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Abstract 

Concrete is the most widely used construction material worldwide, yet, it presents major 

sustainability drawbacks due to the CO2 released during the manufacturing of its main constituent, 

cement. Several approaches are used to improve concrete’s eco-efficiency and reduce the binder 

intensity index, a metric used to measure the eco-efficiency of concrete, to a value below that of 

conventional concrete mixtures (i.e., 10 kg/m3.MPa-1 for 25-40 MPa mixtures). Particle Packing 

Models (PPM) is consequently an approach that can be used to enhance system packing density, 

reducing cement content while increasing hardened state properties and durability (i.e., reducing 

porosity). However, packed mixtures normally present issues in the fresh state while their hardened 

state performance is not fully comprehended. Therefore, this Ph.D. project proposes a new mix-

design method called PPM-MP approach to develop eco-efficient mixtures.  First, a detailed 

laboratory investigation was conducted on mixtures developed using the proposed approach in order 

to understand their fresh and hardened state performance. Concrete samples containing distinct 

ranges of cement content (320, 250, 200, 150 kg/m3) and slump (180, 90, and 20 +/- 20 mm) were 

fabricated and a wide range of fresh state tests (pH, temperature, fresh density, air content, slump 

and rheology over time) and hardened state tests (apparent porosity, surface electrical resistivity, 

compressive strength, and modulus of elasticity) were performed over time. Then, its performance 

against the alkali-silica reaction (ASR) induced expansion and deterioration, which is one of the 

leading and most damaging distress mechanisms issues in durability, was evaluated. In this section 

of the project, four sustainable concrete mixtures developed with varying cement content (e.g., 325, 

250, 200, and 150 kg/m3) were developed and compared to a control mixture containing 420 kg/m3

of cement content. The mixtures were tested over a year under Concrete prism test (CPT) setup, 

which is the current method used to evaluate concrete ASR and using three different non-boosted 
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test setups (i.e., Wrapped - W, Soaked - S, and Encapsulated - E). Moreover, two distinct types of 

highly reactive aggregates (e.g., Springhill Greywacke coarse aggregate and Texas Polymictic 

sand) were selected. Microscopic analysis was used to better understand the impact of ASR on 

sustainable mixtures, as well as the differences in ASR-damage and crack propagation under 

different test protocols. The results show the feasibility of producing an eco-efficient mixture in 

a more efficient manner which may contribute to the Net Zero Concrete targets. The proposed 

PPM-MP approach improves the sustainability of concrete mixtures and can be used for 

specific projects requiring 28-day compressive strength ranging from 18 to 45 MPa and slumps 

(180, 90, and 20 +/- 20 mm). 

Keywords: Eco-efficient concrete, rheology, low cement content, particle packing models, 

mobility parameters, durability and long-term performance, alkali-aggregate reaction (ASR),

laboratory test methods, microscopic characterization, crack propagation, damage rating index 

(DRI).  
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Foreword 

This Ph.D. thesis presents the findings and analysis of an extensive investigation conducted by the 

author in the laboratory. The primary goal of this thesis is to assist the progress towards sustainable 

concrete production by providing tools to aid in the design and mix-proportioning of eco-efficient 

concrete on a performance-basis. The outcomes demonstrate the feasibility of producing a more eco-

efficient mixture contributing to the Net Zero Concrete targets, while maintaining the required 

performance in the fresh and hardened states as well as their durability aspects. 

