
Investigation of Mobility Parameters in Rheological 

Behaviour of Low Cement Content Mortars 

 

 

Derick Asirvatham 

 

Thesis submitted to the University of Ottawa 

in partial Fulfillment of the requirements for the 

 

MASTER OF APPLIED SCIENCE 

in Civil Engineering 

Department of Civil Engineering 

Faculty of Engineering 

University of Ottawa 

 

 

 

 

 

 

 

 

 

 

              © Derick Asirvatham, Ottawa, Canada, 2022 



Abstract 

The construction industry is closely tied to economic development economies, and increasing 

demand also presents a significant contribution to environmental degradation. The construction 

industry’s impact to climate change is led by the 8% contribution from the production of concrete 

mixtures, more specifically, the production of cement.  The combination of using advanced mix-

design techniques (e.g., particle packing models -PPM) and more sustainable ingredients poses as 

a promising alternative to overcome concrete environmental impact. However, there is a lack of 

studies regarding the fresh state difficulties arising from the aforementioned combination. 

Therefore, this work appraises the use of mobility parameters to overcome the fresh state issue 

raised when mix-designing mortar mixtures through PPM and with high volume of limestone filler. 

Twelve mixtures were developed with distinct cement content ranging from 150 kg/m3 to 320 

kg/m3. To produce sustainable mortar, besides using PPM, cement content was replaced by 

limestone filler. Time dependent fresh state analysis was performed using mortar slump flow and 

a rheological profile. In the hardened states, the compressive strength, porosity, surface electrical 

resistivity tests were performed. The main findings of the project observed a strong correlation 

between mobility parameters and five distinct rheological parameters: flow behaviour parameter, 

high shear rate viscosity and shear stress, low shear rate viscosity and shear stress. Additionally, 

in the hardened state, a dilution parameter IPScement was used to appraise the dilution and filler 

effect of the mortar mixtures. The works highlighted a promising method to produce eco-efficient 

mortars.  

 

Keywords: Rheology, shear stress, viscosity, mobility parameters, particle packing models, inter-

particle separation distance, maximum paste thickness, limestone filler, low cement content. 
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 Introduction 

 Background 

Environmentally motivated initiatives have been gaining momentum in the developing world, with 

the rate of temperature increase being tied to greenhouse gas emissions. Many of these initiatives 

limit the quantity of carbon dioxide (CO2) produced by distinct industries to mitigate the impact 

to our environment. One of the primary contributors to the global CO2 production is the 

construction industry. Concrete, the most commonly used building material in the construction 

industry, contributes upwards of 8.5% of the overall anthropogenic CO2 [1–3]. This CO2 

contribution is  continuing to rise, with an 80% increase in demand from current levels towards 

2050 [3,4]. This demand increase is tied to burgeoning economies and aging infrastructure projects 

dominating the global landscape [2,5–9]. Concrete production ranges between 250-312 kg CO2 

eq/m3, with 88.5% (Table 1.1) of overall greenhouse gas emissions directly from the cement 

production [3,10–13].   

Table 1.1: GHG contribution by major components in concrete. 

 GHG EMISSIONS  
(% OF CONCRETE) 

ORDINARY PORTLAND CEMENT 88.5 
MINERAL ADMIXTURES (E.G., SCMS) 0.7 

AGGREGATES 10.1 
CHEMICAL ADMIXTURE  0.6 

BATCHING ACTIVITY  0.1 
 

The production of cement is inherently not a sustainable material. It is produced when lime (CaO) 

is liberated from a calcium carbonate (CaCO3) through calcination at elevated temperatures (~1400 

degrees) releasing almost a half tonne of CO2 per tonne of cement produced. The two essential 

processes (calcination, fuel consumption) contributes to 90% of overall CO2 release from cement 
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production (i.e., calcination and fuel consumption produces 50% and 40% of CO2, respectively) 

[2,14–16]. Therefore, cement reduction is a key factor to increase sustainability of concrete. 

Additionally, zero emissions policies propose a reduction of 24% from cement related CO2, the 

increasing cement demand of 23% will pose a problem [2,8,17].  

At the cement production level, two main types of CO2 reductions are commonly proposed: 1) 

renewable fuel sources; 2) carbon capture and storage [2,18,19]. The use of alternative fuel sources 

does not solve the stoichiometric release of carbon dioxide from calcination of calcium carbonate 

materials [2,3,20]. Additionally, Kajaste [11] suggests that the carbon capture is still an alternative 

too costly for widespread immediate implementation. While these methods offer potential long 

term solutions, various authors suggest that CO2 reductions performed by cementitious 

replacement with supplementary cementitious materials (SCMs) are more realistic in the 

immediate future  [3,11,21–23]. A recent  report by Gray [24]  noted that increasing environmental 

policy restrictions are changing the quality of  commonly available SCM’s for use in concrete, 

changing the applicability of these materials as cementitious replacements. Furthermore,  

production of SCMs,  is not expected to meet the increasing cement demand as a replacement 

material [25–27]. Use of an inert limestone filler (non-calcinated CaCO3) is recognized as a novel 

and promising method of increasing cementitious efficiency due its production capacity, as well 

as its enhancement to a concrete mixture’s microstructure [23,28,29]. Previous works noted 

mechanical enhancements, reduced environmental impact, and improved workability through inert 

limestone use. More efficient cement use in concrete/mortar mixtures can still be further broken 

down into two main focuses: 1) ultra high strength concrete mixtures [30,31] and 2) use of distinct 

mix-design methodologies [13,30,32–35]. While increased design strength may offer a solution, 

the benefit from the reduced overall concrete volume is not reflected in conventional concrete 
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supply [30,36]. Alternatively, novel mix design methodologies are promising but result in 

complications to fresh state in conventional concrete mixtures (mechanical capacity of 20-40 

MPa). Methods evaluating the embodied energy (CO2) noted a significant decrease in efficiency 

of these conventional concrete mix designs, and the effective use of inert limestone fillers can aid 

in solving the fresh state problems, while possessing adequate readily available supply. This has 

led to a distinct gap in knowledge in the conventional concrete mixture supply, most notably in 

the fresh state. Additionally, a common theme amongst these various methods is the inability to 

design when considering the wide spectrum of a concrete mixture’s potential application.   

 Research Objectives 

The main objective of this research project is to evaluate the use of mobility parameters (i.e., 

interparticle separation distance and maximum paste thickness) to appraise the fresh and hardened 

properties of mortar mixtures, particularly fresh state properties. 

In this research program, twelve mortar fractions of concrete were designed with decreasing 

cement contents and constant values for the changing mobility parameters. To produce eco-

efficient mortar mixtures the cement content was reduced from 324 to 150 kg/m3 It is worth noting 

that this work is focused on (currently in-efficient) conventional strength concrete mixtures (20-

40 MPa) placed by pumping or placement (slump ~100mm). The rheology (e.g., time dependent 

rheological profile, mortar slump flow, etc.) and mechanical (compressive strength, ultrasonic 

pulse velocity, porosity, and surface electrical resistivity) are used to assess the hardened state and 

microstructural characteristics.  The various techniques are performed and considerations for 

future research are proposed. 
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 Thesis Organization 

This thesis is divided into four chapters. Chapter 1 consists of an overview of the concrete industry 

and its impact on the environment, as well as the importance of reducing cement to produce eco-

efficient cement-based materials. Moreover, Chapter 1 shows the research objectives and thesis 

organization. Chapter 2 presents a detailed literature review of the following topics: concrete mix-

design, particle packing models, mobility parameters, and rheology. This chapter also provide a 

summary of various techniques currently used in the field to estimate and describe both 

pumpability and rheology.  

Chapter 3 consists of a journal paper, which focuses on the appraisal of mobility parameters on 

the rheological behaviour of low cement content mortars.  

Chapter 4 summarizes the conclusions of the work and provides for suggestions, limitations, and 

future work yet to be completed. 
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Chapter 2. Introduction 

 Concrete mix-design  

As mentioned in Section 1, overall use of concrete as a building material continues to dwarf other 

construction building materials due to its interesting mechanical, economical and production 

characteristics. Concrete is a phasic material composed of; water, powders, aggregates (fine and 

coarse) and is arranged in a variety of methods based on input design parameters. The mixture 

proportioning and the ratios between the aggregates are subject to rigorous empirical tests and 

methodologies to achieve the desired design parameters. Figure 2.1 [1] shows the intermediate 

design process based on certain desired inputs and the outcome of mix design parameters. 

Normally, the inputs values are: strength (i.e., MPa); slump (mm); and durability (i.e., minimum 

w/c) whereas the output values are quantities of each ingredient (i.e. cement, water, fine aggregate, 

coarse aggregate in kg/m3). The empirical mix-design methodology most used is the American 

Concrete Institute (ACI) method, in which tables were developed based on amelioration techniques 

and field testing to facilitate the mix-design of conventional concrete [2–4]. However, many 

researchers suggest that mix-design and proportioning is more of an art form which is very unique 

from one production plant to another [4–6]. 
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Figure 2.1: ACI mix design input vs output. 

The ACI method begins by assessing the exposure conditions, and selecting the strength 

requirement [1]. The mixture proportions are then prescribed based on; 1) desired workability 

(i.e., slump); 2) fineness of sand; rodded volume of coarse. Use of mix optimization procedures 

commonly used to relate the mix proportions and suggest small tweaks to mix design [7,8].  The 

use of the ACI method considers the physical packing and resistance to bleeding and segregation 

in their works, by analyzing the solid volume of the coarse aggregate as the primary step in defining 

the water/paste volume. Finally, the remaining voids are filled with sand (called the absolute 

volume method). According to many authors ACI presents a robust method that incorporates for 

skeleton packing through the use of the absolute volume methodology in the coarse fraction [2,9].  

Some of the drawbacks of this method are: 1) lack of addressing shape of aggregates; 2) lack of 

accountability for packing in the fines portion; 3) reliance on minimum w/c achieve durability 

(furthermore not accounting for packing in fines); 4) definition of slump for fresh state description. 

The shape of aggregates is accounted using in two distinct classifications, crushed or natural, 

which define their production method rather than their impact to packing density (and 

consequently impact to workability. Kosmatka notes that a 25kg/m3 is used when a natural coarse 
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aggregate is used, irrespective of its actual contribution to lubricant requirement. From a 

sustainability aspect, the indifference to packing in the fines (PSD <100 μm, cement replacement 

and reduction), is a large drawback, and the variable impacts can drastically change the fresh state 

behaviour [2]. Jiao [10] noted highly variable fresh state impacts in published works when fines 

packing was unaccounted for. John proposed using fillers as a part of binder content to account for 

the increased packing enhancement, but works have since disproven this theorization [11,12]. 

Wasserman noted that the minimum cement content had no impact on the durability of the concrete 

[13]. Furthermore, Hooton investigated the prescriptive requirements for minimum w/c in 

addressing durability and noted its inefficiency [14]. Lastly, the use of slump to define workability 

drastically underestimates the varying applications in the concrete manufacturing process. Banfill 

noted that [15] slump was not correlative with pumping ability, and proposed additional 

rheological parameters, notable viscosity, which has been gaining increasing popularity. ACI 

304.2R notes slump provides a very limited capacity for estimating pump pressures [16]. Most 

designers use ACI as a first attempt and include for factory specific modifications based on input 

materials. The use of alternative mix design methods may offer a solution to some of the issues 

related with popular mix design methodologies. Packing model mix design has been growing in 

recent years due to its focus on improved packing in both the fines and coarse.  

 Particle packing models and their use in concrete mix-design 

Although several particle packing model techniques are available in the literature, all of them aims 

to increase system’s packing density (Equation 2-1); hence reducing its porosity. Particle packing 

models can be classified as: discrete and continuous. 

�� � ���   Equation 2-1 
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Where: Pd is the packing density, V and Vs are the total volume and the volume of solids, 

respectively.  

Discrete models estimate the porosity through inclusion of finer discrete sizes (i.e., gap-graded), 

thus increasing the packing. Furnas pioneered the discrete approach to packing models using a 

binary blend of materials with distinct sizes [17–19]. Works by Aim addressed the excess porosity 

when larger particles on the smaller particles through the proposed wall effect (Figure 2.2) [19]. 

When the finer particles were unable to fit into a voids in coarser particles, the loosening effect 

was additionally noted by Powers [17,18]. Works by Larrard, noted that experimental porosity of 

packing models required an additional compaction effort (i.e., energy imparted to obtain maximum 

packing) and this further deviates the application to workability of discrete packing models [2]. 

While able to achieve very high packing densities, discrete models present some drawbacks: 1) 

discrete models do not represent reality; 2) gap-graded models are prone to segregation; 3) discrete 

models require heavy computation efforts when increasing the number of discrete size classes. 

Romano noted elevated packing densities when comparing continuous models to Furnas’s discrete 

model [20]. Various authors have noted that gap graded systems are prone to segregation, which 

poses a serious risk for pumping applications [16,21,22]. Fennis postulated that increasing the 

number of multi-modal sizes would significantly increase computation efforts for optimizing 

packing density [23].  In spite of the problems facing discrete models, their application is more 

common in literature, [2,17,24–27] (Table 2.1), however, Fennis’s concluded that continuous 

models were much more practical and simpler to follow [23].   
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Table 2.1: Various packing models, discrete and continuous. 

 

 

Figure 2.2: Various system impacts in discrete packing models[2][2][38][38]. 

Contradictory to discrete models, continuous particle packing models assume that there exists 

infinitely many sizes to achieve the desired filling effect [28]. The origin of these types of models 

was based on the work of Thompson and Fuller in the 1907 [28] and aptly named Fuller’s “ideal” 

curve (Equation 2 2). Andreasen proposed the existence of a similarity condition, also known as 

granulation image, which presents that regardless the scale analyzed, the same particle distribution 

can be seen as shown in Figure 2.3 [28–31].  
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Figure 2.3:Depiction of the similarity condition in continuous packing models. 

