse aggregate characteristics changes. 

The variations in the rheological properties are shown to fall within a small area. In cases where 

the variations in the properties of Eco-SCC are beyond the acceptance limits, it is easy to identify 

and mitigate the problem by adjusting the SP content or incorporating a stabilizer agent. 

15- Changing the water content to +5 and +10 l/m3 does not significantly influence the properties 

of Eco-SCC whereas decreasing the water content by 5 and 10 l/m3 necessitated an increase in 

the SP demand by up to 20% to maintain a constant slump flow. 

16- Fluctuations in the SP dosage of ± 10% does not considerably affect the characteristics of 

Eco-SCC. A 20% increase in the SP content results in a segregating mixture that can be brought 

to stability and the same level of slump flow as the reference mixture by adding a stabilizer. 

Reduction of SP dosage by 20% leads to a semi-SCC mixture. 
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17- Mixtures with smaller maximum size of aggregate (10 and 14 mm compared to 20 mm) are 

successfully designed using the developed proportioning method. 

18- The shape of coarse aggregate (crushed versus rounded) has an important influence on the 

properties of Eco-SCC. It is shown that using rounded aggregate instead of flaky one can 

substantially increase the slump flow of the reference mixture (from 540 mm to 600 mm).  

7.2 Future research 

One of the most important parameters that needs to be further studied is the effect of aggregate 

shape on the fresh properties of SCC, and especially Eco-SCC. Particle shape is expected to 

have a considerable influence on passing ability and filling ability in particular. In terms of 

segregation resistance, it was shown in Chapter 4 that for a more precise prediction of the 

stability potential of a SCC mixture, it is necessary to consider the aggregate shape and specific 

surface area. Similarly, it was found in Chapter 6 that using rounded aggregate can increase the 

flowability for a given paste at fixed volume. In order to investigate the effect of aggregate shape 

on the fresh properties of SCC, the shape must be characterized first. 

There are several techniques available to analyze the shape of aggregate for further development 

of Eco-SCC. This includes 2D and 3D techniques. The 2D methods usually involves taking 

digital images of aggregate positioned on the stable side and treating the images of particles 

with a software. Some of the 3D techniques involve X-ray tomographic analysis and 3D 

scanning using a digital laser scanner. The latter method, i.e. scanning with a laser scanner is 

quite promising since it provides accurate images of aggregate in a relatively short time, and the 

data can be easily analyzed with a software to calculate the real specific surface area and volume 

of each particle. Once some geometrical measures of the shape are available, it is possible to 

characterize the shape by means of one of the several indices that are proposed in the literature. 

Statistical methods can then be employed to find relationships between the properties of 

individual particles and those of the bulk if enough number of particles are studied. 

Using aggregate with more favorable shape (less flaky, more rounded) makes it possible to 

reduce the water demand of Eco-SCC for the same class of slump flow and thus increasing the 

compressive strength and enhancing the durability aspects. Likely, for the same performance in 

both fresh and hardened states, the total paste volume can be decreased leading to even lower 
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powder contents. All these variables in the mix design can be correlated to the fresh properties 

of Eco-SCC if data on the aggregate shape (and other aggregate characteristics) are available. 

Other parameters to be studied about Eco-SCC include thixotropy (especially interesting due to 

the low plastic viscosity of Eco-SCC), formwork pressure, and structural performance in full 

scale elements. Use of other SCMs or fillers, or a high performance cement to increase the 

compressive strength or reduce the water demand can be useful to promote the application of 

Eco-SCC with a higher quality. It is also suggested to perform some full scale projects with Eco-

SCC and collect field data on the production process (particularly robustness), casting, and 

quality control. 

7.3 Conclusions (français) 

Ce projet de doctorat a été réalisé avec l'objectif principal de développer des mélanges de l’Éco-

BAP, soit des BAPs avec une teneur en poudre totale inférieure ou égales à 315 kg/m3. Comme 

l’EGP est un paramètre assez important pour la conception de ce type de BAP, ce phénomène a 

été étudié à fond d'abord afin de trouver son mécanisme ainsi que les paramètres d’influence. 

De cette partie, le choix de la granulométrie appropriée pour le sable et des gros granulats a été 

fait. Ensuite, une procédure de formulation a été proposée pour produire des Éco-BAPs. Cette 

dernière comprend quatre étapes et est capable de prendre en compte les propriétés des matières 

premières. Les propriétés à l’état frais et à l’état durcis des Éco-BAP produits ont également été 

examinées. Enfin, la robustesse d'un des mélanges les plus performants a été évaluée pour 

assurer la réussite de la production à grande échelle de l’Éco-BAP dans une centrale à béton. 