This thesis is divided into a number of chapters, including five scientific papers covering distinct 

but complementary topics to assist in the overall understanding of the need to consider sustainability 

and amount of cement as a design parameter when developing concrete. It consists of a paper-based 

Ph.D. thesis in which Chapter One highlights the importance of the development of eco-efficient 

concrete mixtures to reduce carbon footprint emitted during concrete production, the research 

objectives, and a explanation of the scientific papers. Chapter Two provides a detailed review of the 

literature on producing eco-efficient concrete using particle packing models, as well as the 

importance of using mobility parameters to better understand their fresh state behaviour. The 

importance of durability and long-term performance, especially against Alkali-Silica Reaction - 

ASR), of eco-friendly concrete will be discussed as proof of their ability to be an alternative for the 

construction industry. Then, Chapter Three presents the main experimental programme. In Chapters 

Four through Eight, the scientific papers are presented. Finally, presentation of the future works and 

recommendations are presented in Chapter Nine and Ten. 
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1. Chapter One: Introduction

1.1 Synopsis 

Concrete environmental impact has risen concerns over the past decades. Concrete production is 

responsible for more than 7% of global carbon dioxide (CO2) emissions, wherein more than 92% is 

emitted during ordinary Portland cement (OPC) production [1–4]. The increased development of 

cities and infrastructure resulted in substantial growth of concrete, and thus in OPC demand. In 

2012, the global industry produced approximately 3.8 billion tons of OPC, but after only six years, 

the production has raised to 300 million tons [5,6]. Although standards are pressing several 

industries to reduce CO2 emissions, forecasts indicate that global cement demand will continue to 

grow considerably in the next years. Moreover, the countries that are considered the largest global 

cement producers coincide with major global CO2 emitters [7,8], highlighting the need to produce 

eco-efficient concrete mixtures. In general, one ton of OPC produces approximately one ton of CO2 

[9–11], hence, one of the best methods to improve concrete eco-efficiency is through reducing OPC 

content. The three main approaches presented in the literature to reduce the carbon footprint of 

concrete are shown hereafter: 1) enhancement of OPC production; 2) reducing OPC content in 

concrete mixtures by using SCMs (Supplementary Cementitious Materials) and/or limestone fillers 

(LF) as a partial replacement; and 3) optimizing OPC efficiency in concrete mixtures through the 

use of advanced mix-design techniques (e.g. particle packing models – PPMs and/or mobility 

parameters – MP) [12–14]. The former approach is presented by distinct studies in which 

enhancement of production processes and also thermal energy efficiency are investigated to reduce 

the CO2 emitted during cement production [2,3,13,15]. In terms of civil engineering, the use of eco-

friendly materials (approach 2) with PPMs (approach 3) are the main methods available to produce 
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a more sustainable concrete mixture. SCMs are considered outstanding OPC replacements since 

they often improve concrete performance, durability, and sustainability; however, their availability 

does not increase at the same rate as OPC demand [12]. Moreover, previous studies show that the 

combination of PPMs and limestone fillers can result in a cement reduction of more than 50% 

[14,16,17]. However, conventional concrete mixtures, which account for 90% of global production, 

are manufactured with more than 350 kg/m3 of OPC to achieve a compressive strength between 25 

and 35 MPa [18]. Although it is well understood that OPC is responsible for the formation of calcium 

silicate hydrate (C-S-H) and thus the strength of concrete mixtures, there is a widespread 

misconception in the concrete industry that associates the amount of OPC with concrete strength. 

Damineli et al. [19] proposed a binder intensity (bi) index to correlate the amount of OPC required 

to develop one unit of concrete property, for instance, the compressive strength. This study 

demonstrated that conventional concrete mixtures (i.e., 20-40 MPa) are often designed with 

moderate to high OPC contents, requiring further eco-efficiency improvement. The vast majority of 

concrete produced worldwide contains OPC contents ranging from 350 to 500 kg/m³ [19], which 

agrees with the ACI 302 [20] recommendation of a minimum of 335 kg/m³ for de-icer exposures. 