 

Andreasen’s original equation, and his combined findings determined that the maximum packing 

density occurs when the distribution modulus, n, is between 1/3 and ½ [19,28].  The increase in 

the distribution modulus increases the quantity of relative coarser materials. This has shown to 

pose problems in fresh state behaviour, and for adequate workability, a distribution modulus of 0.2 

to 0.3 generally produced more workable and flowable mixtures in works of refractory castables 

(Figure 2.4) [32]. 

���� = �������
� Equation 2 2 

Where: CPFT is the cumulative percent finer than, Di is the particle size of ith particle in the 

assemblage, DL is the largest particle size, and n is the distribution modulus. 

100u 1um 
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Figure 2.4: Andreasan distribution modulus n and its suggested applications. 

 

Further works by Funk and Dinger noted that the system porosity was not reflected by only the 

maximum particle size, and they proposed the Modified Andreasan Model (Equation 2 3, 

Equation 2 3), which incorporates for the finest particle size in the distribution. 

 

  ���� = (�� − ��
�)

(��
� − ��

�)    Equation 2 3 

 
Where: DS is the smallest particle size, and q is the distribution modulus. Funk modelled the system 

porosity of the continuous distribution using a computer simulation based on the Westmann and 

Hugill model (Equation 2 4) [33].  ��� = 	�
� ��	 = 
� + 		
	 …  ��� = �

���


��
+ 	�
�  … 

�� = �

���


��
+ 	�
� 

Equation 2 4 
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Where ai is apparent volume of ith size particle in mono-dispersion, xi is the mass fraction of the ith 

particles, Vai is the apparent volume of ith size particles, n is the number of particle sizes, and Va 

is the maximum value of Vai. A modification to the original algorithm [28] considers infinitely 

many particle sizes in continuous distribution consisting of a system. Funk used an small class 

sizes ratio (i.e., i1/i2<√2) and modelled the packing density of the continuous packed particles. 

They calculated the system porosity (Po) as per Equation 2- 5 to Equation 2- 7; 

�
 = 1 − � 1�
���.�� Equation 2- 5 

	� = 1�
 Equation 2- 6 

�� = 40% �1 − 1��� Equation 2- 7 

 

Where Pf is the packing factor, CSR is the class size ratio between successive particle class sizes, 

and Po is the system porosity, which can be determined when combining Equation 2 4 to Equation 

2- 7.  

The results of Funk noted an absolute minimum at a distribution modulus (q) equal to 0.37, but, 

low values for system porosity (less than 5% for a wide PSD ranges) are apparent between 0.2 and 

0.4 [28]. An important consideration is that the porosity mentioned by packing models are noted 

to be in the maximum packed condition, which is without any kind of lubricant and a completely 

dry system in perfect conditions.  
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Figure 2.5: Distribution modulus n (q in this paper) and corresponding porosity. 

With respect to practical applications, packing models have been successfully implemented to 

reduce the carbon footprint as well as produce high performance concretes [34–38], refractory 

castable [39,40]. While their use has shown to be environmentally friendly, there are some 

drawbacks to their applications in concrete: 1) optimal q values (i.e., 0.37) demonstrate poor fresh 

state performance); 2) appraisal of the workability has shown to be difficult. Romano noted that a 

distribution modulus of 0.37 resulted in undesirable fresh state behaviour (i.e., increased mixing 

energy) [20].  Similar results were obtained by Yousuf [41]who observed a 0-slump concrete with 

a distribution modulus of 0.37. Various works  have also noted that use of lower distribution 

moduli improve the flowability of the mixtures [17,42]. In works by Yousuf [34] Works by Grazia 

[43] proposed the use of additional parameters for addressing the difficulty in appraising the 

rheology of highly packed systems. Additionally, current works into various workability 

parameters still focus on the slump of a mixture, which was shown not to be related to the 

application of a concrete mixture.  
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 Rheological behaviour of concrete 

Besides the mechanical properties and durability characteristics, the slump of a fresh concrete 

mixture is a primary design parameter due its appraisal of field applicability. As early as 1918 with 

Abrams [6], the workability of the fresh concrete mixtures was designed according to a slump 

(consistency) of a material.  This evaluation is currently still used in most mix-design 

methodologies due to its simplicity and availability for rapid testing. Roussel [44] attempted to 

correlate the slump to various concrete placing activities and noted that the slump test was lacking 

information to adequately describe the applicability of the concrete mixtures (Table 2.2). The 

approximate shear rate of the slump test is closer to 0 s-1. Figure 2.6 [45] shows the various types 

of behaviours possible in fluids, and the base constitutive relationship is shown in Equation 2- 8 

Table 2.2: Estimated shear rates for various concrete placement activities. 

 

 

Figure 2.6: Various types of rheological behaviours w.r.t shear rate. 
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When addressing the rheology of a any mixture the general constitutive relationship is governed 

by Equation 2- 8 (Newtonian liquid); � = ����� Equation 2- 8 
  

Where; τ is the shear stress, γ̇ is the shear rate, and f(γ̇ ) denotes the possibility for non-linear non-

Newtonian mixtures. Additionally, fluids with a yield stress (i.e., energy required to initiate flow) 

are considered Bingham fluids (Equation 2-9 from Table 2.3). The curvature (i.e., non-linearity of 

the mixtures) describes the behaviour with respect to the increasing shear rates. Mixtures that 

require a decreasing and increasing shear stress as a function of increasing shear rates are labelled 

shear thinning and shear thickening, respectively. Shear thickening is linked to increased particle 

jamming, whereas shear thinning is related to preferential flow patterns in mixtures [46].  

 With the advent of various types and applications (e.g., no-slump, pumped, self-consolidating, 

roller-compacted, etc.), distinct  models (e.g., Bingham, Herschel-Bulkley, Modified Bingham 

model) describe the shear stress of a fluid at a variety of shear rates (γ̇ , Table 2.3) [47–50].  

Table 2.3: Various rheological models for estimation of shear stresses 

Name Equation Equation Reference 
Bingham � =  �� + ����  Equation 2-9 

Modified Bingham � =  �� + ���� + ��� � Equation 2-10 
Herschel Bulkley � =  �� + ����� � Equation 2-11 

Where: τ is the shear stress, τo is the yield stress, kB is the viscosity constant of Bingham and γ̇ is 

the shear-rate, μp is the modified Bingham viscosity, c is the modified Bingham constant, kHB is 

the viscosity constant of Herschel-Bulkley and n is flow behaviour factor, which is n<1 for 

suspensions presenting shear thinning behaviour and n>1 for shear thickening ones [51].  

The Bingham Model, Equation 2-9, was the commonly accepted model for describing the shear 

stress of concrete in relation to the shear rate.  Cepuritis [52] postulated that for us in SCC’s, where 

mineral and chemical additives are commonplace, the traditional Bingham model was insufficient 
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at higher shear rates. Further works have employed the Modified Bingham model, Equation 2-10, 

adequately describing the flow behaviour at increasing shear rates [53,54]. Works by Larrard noted 

negative yield stresses in Binghamian estimations and postulated that the Herschel Bulkley 

(Equation 2-11) model would better describe fresh concrete mixtures, observing <1% deviation 

from the measured data [48]. Various works including highly packed systems have noted shear 

thinning behaviours at shear rates between 0 and 1 s-1 [55,56]. In densely packed PPM’s the use of 

mobility parameter has been suggested to appraise the full rheological picture by various authors 

[43,57–59]. 

 Mobility parameters 

As mentioned in Section 2.1.1,   the increased packing density in particle packing model designed 

concrete mixtures can lead to problems in the fresh state [34,35,60]. In addition to being highly 

packed systems between the Alfred distribution modulus’ of 0.21 to 0.37, their resultant 

rheological implications acts are not well understood [28,32,34]. The idea of fluid thicknesses 

governing the viscosity of a paste (with negligible yield stresses) has been proposed in various 

fashions as early as 1988 by Shaugnessy and Clark [61], but most research on the topic is based 

around physical testing of individual powders which adds a high experimental load per ingredient 

addition [62,63]. This has been experimentally re-iterated by many researchers over the years and 

various proposed methods of mobility parameters based on measured values are used in the 

determination of Kwan’s [64]  water film thickness  (WFT) approach as well as in the 

determination of an iteration of the inter-particle separation distance (IPS) model from Hao [65] 

which showed an improved correlation with respect the predictive values. The original derivation 

of the IPS parameter (Equation 2- 12) was used to increase transport efficiency and better 

understand the flowability of coal-water slurries at high concentrations [28].  The proposed 
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parameter is based around the differentiation of two types of water; pore fluid forming the packed 

system, and fluid used as lubricant to allow for movement between particles.  

��
 = 2�
��1�� − 1
1 − ��
� Equation 2- 12 

Where; VSA is the volume solids area m2/cm3, Vs is the solids volume, and Pof is the system 

porosity as defined by the WH algorithm (Equation 2 4). Pileggi’s work [66] use of IPS 

demonstrated a correlation when the solids fraction was kept constant.   

Furthermore, works by Romano et. al [20] showed the possibility of use of a particle separation 

distance similar to IPS for use in the aggregate matrix termed the maximum paste thickness (MPT, 

Equation 2- 13). The main difference between the IPS and MPT is the analyzed force regime of 

the aggregate size, justified by works of Darby and Farris’ particle size interactions[67,68]. By 

size contribution, the force regime of the IPS is governed by surface forces, whereas the MPT is 

governed predominantly by gravitational/frictional forces.  

��� = 2�
��
� 1��� − 1

1 − ��
�� Equation 2- 13 

Where; VSAc is the coarse aggregate volume surface area (m2/cm3), Vsc is the solids loading 

considering the paste volume fraction as interstitial fluid, and Pofc is the WH (Equation 2 4) system 

porosity of the coarse aggregates. 

The understanding between the relationship to the rheology of the concrete mix is still evident. 

The authors Innocentini [69] shows the two mobility parameters in conjunction with one another 

in Figure 2.7.  
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Figure 2.7: IPS and MPT from Innocentini. 

Silva and Bonadia [70,71] noted that the increasing MPT( 2.58 to 60.5, and 81.1 to 111.3 μm, 

respectively) increased the flowability and attributed this to the decrease in particle collisions.. . 

The values for IPS (0.2 and 0.81), and MPT (0.26-1.58) yielded different rheological behaviours 

as measured by the mixing energy applied [29,43]. Works by Menezes [58] who a strong 

relationship (R2=0.94) between slump and the combined mobility parameters (MPT and IPS). 

Rebmann [72] proposed a predictive model using IPS and MPT for mixing torque, and final 

viscosity (RSE of 0.98 and 0.91, respectively). .  The use of mobility parameters in concrete mix 

design to appraise eco-efficient mixtures, to the best of this authors knowledge, has not been 

comprehensively evaluated in increasingly eco-efficient mix design of highly packed systems. The 

inclusion of limestone fillers has shown promise in effectively replacement cement, and its impact 

on the mobility parameters in the fresh and hardened state is to be evaluated. 

 The use of inert filler in cementitious mixtures 

Currently, the use of inert fillers are limited to around a 8% overall replacement of binder phase 

globally [11,73]. In North America, ASTM C33 limits to 15% of limestone filler [74,75] The use 

of limestone fillers in concrete presents an interesting opportunity to reduce the environmental 

Gravitational 
forces: dominant 

regime 

Surface forces: 
dominant regime 
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impact since their production is closely linked with the cement and aggregate production, and the 

non-calcined limestone does not produce the same CO2 load as cement [76–79]. Inert filler addition 

into cement based systems are usually accompanied by three primary effects: 1) the 

nucleation/filler effect; 2) dilution effect; and 3) the packing effect [80].  

 Filler/nucleation effects 

One of the first investigations into the nucleation effect was in 1976 by Soroka observing the 

reactivity of calcareous fillers from fine sand inclusions [81]. In 2014, Berodier et al. [82] coined 

the term “filler effect”, whereby the additional nucleation sites promoted the formation of CSH 

when fine (PSD < cement) limestone fillers were incorporated.  The supplementation using 

limestone fillers increased the rate of heat generation as compared to other inert fillers such as 

quartz [82]. The filler effect was further investigated by Kumar on the hydration rate of C3S 

confirmed that limestone fillers increased nucleation of CSH [83]. The inclusion of these 

calcareous filler materials was further investigated by Bentz in 2015, and further observed that the 

various phases impacted the nucleation of CSH grains on the surface of the limestone [84].  The 

importance of the various impacts on the strength and microstructure are to be balanced when 

design concrete mixes, as various researches have shown that higher inclusions than current 

standards may not be detrimental to concrete and pose opportunity for efficient cement use 

[76,84,85].  

While the filler effect was apparent at lower volumes of replacement, it was also noted that 

elevated levels of inclusion, a further effect, namely the dilution effect was apparent.  
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 Dilution Effect 

The impact of dilution on the strength of the concrete relates to the degree of hydration noted in 

the cementitious materials. Cyr [86] observed a marked reduction in strength at replacement rates 

of up to 75%. This was attributed to the increase in space between clinker hydration products, with 

a 13% increase in hydration degree of clinker grains using only 30% inert fillers [82,87]. This was 

further explained by which described the free water used as lubricant around the inert particles as 

hydration water for the clinker [88]. This theory was linked to the microstructure by Bonavetti’s 

effective w/c ratio, which did not account for the filler enhancement through porosity reduction 

[89,90]. 