L'étude de la robustesse a été réalisée en ce qui concerne les variations de teneur en eau et dosage 

du SP ainsi que des caractéristiques des gros granulats. Basé sur les résultats de cette étude, les 

conclusions suivantes peuvent être déduites: 

1- La contribution principale de l’EGP à l'amélioration de la stabilité du mélange se fait par 

l'amélioration de la stabilité de chaque classe lorsque la fraction volumique de telle classe 

augmente. Ce dernier phénomène est dû à un EGP plus efficace de la classe en question. 

Néanmoins, pour une classe granulaire instable, une augmentation de l’EGP n’est pas suffisante 

pour empêcher la ségrégation de cette classe. Lorsque le volume de la classe stable du squelette 

granulaire devient importante par rapport à celui de la classe ségrégante (un ratio supérieur ou 



158 CHAPTER 7 CONCLUSIONS AND FUTURE WORK 

 
 

égal à un à base de volume), les particules stables peuvent légèrement supporter les grosses 

particules instables. Cela diminue la sédimentation des particules instable et donc est une autre 

manifestation de l’EGP provenant d'interactions entre les particules. 

2- Dans toutes les suspensions, l’EGP suffisant et une bonne stabilité peuvent être garantis si la 

fraction volumique de la classe stable est supérieure à chaque classe ségrégante individuelle. 

Pour les suspensions avec des classes stables plus importantes que celles d’instables, une 

fraction volumique de la classe stable égale à chaque classe ségrégante peut suffire pour assurer 

une bonne l’EGP et une stabilité adéquate. 

3- Les fines particules stabilisent des particules plus grossières à travers d’une augmentation du 

seuil de cisaillement du fluide suspendant (pâte) ainsi qu'une amélioration de l’EGP. 

4- L’EGP et la stabilité sont significativement améliorés avec l'augmentation de la fraction 

volumique des gros granulats. 

5- Une granulométrie ayant un bon EGP peut compenser l'effet néfaste de la réduction du seuil 

de cisaillement du fluide suspendant sur la séparation des particules. 

6- Un indice expérimental, appelé le facteur de groupe, est proposé dans ce travail pour 

quantifier le potentiel de l’EGP d’une granulométrie donnée. Cet indice contient des 

informations qui peuvent être utilisées à des fins de comparaison entre des granulométries 

différentes. 

7- Un indice universel est développé pour prédire le risque de ségrégation statique d'une 

suspension donnée en se basant sur les influences de la granulométrie, de la fraction volumique 

des particules, et la densité des particules, ainsi que le seuil de cisaillement de fluide suspendant 

et la densité de celui-ci. Cet indice semble approprié d'être employé pour l'évaluation de la 

stabilité statique des mélanges du BAP. 

8- Une bonne granulométrie est constituée d'un squelette granulaire continu dans lequel la 

fraction volumique de chaque classe granulaire augmente avec la diminution du diamètre de 

telle classe, afin d'améliorer l’EGP. L'utilisation d'une telle granulométrie dans un mélange du 

BAP permet d’augmenter la fluidité du mélange de manière significative sans compromettre la 

stabilité du mélange. 

9- Une procédure de formulation basée sur l'optimisation des volumes du sable et des gros 

granulats ainsi que la composition de poudre est proposée. Cette méthode est un outil efficace 

pour formuler des Éco-BAPs en minimisant le nombre de mélanges préliminaires nécessaires. 
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10- Le protocole de formulation commence par la détermination des teneurs en poudre et de 

l'eau, suivie par les optimisations des fractions volumiques de sable et des gros granulats selon 

la courbe de FD. La valeur de q est déterminée d’une manière qui permet une compacité 

granulaire élevée et un risque de blocage faible. La composition de poudre est optimisée pour 

obtenir des fractions volumiques des matières en poudre, permettant une réduction des 

propriétés rhéologiques pour une demande d'eau donnée. Cela doit garantir des propriétés 

mécaniques et une durabilité adéquates ainsi qu’une bonne performance écologique. L’étape 

suivante de la méthode développée consiste à déterminer le point de saturation du SP pour la 

composition de poudre choisie. 85% de cette dernière valeur est utilisée dans le mélange de 

l’Éco-BAP. La dernière étape de formulation comprend l’évaluation du potentiel de 

réchauffement climatique des mélanges développés. 