Additionally, only 2% of the concrete mixtures commonly used worldwide present OPC contents 

equal to or lower than 250 kg/m³ of concrete [19]. The above strategies to reduce cement content 

are widely known, yet eco-efficient concrete is currently not used for important structural 

applications due to several concerns about the selection of the w/c, the prediction of the slump and 

compressive strength. Besides the short-term performance, the durability aspects of these concrete 

mixtures must also be evaluated. Yet very few data are available enveloping mix-design methods to 

produce eco-efficient materials while accounting for their durability. 
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1.2  Research objectives 

The main objectives of this project are: 

• Develop conventional eco-efficient (i.e., < 45 MPa) concrete mixtures using the proposed

PPM-MP approach and incorporating limestone fillers, which can be used as a performance-

based design method accounting for concrete eco-efficiency while maintaining the main

fresh and hardened state performance, such as slump and compressive strength. In this

context, this work was focused on short-term performance assessment that can be divided

into fresh and hardened state properties. The fresh properties included slump, rheology,

temperature, pH, and air content, whereas the hardened properties were assessed through

compressive strength, porosity, electrical resistivity, and modulus of elasticity.

• Evaluate the long-term performance (i.e., durability aspects) of low cement/ low alkali

mixtures developed through PPM-MP approach against one of the most harmful

deterioration mechanisms affecting critical concrete infrastructure in Canada and worldwide:

alkali-silica reaction (ASR). The mixtures incorporate highly reactive aggregates and

specimens are exposed to accelerated standardized CPT procedure to evaluate the induced

expansion, crack development and features of these mixtures. Additionally, the efficacy of

three different laboratory test setups (i.e., wrapped – W, soaked – S, and encapsulated – E)

without the addition of alkalis into the concrete mixtures to evaluate ASR-development of

low alkali systems in comparison to the standardized CPT procedure (i.e., with the addition

of alkalis to the concrete mixture) was also investigated. Microscopic tests were performed

to evaluate the influence of the alkali boost on the ASR-kinetics and distress features.
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1.3 Core of the Ph.D. Thesis – Scientific Papers 

This thesis is considered a starting point towards the production of eco-efficient concrete mixtures, 

developed with low cement content through the PPM-MP approach. The research presents a general 

overview of distinct eco-efficient mixtures and their performance in the fresh and hardened state as 

well as their durability aspects, specially alkali aggregate reaction. Figure 4.1 presents a summary 

of the Ph.D. thesis structure with the scientific rationale of each paper developed. Paper I was 

developed to further understand the concrete industry's main sustainability challenges, particularly 

those related to CO2 emissions from cement content and the options for achieving Concrete Net 

Zero by 2050. Moreover, the literature shows distinct Particle Packing Models (PPMs) that can be 

applied to reduce cement content, and thus increase the sustainability of concrete. However, due to 

a lack of procedures on how to mix-proportion an eco-friendly concrete with the required fresh and 

hardened state properties, eco-efficient concrete is currently not used for important structural 

applications. To address the gaps presented, the scientific papers Paper II and III propose a new mix-

design approach named the PPM-MP model and investigate the short-term performance of 

sustainable mixtures. Charts and models are also included to assist with the selection of the water-

to-cement ratio (w/c) for the required compressive strength and slump, as well as to assist in 

understanding the compressive strength development of the designed concrete. Additionally, 

sustainability indicators, such as Global Warming Potential (GWP), CO2 intensity index, and binder 

intensity index are presented to assist in determining the level of sustainability of the concrete 

designed. Finally, to start understanding the advantages and disadvantages of the long-term 

performance of sustainable concrete, Papers IV and V are developed appraising their performance 

against one of the most harmful deterioration mechanisms: alkali-silica reaction (ASR). Paper IV 
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evaluates low cement/alkali concrete affected by ASR using the standardized CPT protocol, whereas 

Paper V compares it to advanced ASR test methods.

Figure 1.1. Structure of Ph.D. Thesis - Scientific Rationale. 
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2 Chapter Two: Literature Review 

2.1 Eco-efficient concrete mixtures 

Recent studies have been focusing on methodologies to produce eco-efficient concrete mixtures 

[1,2]. Figure 2.1 shows a summary of the kg CO2e (carbon dioxide equivalent) per cubic meter of 

concrete produced after investigating CO2 (carbon dioxide) emission in the concrete supply chain 

using a 40 MPa conventional concrete mix-design with 328 kg/m3 of OPC and 1242, 781, and 190 

kg/m3 of coarse and fine aggregate and water content, respectively. 