 Packing Effect 

Strength of materials is closely tied to the porosity of materials [22,91], and the enhanced packing 

through use of materials finer than cement enhance the physical skeleton and reduce the capillary 

spaces available for hydrate formation. The increased packing density through fine inert materials  

addition  in the range of 10-15% has shown to enhance the mechanical performance of the concrete 

[85,92–95]. This effect is further optimized in PPM’s as the physical optimization provides less 

space for hydrates, combined with the aforementioned similarity condition promoting efficiency 

of final product.  

 Limestone fillers and rheology 

Jiao’s comprehensive review [10] surveyed the use of limestone fillers in concrete and showed 

varying impacts on the rheology on specifically a mass basis (Figure 2.8). Zhang noted a decrease 

of viscosity and yield stress up to 10% mass replacement of limestone filler [96].  
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Figure 2.8: Various rheological implications because of increasing limestone replacement. 

 

Vance noted a variable increase depending on type of limestone fillers (finer or coarser than the 

respective cement). Adjoudj [97] noted decreases to both plastic viscosity and yield stress as a 

result of 30% cement replacement with limestone filler at the same w/f ratio. The significant 

differences between the various studies were noted as being the PSD, SSA,  and furthermore the 

packing density of the mixtures, which is accounted for in the combination of PPMs and mobility 

parameters. The previously mentioned works merely included for the limestone fillers at various 

rates, and a general conclusion was that the interparticle spacing, as affected by the various 

inclusions were the dominant factors in understanding the resultant impact to the workability 

[10,98].  

 Hardened state evaluation of packed concrete mixtures 

While mobility parameters are predominantly related to the fresh state, some works have examined 

the hardened state as well. Works by Innocentini [69] evaluated the permeability, drying 

temperature as a function of both mobility parameters (i.e., IPS, and MPT) and noted they were 
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interrelated to the porosity/durability of the matrix. Alternatively, works by Romano et al [99] also 

showed a marked relationship between the MPT and the porosity, notably at  constant paste 

volumes (constant IPS).  Works of Shadkam [100] investigated the durability and noted that an 

increase in MPT provided a reduced transport capability for electrical ions and water. The work 

also noted that the paste density was an important parameter, and that the MPT alone was not able 

to predict the transport properties. Furthermore, the use of the predictive IPScement (Equation 3-14) 

dilution measurement [12] has also been shown to aid in correlating the compressive strength with 

inert fillers  as a consideration for the distance between cementitious grains [82] in a packed 

system. This methodology accounts for the increased packing density from PF when compared to 

the pure cementitious counterparts[86].  

��������� ∗ �	 � 2���������
∗ � 1��	������


∗ 11 � ���	������

� Equation 3-14 

Where: IPScement is the spacing between the cement grains derived similarly to the IPS, w/f is the 

water to fines ratio considering the inert limestone as part of the fines fraction,  VSAcement is the 

volume surface area of the cement powder in m2/cm3, Vs(cement) is the volume of cement, 

considering the filler and water as the system lubricant, Pof(cement) is the WH porosity as calculated 

in Equation 2 4 [28]. The combined use of the dilution measurement to account for the decreased 

cement content will be examined for sustainability using an eco-efficiency measurement to 

evaluate its ability to assess the environmental impact to resulting mixtures. 

 Eco Efficiency/BI factor 

To evaluate the eco-efficiency, the most commonly used to evaluate the cement efficiency is the 

binder intensity (bi) [101].  The bi relates the embodied energy [102] for a unit volume of concrete 

is based on the final concrete mix design and a given unitary characteristic (typically MPa). It has 
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been well determined that the concrete in-efficiency lies in the realm of the conventional concretes 

[11,101,103], where-by, at lower strengths, the efficiency drops significantly (increased bi).  Even 

strategic mix design methods [104] promote strengths above 50 MPa with low bi (~5 kg.m-3.Mpa-

1), with conventional strengths and high comparative bi for 40 MPa mixtures (bi >10 kg.m-3.Mpa-

1). To define eco-efficiency on a moving scale, the outer bounds of 20 and 40 MPa typically have 

bi of 15 and 8 kg.m-3.MPa-1, respectively. Works [94,105] in this regime have been accompanied 

by limited success, but typically employ high quantities of admixtures (>2% by mass of cement), 

which can offset the sustainability of a desired mixture. Furthermore, works by [62] propose a 20 

– 40% quantity of optimal cement replacement by inert fillers can provide a 40% reduction to 

embodied energy while maintaining desired characteristics. Figure 2.9 shows the binder intensity 

of various mixtures, with the red line the benchmark for conventional concrete mixtures.  

 

Figure 2.9: Binder intensity for worldwide mixture.  

  



28 
 

 References 

[1] S.H.. Kosmatka, M.L. Wilson, Design and Control of Concrete Mixtures – The Guide to 

Applications, Methods and Materials., 2011. 

[2] F. Larrard, Concrete Mixture Proportioning - A Scientific Approach, 1st ed., 1999. 

[3] K.W. Day, J. Aldred, B. Hudson, Concrete mix design, quality control and specification, 

fourth edition, 2013. doi:10.1201/b15624. 

[4] M. Ahmed, S. Islam, S. Nazar, R.A. Khan, A Comparative Study of Popular Concrete Mix 

Design Methods from Qualitative and Cost-Effective Point of View for Extreme 

Environment, Arab. J. Sci. Eng. 41 (2016) 1403–1412. doi:10.1007/s13369-015-1946-9. 

[5] T. Haktanir, D. Karaboga, B. Akay, Mix Proportioning of Aggregates for Concrete by Three 

Different Approaches, J. Mater. Civ. Eng. 24 (2012) 529–537. 

doi:10.1061/(ASCE)MT.1943-5533.0000416. 

[6] S.H. Kosmatka, B. Kerkhoff, W.C. Panarese, N.F. MacLeod, R.J. McGrath, Designing and 

Proportioning Normal Concrete Mixtures, Des. Control Concr. Mix. (2002) 151–172. 

[7] P.J.M. Monteiro, P.R.L. Helene, S.H. Kang, Designing concrete mixtures for strength, 

elastic modulus and fracture energy, Mater. Struct. 26 (1993) 443–452. 

doi:10.1007/BF02472804. 

[8] J.-H. Lee, Y.-S. Yoon, J.-H. Kim, A new heuristic algorithm for mix design of high-

performance concrete, KSCE J. Civ. Eng. 16 (2012) 974–979. doi:10.1007/s12205-012-

1011-0. 

[9] A.E. Long, G. Henderson, L. Basheer, M. Sonebi, P.A.M. Basheer, Concrete mix design 

methods, (2005). doi:10.1680/mocm.35973.0219. 

[10] D. Jiao, C. Shi, Q. Yuan, X. An, Y. Liu, H. Li, Effect of constituents on rheological 

properties of fresh concrete-A review, Cem. Concr. Compos. 83 (2017) 146–159. 

doi:10.1016/j.cemconcomp.2017.07.016. 

[11] V.M. John, B.L. Damineli, M. Quattrone, R.G. Pileggi, Fillers in cementitious materials — 

Experience, recent advances and future potential, Cem. Concr. Res. 114 (2018) 65–78. 

doi:10.1016/j.cemconres.2017.09.013. 

[12] G. Alberto, L. Rengifo, Global Assesment of Interparticle Separation Distance on Low 

Cement Content Paste Mixtures by Gonzalo Alberto Lozano Rengifo A Thesis submitted 



29 
 

to the Faculty of Graduate and Postdoctoral Affairs in partial fulfillment of the requirements 

for the degree o, (2020). 

[13] R. Wassermann, A. Katz, A. Bentur, Minimum cement content requirements: A must or a 

myth?, Mater. Struct. Constr. 42 (2009) 973–982. doi:10.1617/s11527-008-9436-0. 

[14] R.D. Hooton, J.A. Bickley, Prescriptive versus performance approaches for durability 

design - The end of innocence?, Mater. Corros. 63 (2012) 1097–1101. 

doi:10.1002/maco.201206780. 

[15] P.F.G. Banfill, Rheology of Fresh Cement and Concrete, Rheol. Rev. 2006 (2006) 61–130. 

doi:10.4324/9780203473290. 

[16] L.G. Leper, H.S. Abdelgader, D.J. Akers, A.C. 304, 304.2R-17: Guide to Placing Concrete 

by Pumping Methods, (2017). doi:10.13140/RG.2.2.14127.48801. 

[17] S. V. Kumar, M. Santhanam, Particle packing theories and their application in concrete 

mixture proportioning: A review, Indian Concr. J. 77 (2003) 1324–1331. 

[18] M. Mangulkar, S. Jamkar, Review of Particle Packing Theories Used For Concrete Mix 

Proportioning, Int. J. Sci. Eng. Res. 4 (2013) 143–148. 

http://www.ijser.org/researchpaper%5CReview-of-Particle-Packing-Theories-Used-For-

Concrete-Mix-Proportioning.pdf%5Cnhttp://www.ijser.org/researchpaper/Review-of-

Particle-Packing-Theories-Used-For-Concrete-Mix-Proportioning.pdf. 

[19] S.A.A.M. Fennis, J.C. Walraven, Using particle packing technology for sustainable 

concrete mixture design, Heron. 57 (2012) 73–101. 

[20] D.O. Romano, A.R. Studart, R.G. Pileggi, V.C. Pandolfelli, Dispersao e Empacotamento de 

Particulas, 2000. 

[21] G. De Schutter, D. Feys, Pumping of Fresh Concrete : Insights and Challenges Pumping of 

Fresh Concrete : Insights and Challenges, (2016). doi:10.21809/rilemtechlett.2016.15. 

[22] A.M. Neville, Properties of Concrete, Trans-Atlantic Publications, Inc., 2011. 

[23] S.A.A.M. Fennis, Design of ecological concrete by particle packing optimization. Tese 

(Doutorado em Engenharia Civil), Delft University of Technology, Holanda, 2011, (2011) 

256. http://repository.tudelft.nl/view/ir/uuid:5a1e445b-36a7-4f27-a89a-d48372d2a45c/. 

[24] M.R. Jones, L. Zheng, M.D. Newlands, Comparison of particle packing models for 

proportioning concrete constituents for minimum voids ratio, Mater. Struct. Constr. 34 

(2002) 301–309. doi:10.1617/13818. 



30 
 

[25] C.S. Chang, Y. Deng, A nonlinear packing model for multi-sized particle mixtures, Powder 

Technol. 336 (2018) 449–464. doi:10.1016/j.powtec.2018.06.008. 

[26] G. Roquier, A Theoretical Packing Density Model (TPDM) for ordered and disordered 

packings, Powder Technol. 344 (2019) 343–362. doi:10.1016/j.powtec.2018.12.033. 

[27] K.W. Chan, A.K.H. Kwan, Evaluation of particle packing models by comparing with 

published test results, Particuology. 16 (2014) 108–115. doi:10.1016/j.partic.2013.11.008. 

[28] J.E. Funk, D.R. Dinger, Predictive Process Control of Crowded Particulate Suspensions, 

1994. doi:10.1007/978-1-4615-3118-0. 

[29] C. Varhen, I. Dilonardo, R.C. de Oliveira Romano, R.G. Pileggi, A.D. de Figueiredo, Effect 

of the substitution of cement by limestone filler on the rheological behaviour and shrinkage 

of microconcretes, Constr. Build. Mater. 125 (2016) 375–386. 

doi:10.1016/j.conbuildmat.2016.08.062. 

[30] M. Moini, I. Flores-Vivian, A. Amirjanov, K. Sobolev, Optimzation of Aggregate Blends 

for Concrete, (2015). 

[31] C. Vogt, Ultrafine particles in concrete - Influence of ultrafine particles on concrete 

properties and application to concrete mix design, Sch. Archit. Built Environ. Div. Concr. 

Struct. PhD (2010) 177. 

[32] J. Fruhstorfer, C.G. Aneziris, The influence of the coarse fraction on the porosity of 

refractory castables, J. Ceram. Sci. Technol. 5 (2014) 155–166. doi:10.4416/JCST2013-

00043. 

[33] A.E.R. Westman, H.R. Hugill, The Packing of Particles, J. Am. Ceram. Soc. 13 (1930) 767–

779. doi:10.1111/j.1151-2916.1930.tb16222.x. 

[34] S. Yousuf, Structural Low Cement Content ( LCC ) Concrete, (2018). 

[35] M.T. De Grazia, Contribution to the understanding of fresh and hardened state properties of 

low cement concrete, (2018). 

[36] B. Myhre, A.M. Hundere, The use of particle size distribution in development of refractory 

castables, (1996) 1–4. 

[37] J.L. Provis, P. Duxson, J.S.J. van Deventer, The role of particle technology in developing 

sustainable construction materials, Adv. Powder Technol. 21 (2010) 2–7. 

doi:10.1016/j.apt.2009.10.006. 

[38] P.H.R. Borges, L.F. Fonseca, V.A. Nunes, T.H. Panzera, C.C. Martuscelli, Andreasen 



31 
 

particle packing method on the development of geopolymer concrete for civil engineering, 

J. Mater. Civ. Eng. 26 (2014) 692–697. doi:10.1061/(ASCE)MT.1943-5533.0000838. 

[39] R.D.A.A. Sem, A.P. Silva, A.M. Segadães, T.C. Devezas, Abílio P . Silva , Ana M . 

Segadães , Tessaleno C . Devezas , Optimização da Distribuição Granulométrica da 

Composição do Agregado para um Betão Optimização da Distribuição Granulométrica da 

Composição do Agregado para um Betão Refractário de Alumina Auto, (2005). 

[40] F. dos S. Ortega, R.G. Pileggi, P. Sepúlveda, V.C. Pandolfelli, Influência dos modelos de 

Alfred e de Andreasen sobre a microestrutura e densidade a verde de compactos cerâmicos 

obtidos por colagem ou prensagem, Cerâmica. 43 (1997) 185–191. doi:10.1590/s0366-

69131997000400007. 