11- Mélanges de l’Éco-BAP avec une teneur en poudre entre 278 et 308 kg/m3 formués par la 

méthode proposée se trouvent à présenter une bonne capacité d’écoulement (différence entre 

l’étalement et J-Ring ≤ 50 mm) et de remplissage (l’étalement de 600 ± 30 mm, le temps 

d’écoulement de V-funnel à peu prêt 3 s) ainsi qu’une stabilité satisfaisante (stabilité au tamis 

< 10%, T-Box PDI ≤ 4 mm). La résistance à la compression à 28 jours se place dans la gamme 

prévue de 25 à 35 MPa (à l'exception du mélange 30%FA), ce qui est adéquat pour la 

construction et les applications commerciales. 

12- Le retrait de séchage moyen des mélanges Éco-BAP (500 µm/m après 112 jours de séchage) 

est légèrement inférieur à la moyenne des BAPs avec un rapport eau sur poudre plus faible 

trouvés dans la littérature. Les mesures de résistivité électrique ont montré que les mélanges 

Éco-BAP étudiés manifestent un potentiel de durabilité soit faible soit modéré. En outre, des 

mélanges air-entraîné présentent une excellente résistance au gel-dégel (les facteurs de 

durabilité entre 97% and 100%, l’expansion maximum de 126 µm/m). 

13- La performance des mélanges élaborés, caractérisé par l'efficacité de l’utilisation de la 

poudre et la masse de CO2 dégagée, se trouve être bien au-dessus de la moyenne d'une large 

gamme de mélanges de béton couramment utilisés auteur du monde. L’émission de CO2 de tous 

les mélanges a été en dessous de 250 kg par unité de volume du béton. 

14- La robustesse des Éco-BAP se révèle être adéquate (avec quelques exceptions) en ce qui 

concerne les variations de l'eau de gâchage et du SP ainsi que des caractéristiques des gros 

granulats. Les variations des propriétés rhéologiques ont été démontées de tomber dans une 
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petite zone. Dans les cas où les variations dans les propriétés des Éco-BAPs sont au-delà de la 

limite acceptée, nous avons trouvé qu’il est facile d'identifier et d'atténuer le problème en 

ajustant la teneur en SP ou en incorporant un agent de stabilisation (un agent viscosant, par 

exemple). 

15- Les modifications de la teneur en eau entre + 5 et + 10 l/m3 n'a pas d'influence significative 

sur les propriétés de l’Éco-BAP alors que la diminution de la teneur en eau de 5 et 10 l/m3 ont 

nécessité une augmentation de la demande en SP de 20% pour maintenir un étalement constant. 

16- Fluctuations dans le dosage du SP de ± 10% n’affectent pas considérablement les 

caractéristiques de l'Éco-BAP. Une augmentation de 20% dans la teneur en SP mène à un 

mélange ségrégant. Ce dernier a pu être apporté à la stabilité et au même niveau d'étalement que 

le mélange de référence en y ajoutant un agent de stabilisation. La réduction de la dose du SP 

de 20% conduit à un mélange semi-BAP. 

17- Les mélanges avec une plus petite taille maximale des gros granulats (10 et 14 mm 

comparées a 20 mm) sont élaborés avec succès en utilisant la méthode de formulation 

développée. 

18- La forme des gros granulats (concassée versus roulée) a une influence importante sur les 

propriétés des Éco-BAPs. Il est démontré que l'utilisation des granulats arrondis au lieu des 

granulats concassés peut augmenter considérablement l’étalement du mélange de référence (de 

540 mm à 600 mm). 
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APPENDIX A SUPPLEMENTS TO CHAPTER 4 

A.1 Discussions 

Figure A-1 presents the results of segregation tests for the 5, 10, 14, and 19 mm monodisperse 

marbles suspended in different fluids. The volume of the marbles is kept to 30% of the total 

mixture volume in all tests. In general, it is seen that segregation increases with particle 

diameter, and the order of variations depends on the yield stress of the suspending fluid. The 5 

mm particles exhibited low segregation in all fluids, while the 19 mm marbles showed severe 

segregation. In the current work, a stable size-class is referred to a class with a SI ≤ 15%. Thus, 

5 mm marbles constitute a stable class regardless of the suspending fluid. 10 and 14 mm marbles 

are considered stable in the TP and the MM and unstable in the FP while 19 mm marbles are 

unstable regardless of the suspending fluid. 

 

 
Figure A-1 Monodisperse marbles sedimentation 

 

In order to investigate the effect of particle volume fraction on segregation, the stability of 

monodisperse mixtures containing 25%, 30%, and 35% of 19 mm particles is studies first. As 

seen in Figure A-2, increasing the volume fraction of marbles significantly decreases 

segregation. 