[41] S. Yousuf, L.F.M. Sanchez, S.A. Shammeh, The use of particle packing models (PPMs) to 

design structural low cement concrete as an alternative for construction industry, J. Build. 

Eng. 25 (2019) 100815. doi:10.1016/j.jobe.2019.100815. 

[42] C.V.A. De Melo, P.C.C. Gomes, K.A.M. Moraes, A study of packing parameters that 

influence the fresh properties of self-compacting concrete, Ceramica. 65 (2019) 432–442. 

doi:10.1590/0366-69132019653752667. 

[43] M. T. de Grazia, L. F. M. Sanchez, R. C. O. Romano, R. G. Pileggi, Investigation of the use 

of continuous particle packing models (PPMs) on the fresh and hardened properties of low-

cement concrete (LCC) systems, Constr. Build. Mater. 195 (2019) 524–536. 

doi:10.1016/j.conbuildmat.2018.11.051. 

[44] N. Roussel, A thixotropy model for fresh fluid concretes: Theory, validation and 

applications, Cem. Concr. Res. 36 (2006) 1797–1806. 

doi:10.1016/j.cemconres.2006.05.025. 

[45] A. Yahia, S. Mantellato, R.J. Flatt, Concrete rheology: A basis for understanding chemical 

admixtures, Elsevier Ltd, 2016. doi:10.1016/B978-0-08-100693-1.00007-2. 

[46] R.L. Hoffman, Explanations for the cause of shear thickening in concentrated colloidal 

suspensions, J. Rheol. (N. Y. N. Y). 42 (1998) 111–123. doi:10.1122/1.550884. 

[47] R.J. Flatt, P. Bowen, Yield stress of multimodal powder suspensions: An extension of the 

YODEL (yield stress mODEL), J. Am. Ceram. Soc. 90 (2007) 1038–1044. 

doi:10.1111/j.1551-2916.2007.01595.x. 

[48] F. De Larrard, C.F. Ferraris, T. Sedran, Fresh concrete: A Herschel-Bulkley material, Mater. 



32 
 

Struct. Constr. 31 (1996) 494–498. doi:10.1007/bf02480474. 

[49] F. Mahmoodzadeh, S.E. Chidiac, Rheological models for predicting plastic viscosity and 

yield stress of fresh concrete, Cem. Concr. Res. 49 (2013) 1–9. 

doi:10.1016/j.cemconres.2013.03.004. 

[50] C. Hu, F. De Larrard, O.E. Gjørv, Rheological testing and modelling of fresh high 

performance concrete, Mater. Struct. 28 (1995) 1–7. doi:10.1007/BF02473286. 

[51] M. T. de Grazia, L. F. M. Sanchez, R. C. O. Romano, R. G. Pileggi, Evaluation of the Fresh 

and Hardened State Properties of Low-Cement Content Systems, Mag. Concr. Res. 72 

(2018) 232–245. doi:10.1680/jmacr.18.00271. 

[52] R. Cepuritis, Rheology of matrix and SCC with different mineral fillers and admixtures, 

2012. 

[53] M. Nehdi, M.A. Rahman, Estimating rheological properties of cement pastes using various 

rheological models for different test geometry, gap and surface friction, Cem. Concr. Res. 

34 (2004) 1993–2007. doi:10.1016/j.cemconres.2004.02.020. 

[54] D. Feys, J.E. Wallevik, A. Yahia, K.H. Khayat, O.H. Wallevik, Extension of the Reiner-

Riwlin equation to determine modified Bingham parameters measured in coaxial cylinders 

rheometers, Mater. Struct. Constr. 46 (2013) 289–311. doi:10.1617/s11527-012-9902-6. 

[55] C. Artelt, E. Garcia, Impact of superplasticizer concentration and of ultra-fine particles on 

the rheological behaviour of dense mortar suspensions, Cem. Concr. Res. 38 (2008) 633–

642. doi:10.1016/j.cemconres.2008.01.010. 

[56] J. Dils, V. Boel, G. De Schutter, Influence of cement type and mixing pressure on air 

content, rheology and mechanical properties of UHPC, Constr. Build. Mater. 41 (2013) 

455–463. doi:10.1016/j.conbuildmat.2012.12.050. 

[57] L.G. Li, A.K.H. Kwan, Mortar design based on water film thickness, Constr. Build. Mater. 

25 (2011) 2381–2390. doi:10.1016/j.conbuildmat.2010.11.038. 

[58] M. Menezes, R.G. Pileggi, M. Rebmann, C. Massucato, Using a Physical Model Based on 

Particle Mobility for Mix Design of Commercial Concretes in Order to Increasing Eco-

Efficiency, in: RILEM Bookseries, 2020: pp. 235–241. doi:10.1007/978-3-030-22034-

1_27. 

[59] M.S. Rebmann, R.G. Pileggi, Influence of Aggregate Particle Size Distribution on Mixing 

Behavior and Rheological Properties of Low-Binder Concrete, Springer International 



33 
 

Publishing, 2020. doi:10.1007/978-3-030-22566-7. 

[60] A.P. Silva, D.G. Pinto, A.M. Segadães, T.C. Devezas, Designing particle sizing and packing 

for flowability and sintered mechanical strength, J. Eur. Ceram. Soc. 30 (2010) 2955–2962. 

doi:10.1016/j.jeurceramsoc.2009.12.017. 

[61] R. Shaughnessy, P.E. Clark, The rheological behavior of fresh cement pastes, Cem. Concr. 

Res. 18 (1988) 327–341. doi:10.1016/0008-8846(88)90067-1. 

[62] J. Juhart, G.A. David, M.R.M. Saade, C. Baldermann, A. Passer, F. Mittermayr, Functional 

and environmental performance optimization of Portland cement-based materials by 

combined mineral fillers, Cem. Concr. Res. 122 (2019) 157–178. 

doi:10.1016/j.cemconres.2019.05.001. 

[63] S.A.A.M. Fennis, J.C. Walraven, J.A. Den Uijl, The use of particle packing models to 

design ecological concrete, Heron. 54 (2009) 183–202. 

[64] W.W.S. Fung, A.K.H. Kwan, Role of water film thickness in rheology of CSF mortar, Cem. 

Concr. Compos. 32 (2010) 255–264. doi:10.1016/j.cemconcomp.2010.01.005. 

[65] T. Hao, R.E. Riman, Calculation of interparticle spacing in colloidal systems, J. Colloid 

Interface Sci. 297 (2006) 374–377. doi:10.1016/j.jcis.2004.10.014. 

[66] O.S. Pileggi, IPS a Viscosity Predictive Parameter, (2002). 

[67] R. Darby, Encyclopedia of fluid mechanics / N.P. Cheremisinoff, editor in collaboration 

with G. Akay ... [et al.], v.5., Encycl. Fluid Mech. 5 (1986). 

[68] R.J. Farris, R.J. Farris, A. Corporation, Prediction of the Viscosity of Multimodal 

Suspensions from Unimodal Viscosity Data, Trans. Soc. Rheol. 12 (1968) 281–301. 

doi:10.1122/1.549109. 

[69] M.D.M. Innocentini, R.G. Pileggi, F.T. Ramal, V.C. Pandolfelli, Permeability and drying 

behavior of PSD-designed refractory castables, Am. Ceram. Soc. Bull. 82 (2003). 

[70] A.P. Silva, A.M. Segadães, T.C. Devezas, MPT influence on the rheological behaviour of 

self-flow refractory castables, Mater. Sci. Forum. 587–588 (2008) 133–137. 

doi:10.4028/www.scientific.net/msf.587-588.133. 

[71] P. Bonadia, A. Studart, R. Pileggi, V. Pandolfelli, Aplicação do conceito de distância de 

separação interagregado (MPT) a concretos refratários de alta alumina, (1999). 

[72] M.S. Rebmann, Robustez de concretos com baixo consumo de cimento Portland: desvios 

no proporcionamento e variabilidade granulométrica e morfológica dos agregados., (2017). 



34 
 

doi:10.11606/T.3.2017.tde-20012017-090400. 

[73] International Energy Agency, Technology Roadmap: Low-Carbon Transition in the Cement 

Industry, SpringerReference. (2018). doi:10.1007/springerreference_7300. 

[74] ASTM, ASTCM C33: Aggregates in Concrete, 2018. doi:10.1520/C0033. 

[75] ASTM C595-03, Standard Specification for Blended Hydraulic Cements, Annu. B. Am. 

Soc. Test. Mater. ASTM Stand. 14 (2003) 1–7. doi:10.1520/C0595. 

[76] S.A. Miller, V.M. John, S.A. Pacca, A. Horvath, Carbon dioxide reduction potential in the 

global cement industry by 2050, Cem. Concr. Res. 114 (2018) 115–124. 

doi:10.1016/j.cemconres.2017.08.026. 

[77] B.L. Damineli, R.G. Pileggi, V.M. John, Lower binder intensity eco-efficient concretes, 

Eco-Efficient Concr. (2013) 26–44. doi:10.1533/9780857098993.1.26. 

[78] D.S. Hermiyanty, Wandira Ayu Bertin, Limestone Fillers Conserve Cement, J. Chem. Inf. 

Model. 8 (2017) 1–58. doi:10.1017/CBO9781107415324.004. 

[79] E. Bacarji, R.D. Toledo Filho, E.A.B. Koenders, E.P. Figueiredo, J.L.M.P. Lopes, 

Sustainability perspective of marble and granite residues as concrete fillers, Constr. Build. 

Mater. 45 (2013) 1–10. doi:10.1016/j.conbuildmat.2013.03.032. 

[80] H. Moosberg-Bustnes, B. Lagerblad, E. Forssberg, The function of fillers in concrete, 

Mater. Struct. 37 (2004) 74–81. doi:10.1007/bf02486602. 

[81] I. Soroka, N. Stern, Calcareous Fillers and the Compressive Strenght of Portland Cement, 

Cem. Concr. Res. 6 (1976) 367–376. 

[82] E. Berodier, K. Scrivener, Understanding the filler effect on the nucleation and growth of 

C-S-H, J. Am. Ceram. Soc. 97 (2014) 3764–3773. doi:10.1111/jace.13177. 

[83] A. Kumar, T. Oey, G. Falzone, J. Huang, M. Bauchy, M. Balonis, N. Neithalath, J. Bullard, 

G. Sant, The filler effect: The influence of filler content and type on the hydration rate of 

tricalcium silicate, J. Am. Ceram. Soc. 100 (2017) 3316–3328. doi:10.1111/jace.14859. 

[84] D.P. Bentz, A. Ardani, T. Barrett, S.Z. Jones, D. Lootens, M.A. Peltz, T. Sato, P.E. 

Stutzman, J. Tanesi, W.J. Weiss, Multi-scale investigation of the performance of limestone 

in concrete, Constr. Build. Mater. 75 (2015) 1–10. doi:10.1016/j.conbuildmat.2014.10.042. 

[85] B.L. Damineli, Conceitos para formulacao de concretos com baixo consumo de ligantes: 

controle reologico empacotamento e dispersao particulas, (2013). 

[86] M. Cyr, P. Lawrence, E. Ringot, Efficiency of mineral admixtures in mortars: 



35 
 

Quantification of the physical and chemical effects of fine admixtures in relation with 

compressive strength, Cem. Concr. Res. 36 (2006) 264–277. 

doi:10.1016/j.cemconres.2005.07.001. 

[87] K.L. Scrivener, B. Lothenbach, N. De Belie, E. Gruyaert, J. Skibsted, R. Snellings, A. 

Vollpracht, TC 238-SCM: hydration and microstructure of concrete with SCMs, Mater. 

Struct. 48 (2015) 835–862. doi:10.1617/s11527-015-0527-4. 

[88] D. Wang, C. Shi, N. Farzadnia, Z. Shi, H. Jia, Z. Ou, A review on use of limestone powder 

in cement-based materials : Mechanism , hydration and microstructures, Constr. Build. 

Mater. 181 (2018) 659–672. doi:10.1016/j.conbuildmat.2018.06.075. 

[89] Dale P. Bentz, Pierre-Claude Aitcin, The Hidden Meaning of Water- Cement Ratio Distance 

between cement particles is fundamental, Concr. Int. (2008) 51–54. 

[90] V. Bonavetti, H. Donza, G. Menéndez, O. Cabrera, E.F. Irassar, Limestone filler cement in 

low w/c concrete: A rational use of energy, Cem. Concr. Res. 33 (2003) 865–871. 

doi:10.1016/S0008-8846(02)01087-6. 

[91] M. Ashby, Materials and the Environment: Eco Informed Material Choice, 2nd Editio, 

Butterworth-Heinemann, 2013. doi:10.1016/b978-0-12-385971-6.00022-1. 

[92] A.K.H. Kwan, M. McKinley, Packing density and filling effect of limestone fines, Adv. 

Concr. Constr. 2 (2014) 209–227. doi:10.12989/acc.2014.2.3.209. 

[93] A.L. De Castro, V.C. Pandolfelli, Revisão: Conceitos de dispersão e empacotamento de 

partículas para a produção de concretos especiais aplicados na construção civil, Ceramica. 

55 (2009) 18–32. doi:10.1590/s0366-69132009000100003. 

[94] T. Proske, S. Hainer, M. Rezvani, C.A. Graubner, Eco-friendly concretes with reduced 

water and cement contents - Mix design principles and laboratory tests, Cem. Concr. Res. 

51 (2013) 38–46. doi:10.1016/j.cemconres.2013.04.011. 

[95] J.M. Franco de Carvalho, T.V. de Melo, W.C. Fontes, J.O. dos S. Batista, G.J. Brigolini, 

R.A.F. Peixoto, More eco-efficient concrete: An approach on optimization in the production 

and use of waste-based supplementary cementing materials, Constr. Build. Mater. 206 

(2019) 397–409. doi:10.1016/j.conbuildmat.2019.02.054. 

[96] X. Zhang, J. Han, The effect of ultra-fine admixture on the rheological property of cement 

paste, 30 (2000) 8–11. 

[97] M. Adjoudj, K. Ezziane, E.H. Kadri, T.T. Ngo, A. Kaci, Evaluation of rheological 



36 
 

parameters of mortar containing various amounts of mineral addition with polycarboxylate 

superplasticizer, Constr. Build. Mater. 70 (2014) 549–559. 

doi:10.1016/j.conbuildmat.2014.07.111. 

[98] O. Benjeddou, C. Soussi, M. Jedidi, M. Benali, Experimental and theoretical study of the 

effect of the particle size of limestone fillers on the rheology of self-compacting concrete, 

J. Build. Eng. 10 (2017) 32–41. doi:10.1016/j.jobe.2017.02.003. 

[99] R.C.D.O. Romano, D.D.R. Torres, R.G. Pileggi, Impact of aggregate grading and air-

entrainment on the properties of fresh and hardened mortars, Constr. Build. Mater. 82 

(2015) 219–226. doi:10.1016/j.conbuildmat.2015.02.067. 

[100] H.R. Shadkam, S. Dadsetan, M. Tadayon, L.F.M. Sanchez, J.A. Zakeri, An investigation of 

the effects of limestone powder and Viscosity Modifying Agent in durability related 

parameters of self-consolidating concrete (SCC), Constr. Build. Mater. 156 (2017) 152–

160. doi:10.1016/j.conbuildmat.2017.08.165. 

[101] B.L. Damineli, F.M. Kemeid, P.S. Aguiar, V.M. John, Measuring the eco-efficiency of 

cement use, Cem. Concr. Compos. 32 (2010) 555–562. 

doi:10.1016/j.cemconcomp.2010.07.009. 

[102] J. Goggins, T. Keane, A. Kelly, The assessment of embodied energy in typical reinforced 

concrete building structures in Ireland, Energy Build. 42 (2010) 735–744. 

doi:10.1016/j.enbuild.2009.11.013. 

[103] Y. Dhandapani, M. Santhanam, G. Kaladharan, S. Ramanathan, Towards ternary binders 

involving limestone additions — A review, Cem. Concr. Res. 143 (2021). 

doi:10.1016/j.cemconres.2021.106396. 

[104] K.H. Yang, Y.B. Jung, M.S. Cho, S.H. Tae, Effect of supplementary cementitious materials 

on reduction of CO2 emissions from concrete, J. Clean. Prod. 103 (2015) 774–783. 

doi:10.1016/j.jclepro.2014.03.018. 

[105] H.S. Müllera, R. Breinera, J.S. Moffatta, M. Haista, Design and properties of sustainable 

concrete, Procedia Eng. 95 (2014) 290–304. doi:10.1016/j.proeng.2014.12.189. 

 



37 
 

Chapter 3. Investigation the Impact of Mobility Parameters on the 
Rheological and Hardened Behaviour of Low Cement 
Content Concrete Mixtures 

 
Derick Asirvatham1, Mayra T. de Grazia1, Leandro FM Sanchez1 

 
1Department of Civil Engineering, University of Ottawa, Ottawa, Canada 

Abstracts 

Literature demonstrates an increasing demand for eco-efficiency in concrete production 

worldwide. Variable outcomes in fresh and hardened states have been demonstrated when 

proportioning concrete mixtures using limestone fillers (LF) content and particle packing models 

(PPMs). To better understand highly packed system, twelve concrete mortar fraction was 

developed and the mobility parameters (inter-particle separation distance - IPS) and maximum 

paste thickness - MPT) are employed. The mixtures were developed with cement content ranging 

from 480 to 221 kg/m3 and filler content up to 245 kg/m3. Time dependent rheological profile and 

mortar slump flow, in addition to fresh pH, and batch temperature are performed in the fresh state. 

The compressive strength, ultrasonic pulse velocity, porosity, and surface electrical resistivity are 

used to assess the hardened state and microstructural characteristics. Results suggest that the MPT 

contributes to understanding rheological properties (i.e., flow behaviour factor, torque, and 

viscosity) of the mortar mixtures appraised, suggesting its use in concrete mix design would be an 

effective measure in supplementing PPM mix designs for eco-efficient concrete mixtures. 

Additionally, conventional mortar strength models do not account for a filler effect, and a novel 

dilution measurement IPScement is employed to appraise the physical effect of high volumes of inert 

limestone replacements. Then, binder intensity index was applied to confirm the eco-efficiency of 

the mixtures. 
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3.1. Introduction 

Pressure is mounting in the construction industry to reduce its carbon footprint. Concrete 

production corresponds to upwards of 8% anthropogenic carbon dioxide emissions; hence, 

improving concrete mixture efficiency is a focus of a number of recent research programs [1,2]. 

Portland Cement (PC), which is one of the main concrete mixture components, is the most 

contributive to the embodied energy of a concrete mixture, accounting for 90% of its carbon 

footprint [3].   

Amongst the possible solutions, two distinct practices which have shown effective are presented 

hereafter: a) using high volumes of supplementary cementitious materials (SCMs) [4,5] and 

limestone fillers (LF) [6–8] as a PC replacement, b) optimizing concrete mixtures through the use 

of advanced mix-design techniques (e.g., Particle Packing Models - PPM) [9,10]. While SCM use 

has been largely studied and applied, the increasing concrete demand outpaces the production of 

SCMs [7,11]. Conversely, LF has shown to be one of the most promising type of inert filler due 

to its proximity to concrete plants and abundancy for being a by-product of limestone aggregate 

production [6,8]. Use of upwards of 15% has demonstrated negligible impacts to concrete [12], 

however, increasing conventional mass based replacement approaches have shown variable 

impacts in both the fresh and hardened states. Mixtures  with fine LF noted a microstructural 

enhancement due to the filler effect and the addition of nucleation points [13]. However, at 

increasing replacement levels, a mechanical dilution was also noted. The use of PPMs offers a 

methodology for efficient limestone replacement through the enhancement of the physical 

orientation of the system. However, these aforementioned packed systems generally present 



39 
 

challenging fresh state performance and trial-and-error experimentation is required for improving 

fresh properties [14–16]. Mobility parameters (e.g., Interparticle Separation Distance – IPS [17] 

and Maximum Paste Thickness [18] – MPT) have a good correlation to the fresh state behaviour 

(i.e., mixing energy and slump) of highly packed concrete mixtures containing high amount of LF 

[19,20], however, the investigated ranges between aforementioned studies present barriers to 

understanding the impact of each parameter. Further studies are required to present ideal ranges 

for IPS and MPT for each application (i.e., yield stress and viscosity) of eco-efficient mixtures 

developed using PPM and high LF.  

3.2. Literature Review 

A description of the important terminology is displayed in Table 1 to facilitate the flow of the text 

employed in this research. 

Table 1: Description of acronyms used in the background of this research. 

Acronym Represents 

f ’
C Compressive strength 

τ Shear stress 

η Viscosity 

IPS Interparticle separation distance 

IPScement Interparticle separation distance of 
cement particles 

MPT Maximum paste thickness 

MPTLARRARD  Maximum paste thickness as 
defined by De Larrard 

PC Portland cement 

POF Dry porosity of system 

SCM Supplementary cementitious 
materials 

SSA Specific surface area 

VS Volume of solids suspended in 
lubricant (water) 

VSC Volume of solids suspended in 
lubricant (paste) 

VSA Volume surface area 

w/f Water-to-fines 
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3.2.1. Eco-Efficient Concrete Mixtures and Use of Limestone Fillers 

Distinct methodologies can be applied to measure the environmental impact of cement-based 

materials. Purnell et al. [21] investigated the relationship between mix-proportions, performance, 

and its contribution to CO2 emissions and observed that the binder phase possesses the highest 

contribution to the environmental impact. Damineli [22] proposed the use of binder efficiency (bi) 

to quantify the embodied energy [23] of cement based materials based on the amount of binder 

required to achieve a single unit of performance (commonly compressive strength in MPa). In this 

context, the conventional concrete mixtures (e.g., compressive strength < 40 MPa) have elevated 

binder intensities. Concrete mixtures with designed for 20 and 40 MPa have a bi of 15 and 8 kg.m-

3.MPa-1, respectively.  The reduced bi improves a materials’ ecological benefits, and a method to 

decrease binder content is to replace PC using LF. While worldwide use of LF represents only 8% 

of overall PC consumption [24] previous studies [25,26] suggest that limestone filler replacement 

ratios below 15% has negligible impacts to a concrete mixtures performance. Additionally, when 

im-properly mix-proportioned, the addition of limestone filler impact was not well understood in 

the fresh (e.g., slump and flowability [27,28]) and hardened states [13,29] (e.g., compressive 

strength, filler effect, dilution effect, nucleation sites) of cement-based mixtures. To better evaluate 

the limestone filler impact in the material fresh and hardened state properties, several studies 

[30,31] classify the limestone fillers into two categories: performance and replacement fillers. The 

former one is composed of fillers with particle size distribution (PSD) smaller than PC, in which 

improves packing density [32], enhances nucleation [13,33], and changes water demand [34]; 

whereas replacement fillers have PSD similar to PC, and increases cement dilution [35,36] with 

negligible impact to the fresh state [34]. The proper dosage of replacement and performance filler 

is also a factor for improving the sustainability of concrete mixtures. Using a 46, 20% (replacement 
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and performance limestone filler, respectively), Proske [37] produced eco-efficient cement-based 

materials with a bi of  5.5 kg.m-3.MPa-1 (compressive strength of 28 MPa). After improving the 

hardened state with optimal performance filler content experimentally, a mechanical dilution was 

performed using replacement fillers to further reduce the cement content, further highlighting the 

need for efficient mix proportioning methods of PC replacement. Additionally, the evaluation of 

mechanical dilution at high replacements has previously been accounted for using the water-to-

fines (e.g., water to the mass of powders ratio; w/f) [6]. Since the limestone filler are inert material, 

when w/f is adopted as similar values of water-to-cement ratios (w/c), the material compressive 

strength is negatively affected. However, this strategy increases the amount of free water in the 

system reducing the resistance to flow in the fresh state. This balance between fresh and hardened 

state is a common issue amongst existing eco-concrete mixture models [16,38,39] and 

enhancement of the system porosity through PPMs can be a solution to balancing both the fresh 

and hardened state properties. 

3.2.2. Particle Packing Models  

Previous studies show that eco-efficient concrete mixtures can be developed using PPM while 

calculating the optimum content of performance and replacement filler resulting in enhanced fresh 

and hardened state characteristics [16,37]. PPM are divided into two main categories: discrete and 

continuous.  Discrete models represent distinct class sizes with a methodology for calculating the 

packing density [40], whereas continuous models consider an infinite number of class sizes with a 

similarity condition in the entire range [17]. Although both categories of PPM aim to optimize 

system packing density (Equation 3-1), authors have suggested that real aggregate blends are better 

represented by continuous models [9,16,41].  
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�� = ���    Equation 3-1

Where: Pd is the packing density, V and Vs are the total volume and the volume of solids, 

respectively.   

One of the newest continuous PPM methods, the modified Andreasen model (also known as 

Alfred’s model),was developed by Funk and Dinger [17] in 1980 as shown in Equation 3-2.. 

���� = �� − ��
���

� − ��
�     Equation 3-2

Where: D is the particle size in question, CFPT is the cumulative percent finer than D, DL and DS 

is the largest and smallest particle size in the system, respectively, and q is a distribution factor.   

Based on computational analysis, it was calculated that Alfred model highest packing occurs at a 

distribution factor of  0.37 yielding a system dry porosity of 2.8% based on the Westmann and 

Hugill model [42]; however, packed systems are achievable between a distribution factor of 0.21 

and 0.37 [17]. The use of the Alfred model are predominantly focused around the dry packing and 

a 30% reduction in bi was noted in mixtures with no mechanical characteristics loss and an 

enhanced microstructure [9,10] when using a q-factor of 0.37. Conversely, a q-factor of 0.22 is 

recommended to improve concrete flowability since it results in a higher fines content and lower 

amount of coarse aggregates. Previous studies [43,44] attempt to define distribution factor ranges 

for a desired system workability, however this is usually a range of distribution factors which offer 

a trial and error approach. Müllera [14] also developed eco-efficient concrete model employing a 

0.34 distribution factor due to negligible differences in packing density between the 0.37 to 0.34 

distribution factor. Although this study is focused on Alfred model, literature shows that eco-

efficient mixtures can be produced with varying packing models resulting in a bi of 11 kg.m-3.MPa-

1 (no fillers - 25 MPa) [9], and a bi of 3.5 kg.m-3.MPa-1 (with fillers and admixtures - 43 MPa) [10]. 

It is important to note that both aforementioned studies noted potential difficulties in fresh state 
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with the reduced theoretical system porosity; however, Grazia’s [10] Alfred model based on eco-

efficient mixtures required considerably less admixture contents to achieve lower bi as compared 

to other eco-efficient mix design methods [14,16,37]. The variance between the PPMs and their 

potential application [45,46] suggests a need for an additional link between PPM and rheological 

behaviour. 