 



162 APPENDIX A SUPPLEMENTS TO CHAPTER 4 

 
 

 

Figure A-2 Influence of coarse particle volume fraction on segregation (monodisperse case) 
 

Figure A-3 shows how the volume fraction of 3 mm particles affects the stability of 19 mm 

particles. All tests are performed in suspending fluids consisting of FP plus different volumes 

of 3 mm particles. The total volume of 19 mm marbles is kept at 30% of the total volume. 

Increasing the volume fraction of 3 mm marbles decreases the segregation of both 3 and 19 mm 

particles. The improvement in the stability of 3 mm particles originate from a better PLE 

provided by a higher 3 mm particle volume. The higher stability of 19 mm marbles can be due 

to either a greater yield stress and viscosity of the medium (FP + 3 mm particles) or a better PLE 

provided by 3 mm particles. It can also originate from both of these phenomena. It is noted that 

there is a significant drop in the segregation of 19 mm marbles when the volume fraction of 3 

mm particles exceeds 25%. 

 

 
Figure A-3 Effect of fine marbles volume fraction on the stability of coarse marbles 
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Figure A-4 compares the influence of suspending fluid rheology with that of PSD on LLI and 

SI of binary 5-19 mm mixtures. It is observed that for the same fluid rheology, both stability 

and PLE can be significantly improved by means of a better PSD, i.e. by increasing the ratio 

between fine and coarse particles. It should be noted that the increase in the PLE is more 

important in case of the FP. Thus, the PSD can offset, to a great extent, the detrimental effect of 

low rheological properties of a fluid on the stability of a granular skeleton suspended in it. 

 

 

(a) 

 

(b) 
Figure A-4 Comparison between the effects of suspending fluid rheology and PSD on (a) PLE 

and (b) segregation of binary granular skeletons 
 

Figure A-5 shows the LLI and SI of all studied mixtures as a function of coarse particles (5 to 

19 mm) packing density. It is seen that there is no correlation between either PLE or segregation 

with particle packing density. Thus, while the particle packing density can be one of the 
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parameters influencing the stability of granular skeletons, a high packing density does not 

guarantee an acceptable stability level. 

 

 

(a) 

 
(b) 

Figure A-5 Effect of particle packing density on (a) PLE and (b) segregation of granular 
mixtures 

 

Figure A-6 presents the entire SIs obtained from the studied mixtures versus the parameter 2K 

(initial average distance between two particles obtained from Eq. 4.6. It is seen that there are 

two distinguishable trends in Figure A-6. All the data pertaining to the FP appear to lie on the 

same curve while the rest of the points seem to coincide on a different curve.  
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Figure A-6 Stability vs. the initial average distance between particles 
 

The differences between the two presented sets of data points, which are not included in the 2K 

parameter, are the fluid yield stress and density differences between the particles and the 

suspending fluid. In Section 4.6.2, a simple theory was presented to find a global parameter that 

unifies all the factors influencing the segregation of mixtures. 

A.2 Stability-based mix design approach 

The lattice factor (Eq. 4.4) and the segregation potential index (Eq. 4.8) can be used as the basis 

for a SCC mix design method. Such indices are already considered implicitly in the proposed 

mix design procedure in Chapter 5. In other words, Eco-SCC mixtures produced with the 

developed design method exhibit a high level of lattice effect and stability due to the way in 

which the ‘q’ value is determined in step 2 of the design method for the FD curve. As mentioned 

in that chapter, a smaller ‘q’ results in a higher lattice effect and therefore better stability. 

On a more global scale, the aforementioned indices can be directly used to determine a PSD and 

a suspending fluid yield stress that guarantee an acceptable level of stability. Such limit depends 

on the adopted specifications. For example, for the sieve stability test, the acceptable SI may 

vary between 10% and 20% according to different standards and guidelines for SCC). One 

approach to integrate the segregation potential index in the mix design method explained in 

Chapter 5 is as follows: 
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Having determined the volume fractions of sand and coarse aggregate in step 2, first an 

acceptable SI limit is selected (10% is a safe limit). Inserting all these data in Eq. 4.8, the only 

unknown parameter is the suspending medium yield stress. The yield stress calculated in this 

manner corresponds to the minimum value required to obtain the target SI. Such yield stress 

value can then be used as a target value when optimizing the powder composition in step 3. In 

other words, any combination of powder materials leading to a yield stress below the target 

value must be refused. Here, the choice of a w/p representing that of the Eco-SCC mixture 

becomes of utter importance. All the rest of the optimization criteria stated in Chapter 5 for step 

3 remain valid and must be considered in addition to the rheological criterion. 