3.2.3. Mobility parameters and the fresh state properties of 

cementitious materials  

In concentrated suspensions, particle interactions are critical in determining the material’s 

rheology (i.e., viscosity, yield stress). Generally, the rheological behaviour [14,16] of a suspension 

is affected by a number of factors, including the solids volume fraction [47,48], specific surface 

area (SSA) [49], and PSD [50]. With the aforementioned criteria in mind, Funk [17] and Bonadia 

[51] developed the mobility parameters to quantify the spacing distance. These mobility 

parameters, especially in concentrated suspensions, may help assess the fresh state behaviour of 

highly packed mixtures. The mobility parameters are divided into two distinct force regimes.: The 

IPS [17] addresses the surface and capillary forces of particles smaller than 150 μm, (Equation 3-

3) and  the MPT [18,51] defines the distance of particles larger than 150 μm where gravitational 

forces are critical (Equation 3-3).  

��� = 2��	
1�� − 1
1 − ��� � Equation 3-3 

Where: VSA is the volume surface area of the fines fraction which is measured with BET (m2.g-1), 

Vs represents the solid volume fraction, and Pof  represents the dry predicted porosity based on the 

Westmann ad Hugill Algorithm [42].  

��� = 2��	�

 1��,� − 1

1 − ���,� � Equation 3-4 
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Where: the VSAc  refers to the volume surface area of the coarse fraction (PSD > 150um), Vs,c 

which is the solid volume fraction considering the fluid the paste phase, and Pof,c represents the 

dry predicted porosity based on the Westmann ad Hugill Algorithm [42].  

The IPS is governed by surface and capillary forces, whereas the coarser aggregate particles (MPT) 

are governed by gravitational forces [18]. Previous studies observed a good correlation between 

the mobility parameters, slump [19,52,53], and mixing energy [20,54]. Rebmann [20] used ranges 

of IPS(0.11 and 0.16 μm) and MPT (4 and 10 μm) to relate mixing torque. Grazia used ranges of 

IPS (0.36 to 0.81 μm) and MPT (0.26 and 1.58 μm) comparing the increasing of mobility 

parameters to increased mixing energy. The implementation of the mobility parameters has shown 

to be effective in appraising limited aspects of a concrete mixture’s workability; however, to the 

best of the authors knowledge mobility parameters ranges that target application (i.e., yield stress 

and viscosity) have not been well defined.  

3.2.4. Mobility Parameters and the hardened state properties of 

cementitious materials 

Hardened concrete can be considered a bi-phase material, composed of cement paste and 

aggregates. When high amounts of filler are employed, a dilution measurement in both the paste 

phase and aggregate is required to appraise the impact to the hardened state. The MPTLarrard 

(Maximum Paste Thickness as defined and calculated by Larrard [55]) considers this approach and 

assesses the spacing between two intermediary platens (e.g., aggregates). Innocentini [56] noted 

that the IPS was able to appraise the permeability, and range of MPT (i.e., 55-115 μm) investigated 

offered little additional impedance. Using a range of IPS of 0.27 to 0.90 μm, Rengifo [35] observed 

a correlation between particle separation distances of cementitious grains and hardened state, 

addressing the cement-filler blends. (calculation of IPScement can be found in the Rengifo [35]) The 
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need for further investigation into the particle distance ranges and their hardened state properties 

is defined by the limited works that employ a conventional range for their use. 

3.3. Scope of the Work 

As stated in Section 3.2, further studies are required to appraise the range and ability of mobility 

parameters to assess the rheology of eco-efficient cementitious materials. In this context, this 

research will use PPMs and high amounts of limestone filler to produce eco-efficient cement-based 

materials. A total of twelve concrete mixtures were developed through Alfred model and four 

distinct levels of cement content (i.e., 324, 250, 200 and 150 kg/m3). This study is divided into two 

phases: 1) optimization of physical packing without and with limestone fillers at constant w/c and 

2) comparison between mixtures employing decreasing cement contents (i.e., 250, 200 and 150 

kg/m3) at a constant workability (i.e., varying admixture for 200mm slump flow) and varying 

mobility parameters: IPS (0.51, 0.46, 0.42 ±0.1μm) and MPT (0.37, 0.34, 0.32  ±0.1μm).    It is 

worth noting that main goal of this research is to further understand the mobility parameters on the 

fresh state performance of cement-based materials: therefore, to reduce the variables this study is 

targeting the mortar fraction of the concrete mixtures presented above. The fresh state was 

appraised using a slump flow test and a rheological profile (i.e., yield stress and viscosity). 

Furthermore, the hardened state was evaluated using the compressive strength, Archimedes 

porosity, electrical resistivity, and pulse velocity. Finally, a new equation was proposed to predict 

the compressive strength of eco-efficient mortar mixtures.  
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3.4. Materials and Methods 

3.4.1. Materials Characterization 

Two inert carbonate-based fillers were used as replacement for a GU type cement. The PSD of the 

two fillers (ASTM 1797 Type A) of varying fineness and cement (CSA A3000 Type GU) were 

obtained using laser diffraction data from Hydro 2000S. To assess the cement based mixtures’ 

fraction of particles < 4750 um, a natural fine aggregate with maximum diameter of 4.75 mm was 

selected and classified as per ASTM C33 [57]. The particle size distribution of the materials is 

shown in Figure 3.1. The SSA of the cement, carbonate fillers and sand fraction were assessed 

using the Brunauer-Emmett-Teller method (BET) and physically adsorbed N2. Table 3.2present 

the PSD and physical characterization (i.e., specific gravity, SSA, and VSA), respectively, of the 

materials used. To improve the fresh state of mixtures, two distinct water reducing admixtures 

were used: a) lignosulfonic acid salt based mid range water reducer (MR), and b) plasticizing 

polycarboxylate based superplasticizer (SP). The combination of the two admixtures were used  to 

improve homogeneity without an excessively dosing the mixtures [35,58,59].  

 
Figure 3.1: Particle size distribution of mortar components. 
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Table 3.2: Material characterization data 

Material 
Specific Gravity 

(g/cm3)  
SSA 

(m2/g) 
VSA 

(m2/cm3) 
Cement 3.17 1.00 3.17 

Replacement filler 2.66 0.90 2.39 
Performance filler 2.6 3.70 9.62 

Fine aggregate 2.74 0.92 2.52 
 

3.4.2. Mix Design Procedure 

Although a q-factor of 0.37 yields lowest theoretical system porosity (2.8%), previous studies 

found fresh state issues could be overcome by employing two q factors [10,60].  In this context, a 

total of twelve concrete mixtures were designed using Alfred model with 2 distinct distributions 

factors (q=0.34  for PSD < 150 μm and q=0.31 for PSD > 150 μm). The resultant systems yield a 

dry porosity of 3.0 ±0.1% according to the Westman and Hugill model [42].   

Additionally, the twelve concrete mixtures were further divided into two phases. Phase 1 evaluated 

the impact of optimal cement replacement considered to be eco-efficient (i.e., 324 kg/m3 replaced 

with limestone filler to 250 kg/m3 of PC) with constant w/c (i.e., 0.60, 0.56, 0.52). The three w/c 

represents a range of conventional concrete mixture strength (25, to  30 MPa). It is worth noting 

that the optimum performance filler content of 13% was determined using a method of least 

squares to achieve the designed q-factor (0.34) curve, whereas the replacement filler was used to 

obtain the cement contents mentioned above.  In the second phase, the cement content was further 

replaced by the replacement limestone filler to achieve the desired eco-efficiency (i.e., 250, 200 

and 150 kg/m3) with constant free water contents (148, 137 and 129 kg/m3).  The free water 

contents selected additionally represent the varying mobility parameters based on previous studies 

[9,10,35]; IPS (0.51, 0.46, 0.42 ±0.1μm) and MPT (0.37, 0.34, 0.32  ±0.1μm).     
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As per conventional mix-design methodologies, the air content of the concrete mixtures was 

maintained at 2% for all mixtures and admixture contents were added based on the total mass of 

fines (i.e., cement and fillers). As mentioned before, to eliminate a single variable (i.e., coarse 

particles > 4750 μm), the volumetric ratios of the material fraction being investigated was 

maintained. The final mixture designs for the mortar fractions are shown in Table 3.3. It is worth 

noting that the mixtures were named using the following convention: cement content relative (i.e., 

324, 250, 200, 150 kg/m3), free water content (i.e., 148, 137 and 129 kg/m3 represented by H, M, 

L, respectively), and w/c. For example, the mixture 320-0.60H contains 320 kg/m3 of cement, a 

w/c of 0.60 and a relatively high IPS and MPT.  

Table 3.3: Mix design for the eco-efficient concrete mixtures being evaluated. 

Mix Name 
Cement 
kg/m3 

Filler – P 
kg/m3 

Filler – P 
kg/m3 

Sand 
kg/m3 

Water 
kg/m3 

w/c 
MR  
%  

SP 
%  

P
hase 1 

320 -0.60H 463 - - 1,501 278 0.60 - - 

324 -0.56M 471 - - 1,529 264 0.56 0.08 0.08 

328 -0.52L 481 - - 1,559 250 0.52 0.20 0.15 

1&
2 

250 -0.60H 370 60 46 1,615 224 0.60 0.20 0.50 

250 -0.56M 373 61 51 1,647 209 0.56 0.40 0.60 

250 -0.52L 375 62 55 1,673 197 0.52 0.90 1.00 

P
hase 2 

200 -0.74H 297 60 109 1,623 220 0.74 0.30 0.50 

200 -0.69M 299 61 115 1,656 205 0.69 0.80 0.40 

200 -0.64L 300 62 119 1,681 193 0.64 1.00 1.00 

150 -0.97H 222 60 172 1,639 214 0.97 0.30 0.50 

150 -0.89M 223 61 178 1,671 199 0.89 0.60 0.70 

150 -0.84L 224 62 182 1,695 188 0.84 1.00 1.00 

Note: Filler - P and Filler - R refer to performance and replacement limestone fillers, 

respectively. 
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3.4.3. Fabrication and testing methods 

Twenty litres of mortar were fabricated for each mixture tested. Limestone was mixed with PC in 

advance and added to the sand before adding water to the mixture. First, the fresh state tests were 

performed then, twelve 100 x 200 mm cylinders were fabricated for each mixture to appraise the 

hardened state behaviour [61]. After 24 hours of fabrication, the cylinders were demoulded, and 

specimens moist cured with relative humidity of 95% ±5% and temperature of 22°C ± 2°C until 

testing. 

3.4.4. Fresh state assessment 

All concrete ingredients were mixed in a pan mixer. The fresh mixture temperature (±0.1°C) and 

the pH were assessed at the end of a 10- minute mixing period for each mortar mixture using litmus 

strips (±0.5 pH). For this study, the fresh state properties of the samples are appraised using two 

methods (i.e., slump flow and a rheology). The slump flow was measured using a mortar slump 

cone (ASTM C1810 [62],  50 mm upper diameter, 100 mm bottom diameter and 150 mm height). 

The added mixture volumes were rodded to remove voids and promote homogeneity of samples. 

The conical sample mould was slowly elevated with a constant speed over 5 seconds, and the final 

diameter was measured with the aid of a circular measuring template. Additionally, the rheological 

appraisal (i.e., yield stress and viscosity) was performed in a rotation speed controlled IBB 

planetary rheometer with two rotation radii (i.e., inner rotation radius of 40 mm, outer rotation 68 

mm radius) [63–65] and an H-impeller with a 132 mm diameter and 92 mm height. A mortar bowl 

with 233 mm height and 262 mm diameter (Figure 3.2) was with the  width of evaluated mortar 

flow comparable to that of concrete [63].  It is worth noting that although IBB output values (i.e., 

G – torque in N.m and H - viscosity in N.m.s) are not presented in fundamental units, previous 



50 
 

studies [63,66,67] have noted that the they correlate linearly to the fundamental units (e.g., τ - 

shear stress in Pa and η – viscosity in Pa.s).  

In addition to the yield stress, the rheological profile data was evaluated with a two-cycle process 

to evaluate the material’s viscosity [68]. First, an increase in shear-rate up to approximately 0.7 s-

1, followed by a decrease period at the same stepwise, (Figure 3.2b). The resulting curves represent 

the comparative change in shear stress with respect to shear rate and the evaluation of viscosity is 

performed. The evaluated mixtures were in a similar condition during the second descending cycle  

and the rheology (i.e., yield stress and viscosity) was appraised of this ramp [69,70].  

a)  

 
b)  
   

 
 

Figure 3.2: a) revised Mortar IBB Rheometer dimensions and b) Rheometer 2-cycle testing shear ramp profile. 
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After the initial consistency and rheology was assessed, a time-dependent evaluation was 

performed. The yield stress (slump flow) was appraised again at 15, 30, 60, 90 and 120 minutes 

and the Equation 3-5 was used to compare the slump loss in a relative fashion. Additionally, the 

rheology of the mixtures (i.e., yield stress and viscosity from rheometer) were subjected to the 

same tests after 15 and 30 minutes.   

�
��� ���� = (�	 − �
)��	 − �� %  Equation 3-5

Where: DI is the initial mortar slump flow, dt is the mortar slump flow measure at time t, and b is 

the base diameter of the cone (100 mm).  

3.4.5. Hardened State Evaluation 

The surface electrical resistivity and the ultrasonic pulse velocity (UPV) were tested on three 

cylinders at 28 days, whereas the compressive strength of  these cylinders was gathered at 7, 14 

and 28 days as per ASTM C39 [71].  The surface electrical resistivity (ER) was measured using a 

device based on the Wenner probe as per AASHTO T358-15 [72]. Four probes located in a straight 

line (and equally spaced) apply a current from the outer probes to the mortar sample surface and 

the potential drop is measured by the interior probes.  

The UPV was measured as per ASTM C597 [73]. The Equation 3-6 relates the speed of the pulse 

to through the hardened mortar sample to dynamic modulus of elasticity (E).  

� = ����� � ∗ �1 + ���1 − 2���1 − ��  Equation 3-6 

Where: t is the time for a constant wavelength to traverse the length of the cylinder, L is the length 

of the cylinder, ρ is the density of the concrete, and μ is the dynamic Poisson’s ratio (0.2 mm/mm). 

The apparent porosity (AP) was obtained using Archimedes method [74] at 28-days. At each age, 

a cylinder (100 mm diameter x 200 mm height) was cut into three sections. The sections were 

dried at 60°C until a constant mass (md). The samples were then submerged (in water) in a vacuum 
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chamber. After 24 hrs, the samples were removed from the vacuum chamber and the immersed 

mass (mi) and the wet mass (mw) were measured. Equation 3-7 was used to calculate the apparent 

porosity of each mixture. 

	� (%) = ��� − �
�� − ��
� ∗ 100% Equation 3-

7 

3.5. Results 

3.5.1. Slump, slump loss, pH and fresh density  

Table 3.4 shows the results for the pH, temperature, fresh density, and air content. As temperature 

may affect most of the fresh state properties, the batch temperature was measured and was within 

22.0 ± 2°C for all mixtures appraised, regardless of the cement content selected. Moreover, one 

may notice that most mixtures (9 out of 12) presented a pH of 12.5. Only 328-0.52L displayed a 

0.5 increase of pH and the two mixtures with lowest cement content and w/c (150-0.97H and 150-

0.84M) yielded a pH of 12. Mixtures with a 38% reduction of cement content, yielded similar 

alkalinity.  Regarding the fresh density, a small difference was seen between the all the groups 

which had on average achieved 2292 kg/m3 and standard deviation of 27 kg/m3. 

Additionally, Table 3.4 presents the IPS and MPT calculated for the 12 cement-based mixtures 

appraised. The ratio of materials in the fines (PSD < 150 μm) remains constant, therefore the IPS 

does not change when compared to the full range of particles in the mixture. However, the relative 

volume of the coarse particles (4750 um to 19000um) removed results in an varied paste thickness 

(i.e., the measured Maximum Paste Thickness evaluated fraction). The MPT shown in Table 3.4 

corresponds to the evaluated mixtures in this study. As previously mentioned, the initial mortar 

slump flow of all mixtures was maintained at 200 ± 15mm. Moreover, the higher the mobility 

parameters (MPT and IPS), the lower the quantity of admixtures required for the target slump.  For 

example, 320-0.60H did not require any admixture, whereas 324-0.56M and 328-0.52L required 
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0.16% and 0.35%, respectively. Although G2 has the same w/c of G1, on average 1.0% more 

admixture was required to achieve the target slump due to the lower mobility parameters. 

However, Phase 2 mixtures (G2, G3, G4) required a similar dosage mobility parameter grouping 

(0.8%, 1.2% and 2% for the respectively H, M, L) to achieve the target slump flow.  

Table 3.4: Fresh state properties of the various mixtures. 

Mix Name pH  
Fresh 

Density 
(kg/m3) 

Batch 
Temp 
(°C) 

MR  
(%)  

SP 
(%)  

IPS 
(μm) 

MPT  
(μm) 

Mortar 
Slump 
Flow 
(mm) 

320 -0.60H 12.5 2262 22.1 - - 0.92 0.54 208 
324 -0.56M 12.5 2263 21.7 0.08 0.08 0.85 0.48 185 
328 -0.52L 13.0 2260 23.2 0.20 0.15 0.79 0.45 195 
250 -0.60H 12.5 2292 20.5 0.20 0.50 0.54 0.40 195 
250 -0.56M 12.5 2317 20.8 0.40 0.60 0.49 0.38 187 
250 -0.52L 12.5 2320 21.2 0.90 1.00 0.45 0.36 197 
200 -0.74H 12.5 2286 20.9 0.30 0.50 0.51 0.40 190 
200 -0.69M 12.5 2319 20.7 0.80 0.40 0.46 0.37 197 
200 -0.64L 12.5 2330 22.5 1.00 1.00 0.42 0.35 190 
150 -0.97H 12.5 2258 23.7 0.30 0.50 0.49 0.38 192 
150 -0.89M 12.0 2283 20.8 0.60 0.70 0.44 0.36 198 
150 -0.84L 12.0 2317 21.7 1.00 1.00 0.40 0.34 185 

Figure 3.3a and b present the slump loss of Phase 1 (G1 and G2) and Phase 2 (G2, G3, and G4) 

mixtures, respectively.  

It is worth noting that G2 results were repeated in Figure 3.3a and b to facilitate the visual 

comparison between group with same w/c and w/f, respectively. From Figure 3.3a, one can see 

that G1 had lower slump loss than G2 after 15 minutes. Additionally, 320-0.60H and 324-0.56M 

only achieved 100% slump loss after 120 minutes, whereas 328-0.52L and all G2 mixtures 

achieved 100% slump loss after 60 minutes. When comparing mixtures with lower cement content, 

Figure 3.3b shows that all mixtures lost 100% consistency by 60 minutes. However, 250-0.56M 

and 150-0.84L, had 100% slump loss by 15 minutes. Moreover, mixtures with higher w/f presented 

less slump flow loss over time. However, at the 30-minute, mixtures with middle w/f (250-0.56M, 

200-0.69M, 150-0.89M) displayed the highest slump flow loss (average 93%), while mixtures with 

high and low MPs presented an average slump loss of 64% and 84%, respectively. Alternatively, 
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the decreasing cement contents (250, 200, 150 kg/m3) did not directly impact the consistency loss 

at 30 minutes as the losses presented less than 20% variability amongst the cement contents.  

a) b) 

Figure 3.3: Slump Loss in a) Phase 1 mixtures and b) Phase 2 mixtures. 

3.5.2. Rheological Behaviour 

The raw data from the second descending cycles are presented for Phase 1 and Phase 2 in Figure 
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presented with a linear relationship between the rotation rate and the torque. Non-linear shear rate 

behaviour (e.g., decreasing shear stress at higher shear rates) was apparent with the increasing eco-

efficiency (i.e., reduced cement content from 250 to 150 kg/m3) as demonstrated in the Figure 
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from 9.1 to 17.5 N.m. In Phase 2 (mixtures with same free water content and varying admixtures), 

the final torques increased as a function of the free water decrease (i.e., H, M, L). Expect, 150-

0.84M, which is developed with middle range free water, presented similar torque (19.4 N.m) to 

250-0.52L (low water) and 200-0.64L (low water). Moreover, mixtures with higher cement content 

(250 kg/m3) yielded lower final torque than (200 kg/m3) and (150 kg/m3), except for mixture 250-

0.56M (15.2 N.m) compared to 200-0.69M (13.1 N.m).  
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a) 

 

b) 

 
c) 

 
d) 

 
Figure 3.4: Raw rheometer data for a) Mixtures from phase 1, b) eco-efficient mixtures from phase 2, c) initial 

torque (0 s-1) and d) high shear rate torque (0.7 s-1) for Phase 1 and Phase 2 mixtures. 
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The initial torque and final torque measured at 0,15, and 30 minutes is presented Figure 3.5. One 

may note that mixtures with no limestone replacement had a marginal increase (on average 0.3 

N.m) in the initial torque when compared from 0 to 30 minutes test.  Although mixtures with 250 

kg/m3 of cement were developed with same w/c, 250-.0.56M and 250-0.60H had a significant 

initial torque increase after 30 minutes (3.6 and 3.0 N.m, respectively). In Phase 2, mixtures with 

the highest cement content (250 kg/m3) represented the largest initial torque increase over 15 and 

30 minutes.  Although a clear increase trend in the initial torque is seen in Figure 3.5a, at higher 

shear rates (0.7 s-1) Figure 3.5b shows a marginal change after 30 minutes. Similar to trends 

observed in the initial torque, mixtures without replaced limestone (cement content of 320 kg/m3) 

presented a slight increase of 0.5 N.m at high shear rates (0.7 s-1). Nevertheless, when comparing 

the final torque after 30 minutes of mixtures with same w/c, mixtures with 250 kg/m3 resulted in 

more than twice the torque of those without any limestone filler. In Phase 2, eco-efficient mixtures 

(G2, G3, and G4) appears to not follow a clear trend. However, analyzing mixtures with same 

cement content, the lower the free water (i.e., H, M and L) the lower the final torque, except 150-

0.89M at 30 minutes test.  
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a) 

 
b) 

 
Figure 3.5: Time dependent rheological data for shear rates corresponding to a) 0 s-1 and b) 0.7 s-

1. 
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of producing eco-efficient mixtures since it resulted on average 12% higher compressive strength. 

The physical enhancement is further exemplified by the comparison of 328-0.52L and 250-0.56m, 

which resulted in similar 28-day compressive strength (~40 MPa) even though the w/c increased 

from 0.52 to 0.56 and the cement content decreased from 328 to 250 kg/m3. Regarding mixtures 

with cement content of 200 and 150 kg/m3, the 28-day compressive strength ranged from 27.9 to 

37.0 MPa and from 13.4 to 24.1 MPa, as expected it was significantly lower than G1 and G2 results 

due to the increased w/c (from 0.74 to 0.64 and from 0.97 to 0.84, respectively). Moreover, the 

eco-efficiency potential of Phase 2 mixtures was evident as 250-0.6H and 200-0.64L yielded 

similar compressive strengths (~37 MPa) with a 16% decrease of cement content and increase of 

w/c by 0.04. 

 
Figure 3.6: Compressive strength over time for all mixtures. 

3.5.4. Physical properties 

Figure 3.7a presents the capillary porosity and surface ER of evaluated mixtures. Since porosity is 

direct proportional to the paste microstructural quality, similar trends between the porosity and the 
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328-0.52L yielded porosity and ER of 10.5% and 5.1 kΩ.cm, respectively, while 320-0.60H 

achieved 9.2% and 7.8 kΩ.cm, respectively. Proving the efficiency of the eco-friendly mixtures, 

250-0.52M and 250-0.60H achieved on average 18% lower porosity and 14.5% higher ER than 

G1 with same w/c due to their enhanced microstructure The only exception was found on the 

comparison between 328-0.52L and 250-0.52L, in which the latter one presented a slightly lower 

porosity (reduction of 2.0%) and surface ER (decrease of 0.9 kΩ.cm). In Phase 2, as expected due 

to the high w/c on mixtures with low cement content, the porosity increased, and the ER decreased 

as a function of the w/c.  

Moreover, Figure 3.7b shows the dynamic modulus of elasticity (MoE). Similarly to ER, UPV 

results from Phase 1 (cement contents of 320 and 250 kg/m3) follow the same trend where the 

lower the porosity the higher the UPV. Mixtures with the same w/c (i.e., 0.60, 0.56, 0.52) presented 

similar MoE, ranging between 35, 37 and 38 GPa, respectively.  Moreover, the regardless the 

cement content, eco-efficient mixtures (G2, G3, and G4) achieved similar MoE of 37.5 GPa with 

standard deviation of 2.37 GPa. Furthermore, unlike the ER and porosity, when comparing 

mixtures with same free water (i.e., H, M and L), the samples yielded MoE of 34.9, 38.0, and 39.6 

GPa, respectively. Moreover, from Figure 3.7b, one may notice that the MoE of mixtures in each 

distinct range of free water (i.e., H, M and L) appears to increase (34.9, 38.0 and 39.6 GPa, 

respectively with a COV less than 0.2%) independent of the microstructure (w/c). Therefore, when 

mix-proportioning eco-efficient mixtures with high filler content. the MoE has a direct relationship 

to w/f instead of w/c, where the higher the w/f the lower the MoE.  
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a) 

 
b) 

 
Figure 3.7: a) 28-day capillary porosity and surface electrical resistivity and b) 28-day dynamic modulus of elasticity. 
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Modified Bigham (Equation 3-9)  [79]  and/or Herschel-Bulkley model  (Equation 3-10) [75]. It is 

worth highlighting that the IBB rheometer outputs are not in fundamental units; hence, for 

comparison purpose of this paper τ, τo, and ��  are presented in torque, initial torque, and rotation 

units, respectively. 

Table 3.5: Compared rheological models. 

Name Equation Equation Reference 
Bingham  =   � + !�"�  Equation 3-8 

Modified Bingham  =   � + #�"� + $"� � Equation 3-9 
Herschel Bulkley  =   � + !��"� � Equation 3-10 

Where: τ is the shear stress, τo is the yield stress, kB is the viscosity constant of Bingham and γ̇ is 

the shear-rate, μp is the modified Bingham viscosity, c is the modified Bingham constant, kHB is 

the viscosity constant of Herschel-Bulkley and n is flow behaviour factor, which is n<1 for 

suspensions presenting shear thinning behaviour and n>1 for shear thickening ones [77].  

Table 3.5a and b present the three rheological models compared to cement contents of 320 and 

250 kg/m3 experimental data, respectively. It worth noting that similar trends were observed for 

cement contents of 200 and 150 kg/m3; hence, their graphs are not presented here. As one can see, 

Herschel Bulkley model is the one that better represents the rheological behaviour of eco-efficient 

mixtures developed with PPM. The rheological behaviour of twelve mixtures appraised at 0 

minutes presented average minimum square error (MSE) of 1.86, 0.40 and 0.29 for Bingham, 

Modified Bingham, and Herschel Bulkley, respectively. As expected, Bigham model presents the 

higher MSE, as the mixtures presenting a non-linear shear-stress shear rate trend. Although the 

two models able to predict non-linear behaviour achieved lower MSE, when analyzing individual 

mixture, the Herschel Bulkley (HB) MSE was lower than the Modified Bingham ones. G1 

mixtures presented lower MSE of 0.1 and a linearity highlighted by the flow behaviour factor (n 

=1). Mixtures with decreasing cement content had on average MSE of 0.35. Moreover, cement 
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contents of 250, 200 and 150 kg/m3 showed increasing non-linearity as the flow behaviour factor 

(n from Equation 3-10) was 0.92, 0.89, and 0.64, respectively. Therefore, the increase of the 

limestone content results in a general rise in shear thinning behaviour.  Moreover, the analysis 

show that HB model better represents rheological behaviour of the studied mixtures at 0, 15 and 

30 minutes. 

a) 

 

b) 

 
 

Figure 3.8: Rheological models comparison (Bingham, MB and HB) in a) Group 1 and b) Group 2 mixtures. 