Any other mix design approach can easily involve the lattice factor and segregation potential 

index as part of the optimization procedure for the calculation of sand and coarse aggregate 

volume fractions as well as the choice of powder composition 
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APPENDIX B GUIDELINES FOR DESIGN OF 

ECO-SCC (DELIVERABLES) 

Based on the investigation undertaken in this Ph.D. work, some general recommendations about 

the design procedure of Eco-SCC are presented here, as follows: 

1- A successful design of Eco-SCC with minimal trial batches requires an accurate material 

characterization. The densities of all powder materials, sand, and coarse aggregate should be 

determined. The PSD and packing density for each type of sand and coarse aggregate needs to 

be established as well. This is a perquisite that must be carried out before the mix design 

procedure can start. 

2- The water content range for Eco-SCC is not wide. If flaky aggregate, such as the one used in 

this dissertation are to be used, the water content should be in the range of 195 to 200 l/m3. If 

aggregate with a more favorable shape (rounded) are available, the water content may be 

reduced, but a few trial batches are necessary to determine the lower limit that yields a robust 

mixture and fulfills all self-consolidation requirements. 

3- The optimization of sand and coarse aggregate volume can be easily done in an excel sheet 

using the solver command. The FD model with an appropriate distribution modulus must be 

employed as the optimization criterion. To find the best fit between the actual PSD and the FD 

curve, the minimum sum of squares method can be used. The optimization problem then is to 

minimize the value of sum of the squares of the differences between the real grading curve (in 

terms of cumulative passing) and the FD curve for each aggregate size-class. 

4- In the FD curve used for the optimization of sand and coarse aggregate volume fraction, the 

choice of distribution modulus (q) is quite important and has a significant influence on the fresh 

properties of Eco-SCC. In this work it is proposed to select a q value that results in a high 

packing density and increased PLE while reducing the risk of blocking. The maximum 

acceptable coarse aggregate volume was set to 30% of total volume in this experimental work. 

It is highly recommended not to cross this limit. In general, a smaller q value leads to a higher 

PLE but reduces the packing density. Thus, q should be chosen carefully and with enough 

consideration to secure mixtures with adequate stability and passing ability. 
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5- Based on the literature and results found in the current research, a range of q values between 

0.2 and 0.25 should be an appropriate starting point.  

6- If it is not possible to optimize the powder composition (to minimize the water demand) by 

means of rheological measurements, Mini-slump flow and flow cone (or Marsh cone) tests can 

be used to substitute rheological tests. The correlation between the Mini-slump flow final 

diameter and yield stress and flow cone (or Marsh cone) time with plastic viscosity are well 

established in the literature [Nguyen et al., 2006; Roussel et al., 2005; Roussel and Le Roy, 

2005; Le Roy and Roussel, 2004]. 

7- The use of silica fume is very useful in the formulation of Eco-SCC specially in order to 

improve the robustness (according to the literature) and performance in hardened state. The eco-

efficiency of an Eco-SCC mixture in terms of CO2 emissions may be enhanced by use of SF as 

well. Considering FA and LF as admixtures, their employment in Eco-SCC, especially in binary 

mixtures, should be restricted as it can compromise the satisfactory performance of Eco-SCC. 

8- The SP content should be close to the saturation point to ensure a slump flow within the SCC 

limits. However, an SP overdose must be avoided to prevent excessive segregation and bleeding. 

As an initial value, 80% to 90% of the SP saturation dosage can be used depending on the 

selected water content and coarse aggregate shape. 

9- Similar to SCC, Eco-SCC is found to be sensitive to the SP content variations, especially in 

the order of ± 20%. Thus, during batching, the SP must be dosed with high accuracy. 

10- Stabilizer agents may be employed to enhance stability and robustness of Eco-SCC. 

Stabilizers can also be used to correct a mixture which shows clear signs of segregation inside 

the mixer. This latter can originate from an excessive use of SP or a substantial increase in the 

amount of mixing water due to batching inaccuracies. 

11- The mix design method for production of Eco-SCC proposed in this work (Chapter 5) can 

be easily used to prepare Eco-SCC mixtures regardless of the available materials. Following the 

steps devised here, it is expected that the resulted trial batches should exhibit satisfactory 

performance without major modifications.  

12- During the batching process, especial attention must be paid to the dosage of SP as Eco-

SCC fresh properties were found to be sensitive to the variations of SP content. Failure to 

properly dose the SP may yield to an extremely low slump flow or an unstable mixture. 
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