The real viscosity profile (Figure 3.8) was calculated through the derivative of HB model at 0 

minutes, as it was concluded to be the model that better represents the analyzed data. The viscosity 

profile shows the importance to appraise the rheological behaviour of mixtures to analyze their 

viscosity at appropriate shear-rate. G1 mixtures present approximately the same viscosity 

regardless of the shear-rate applied; however, mixtures presenting lower w/f (gray ones) had a 

higher viscosity at 0.1 s-1 (low shear-rate) than at 0.7 s-1 (high shear-rate). At 0.7 s-1, mixtures with 

320 kg/m3 yielded an average viscosity of 4.0 N.m.s , while mixtures with same w/c and lower 

cement content (250 kg/m3) yielded a viscosity more than twice  higher. Analyzing Figure 3.9b, it 

is clear that mixtures with same free water presents similar viscosity at 0.7 s-1 being 8.8, 14.8 and 
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17.6 N.m.s for H, M and L, respectively. Mixture 150-0.89M was an exception as it presented 

viscosity similar to mixtures with lower w/f. Therefore, one may conclude that 150-0.89M 

achieved a threshold value of 51.8% of filler in the mixture, as it started to impact the viscosity. 

Similar results were observed by [34,80–82], where the viscosity increased when 20% or more of 

filler is added.    

a) 

 
 

b)  

 
 

Figure 3.9: Real viscosity of non-Newtonian mixtures calculated through Herschel-Bulkley model, where a) Phase1 
and b) Phase 2 mixtures are presented. 

3.6.2. Analyzing the rheological behaviour through mobility 
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cement content (Figure 3.10a). It is worth noting that 150-0.97H (red triangle in Figure 3.10), 

which has MPT of 0.35 μm, may be considered as an outlier to the trend. Without it, the linear 

relationship between flow behaviour factor and mobility parameters presents a R2 of 0.83 and MSE 
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based materials, when a w/f above 0.33 is selected, which agrees with this study where the w/f 

ranged from 0.40 to 0.47.   

Figure 3.10b shows the relationship between mobility parameters and initial and final torque at 0.1 

and 0.7 s-1, respectively. Regardless the w/c and w/f, all mixtures appraised have a strong 

correlation (R2 of 92) with IPS and MPT at high shear-rate (0.7 s-1). A linear behaviour was found 

for yield stress (torque at shear-rate of 0.1 s-1), which is expected as the slump flow of all mixtures 

were kept constant. 

Figure 3.10c shows the true viscosity at the 0.1 and 0.7 s-1 as a function of MPT.  Mixtures in low 

and high (0.1 and 0.7 s-1) shear-rate regimes demonstrated a notable correlation to MPT with a R2 

of 0.83 and 0.92, respectively. It should also be noted that these behaviours were largely 

independent of the w/f. Although Menezes [19] correlates  mobility parameters with slump results, 

the current study is in agreement with Rebmann [54], which predicted the final torque and 

maximum apparent viscosity using mobility parameters. Additionally, the influence of the filler 

content (i.e., percentage and type) is captured by the mobility parameters as the five 

aforementioned rheological behaviours (flow behaviour parameter, initial and final torque, and 

initial and final viscosity) are proportional to the mobility parameters. 

It worth noting that the admixtures has a predominant impact on the surface force regime explained 

by IPS [83]; and the present study maintained slump flow constant (similar yield stress). Therefore, 

at low shear-rate regimes, the collision force regime of the fine aggregates explained by MPT 

would govern. Additionally, [84,85] studied a high range of solids content (i.e. percentage of 

cement, filler, and aggregates to the total volume) and it was concluded that above a critical 

concentration (65%), mixtures are governed by direct frictional forces (MPT) instead of the 

hydrodynamic force regime (IPS), agreeing with the current study as the solids content is between 
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77% and 81%. Moreover, Damineli [86] used distinct amounts of admixtures to obtain maximum 

dispersion for a given IPS and it was concluded that since admixtures are not accounted in the IPS, 

the mixtures viscosity did not present correlation with IPS. It agrees with the present study, where 

admixtures were employed to maintain a constant dispersion (slump flow), which leads again to 

the understanding that initial viscosity of mortar mixtures would relate to the MPT instead of IPS. 
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a) 
 

 
 b)

 
 

c) 

 
 

Figure 3.10: Correlation between MPT of sustainable mixtures and a) flow behaviour factor from Herschel Bulkley 
model, b) initial torque (at 0.1 s-1) and final torque (at 0.7 s-1), and c) initial viscosity (at 0.1 s-1) and final viscosity 

(at 0.7 s-1) . 

3.6.3. Compressive strength and binder intensity 

The hardened strength of cement-based materials is traditionally defined by Abrams law, which 

relates the space available for hydrates and impacts the porosity and microstructure of the material 

[87–89].  Additionally, the compressive strength is inversely linked to the porosity (i.e., higher 

strength generally having lower porosity). Although this research is focused on the workability 
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condition, the optimized PPM’s particulate spacing (i.e., spacing between cement grains, and 

hydrated product distances) develops of the spacing concepts for hardened state [55,90], although 

its focus is on the fresh state. The w/f concept (employed as a workability condition descriptor as 

discussed in Section 3.4.2) has been mentioned as a possible method to evaluate the reduced 

spacing for hydrate formation by John [6], and the observed relationship in the second phase (i.e., 

the phase with fillers) does not show a link between the w/f and compressive strength or porosity. 

This may be due to the selection process of research used to support their hypothesis. Figure 3.11a 

demonstrates no relationship between the compressive strength and solely the w/f in this research 

data set. The w/c ratio traditionally observed provided much better relationship to the compressive 

strength, although there was a noted variation between the mixtures with and without limestone 

fillers. Figure 3.12b shows the relationship between the w/c and the compressive strength of the 

mortars.  Although w/c well predicts pure cement and sustainable mixtures separately, the 

compressive strength of high limestone filler replacement sustainable cement-based mixtures is 

not accurately addressed. 

a) 

 
 

b)  

 
 

Figure 3.11: Compressive strength vs. a) w/f and b) w/c compared between Phases.  
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Traditional mortar strength laws does not account for inert filler effects (e.g., dilution effect, 

nucleation effect, and packing effect) and the inclusion of varying types of fillers (i.e., performance 

and replacement) is not addressed in the dilution model  of Cyr [89]. Novel research into w/c 

suggests that available cement particulate distance [91] combined with decreased porosity [35] 

through filler packing may explain the increased mechanical capacity. In this context, an 

alternative method used to predict compressive strength of PPM mixtures developed with  high 

limestone filler content is proposed by [35], where the compressive strength has an exponential 

relationship to IPScement*w/f. Similarly to IPS, IPScement appraises the distance between particles [92], 

but in this case only cement particles are considered solids of investigation. The limestone filler 

effectively acts to both increase the spacing (dilution) and fill the pores (filler) while not generating 

C-S-H to improve compressive strength. Furthermore, when the impacts of the coarse spacing 

based on Larrard’s hardened state parameter [55] are combined there is an improvement in the 

relationship in the hardened state. Figure 3.12b shows the aforementioned models (i.e., IPScement 

and MPTLarrard). 



70 
 

 
 %������������ = 68.51

4.14���������∗
�
�

   &� = 0.94 
Figure 3.12: Combined dilution model employing IPScement and MPTLarrard.   

As previously mentioned, the binder intensity (bi) factor can be used to appraise eco-efficiency of 

materials. Figure 3.13 shows the relationship between bi and compressive strength achieved per 

mixture. Moreover, exponential lines were presented to highlight the cement content used for each 

group.  The mixtures with 373 kg/m3 cement content achieved bi on average of 9.1 kg.m-3.MPa-1 

(STD 0.86). These mixtures were classified as more sustainable than the pure cement mixtures in 

which bi was on average 13 kg.m-3.MPa-1  (STD 0.94).  Moreover, mixtures developed with 

300kg/m3 had a bi ranged from 5.4to 7.2 for compressive strength between 37.0 and 27.9 MPa. 

Therefore, 200-0.69M and 200-0.64L achieved similar compressive strength than control mixtures 

(320-0.60H and 324-0.56M, respectively) with a bi 36% lower, highlighting the ability of 

producing sustainable mixtures with the presented mix-design method. However, G4 mixtures may 

have reached the filler percentage limit, as their bi is similar or higher than 200-0.74H, but the 

compressive strength is significantly lower. Although this work presents study of conventional 

mortar strength (< 45 MPa), previous studies [93] were also able to produce sustainable mortar 

0%

3%

6%

9%

12%

15%

0

10

20

30

40

50

0.25 0.50 0.75 1.00 1.25

P
o

ro
si

ty

f' c
/M

P
T

La
rr

a
rd

(M
P

a)

IPScement*w/f

Compressive Strength

Porosity



71 
 

with difference PPM approach to focus on high strength materials (>45 MPa). Moreover, previous 

studies [94] used on average 606 kg/m3 of cement to produce mortar with compressive strength 

between 25-45MPa [94], highlighting the importance of the mix-design presented in this study.  

a) 

 
 

Figure 3.13 : Sustainability appraisal of mortar mixtures. 

3.7. Conclusion 

The current research aimed to appraise the feasibility of using mobility parameters to predict the 

fresh state of mortar mixtures designed using PPMs containing high limestone fillers content. The 

main findings of this research are presented hereafter: 

 Replacing cement content by limestone filler enhanced the mortar hardened state properties 

when same w/c was selected. 

 Five rheological parameters (i.e., flow behaviour parameter, torque at low and high shear 

rates, and viscosity at low and high shear rates) relationship of eco-efficient mixtures could 

be appraised using mobility parameters. 
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 MPT directly correlates to the low shear rate mixture viscosity of highly packed mortar 

systems with similar initial consistency, regardless of the cement content. 

 Further cementitious replacement (up to 48%) was well predicted through a combined use 

of a dilution measurement (IPScement) and w/f as compared to Abrams law. 

 Potential for eco-efficiency was noted with reductions of cement content upwards of 22% 

yielding improved mechanical and microstructural performance. 
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 Conclusion and future recommendations 

 Conclusions 

Eco-efficiency of concrete is lacking in conventional concrete mixtures with mechanical strength 

between 20-40 MPa. While representing most of the concrete supplied, this area of research has 

limited focus due to its inherent inefficiency and preference of increased strength in research. The 

use of particle packing models to enhance the packing, combined with effective dilution using 

inert limestone fillers has produced eco-efficient concretes with limited applicability due to its 

high resistance to flow. Optimized mixtures with the techniques required a better understanding 

without requirements for excess physical experimentation for wider spread application. Methods 

used in slurry pumping, combined with optimal use of relatively abundant waste by-products, was 

appraised in the fresh state using mobility parameters in the paste phase (inter-particle separation 

– IPS) and aggregate phase (maximum paste thickness - MPT). The combination of the two 

parameters are evaluated in the mortar phase to assess the concrete rheology in a step wise fashion 

similar to previous highly experimental works with promising results (UHPC). In this research, 

the ability for mobility parameters to assess the rheology of concentrated concrete mortar fraction 

of increasing eco-efficiency was appraised. Using 12 mixtures, and a time dependent rheological 

analysis 5 rheological descriptors were correlated; 1) the flow behaviour, 2) high shear rate shear 

stress; 3) low shear rate shear stress; 4) high shear rate viscosity; and 5) low shear rate viscosity.  

 Five rheological descriptors were assessed based on mobility parameters and a strong 

correlation was observed. 



78 
 

 Independent of cement content, and water to solids in the fines, the mobility parameters 

provided an improved correlation to the rheological descriptions. 

 Cement contents of 250, 200 and 150 kg.m-3 were employed to assess the increasing eco-

efficiency and were able to produce concrete mortar fractions within a range of 36-45, 27-

37 and 13 –24 MPa, respectively. The hardened state was assessed using a dilution 

measurement which accounts for the hydrate forming space available in the system.  

 The eco-efficiency of the mortar fraction was between 10.3 and 5.4 kg.m-3.MPa-1  for 21 

and 37 MPa. This is well below the 15 and 8 kg.m-3.MPa-1  apparent in typical concrete 

mixtures. 

 The aforementioned mixtures employed up to 48% cement replacement with inert materials 

and were successfully able to achieve desired compressive strength that is well defined by 

a dilution parameter. 

 Future recommendations 

A major goal of this research was to increase the body of knowledge in eco-efficient cement-based 

materials research for various applications. Although this work brings new insight to the field of 

mobility parameters, further investigation and correlation is required for wider use.  

 Investigation into the concrete phase would be the logical next step to evaluate the 

contribution of successive phases 

 Durability related parameters would be important, especially in considering the freeze-

thaw exposure conditions in Canadian climates 

 This study focuses on the fresh state of inert SCM’s, extension to reactive SCM’s and their 

successive contribution to the time dependent rheology would be necessary 
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 Development of a formal performance-based mix design methodology that incorporates 

sustainability concepts 

 Site development with concrete producers to evaluate the feasibility of the proposed in a 

real-world application would be beneficial to the development of the mix design. 
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