Figure 2.1: Lifecycle analysis of concrete mixture developed with 40 MPa [1]. 

Moreover, it exhibits the percentage of CO2 emissions during four major steps in the production of 

40 MPa concrete: 1) raw material production and transportation, 2) concrete production, 3) concrete 

transportation, and 4) concrete placement. The former phase accounts for 93.8% of the emission 

(332 kg CO2e/m3), wherein OPC (ordinary Portland cement) production and transportation accounts 
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for approximately 82% of the total emission of the raw material phase. Therefore, more than three-

quarters of emission resulting from conventional concrete mixtures productions is governed by OPC. 

To increase concrete sustainability, OPC can be partially replaced by supplementary cementitious 

materials (SCMs) or inert fillers (e.g., limestone fillers). SCMs are considered more eco-efficient 

than OPC since many are waste materials and/or industrial by-products [1,3,4]. Figure 2.2 shows 

that, from 2000 to 2013, 15% of CO2 emissions were reduced due to the production of blended 

cement [5]. Fly ash, silica fume, and granulated blast furnace slag (GBFS) are the most commonly 

used SCMs worldwide [6–8]. Although OPC can be replaced by up to 80% by GBFS, 70% by fly-

ash, and 10% by silica fume, conventional concrete mixtures normally replace SCMs with only 20% 

of OPC, owing to local unavailability [1,9].  

Figure 2.2: CO2 emissions of blended cement Adapted from [5]. 

Although most of the SCMs produced are already used in the construction industry, their production 

does not keep up with the increased OPC demand. As seen in Figure 2.3, filler and calcined clay are 

the only materials available to be used as partial substitutes for OPC that overcome its production.  
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Figure 2.3: Amount (used and available) of substitutes for OPC [9]. 

Although several types of inert fillers may be used, limestone filler  (LF) is the most common one 

due to its availability worldwide, economy, volumetric stability within the cement paste, 

improvement in the fresh state due to its shape and its ability to be produced in different particle size 

distributions - PSD [10–15]. The average replacement ratio of limestone fillers is around 20%; 

nevertheless, the limit of 35% is acceptable in some standards (i.e. in Europe and South Africa) 

[10,11,16,17]. However, previous studies have shown promising results with higher replacement 

levels (up to 50%) [18–20]. Lothenbach et al. (2008) [21] assessed the impact of limestone fillers 

on the hydration of OPC and emphasizes that their fine PSD is one of the main strength contributors 

enhancing the cement hydration rather than the influence of limestone fillers on the system’s 

chemistry or physical packing. Furthermore, two other phenomena are frequently associated with 

the addition of fillers: the filler effect and the dilution effect [12,14,22–26]. The filler effect, which 

is studied since the 1990s [27–29], occurs due to the use of particles finer than OPC which 

accelerates cement hydration due to the formation of nucleation sites [26]. Yet, the beneficial effect 

of limestone filler effect may be diminished when specimens combined fillers with distinct 
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materials, such as with pozzolan (PL) or with a higher volumetric concentration of aggregates (FL-

2), as seen in Figure 2.4 [27] 

Figure 2.4: Filler effect of specimens containing limestone filler (FL), pozzolan and limestone 

filler (PL), and limestone filler with a higher volume of aggregate [27].  

The dilution effect, defined as an increase in water content per unit mass of cement particles (i.e., 

an increase in water-to-cement ratio; w/c), can have a positive impact (accelerating cement hydration 

at early ages) or a negative impact (reducing compressive strength due to increase of porosity caused 

by an increase in w/c) [11,16,19,21,23,24,30] 

Aside from the importance of reducing cement content, assessing concrete eco-efficiency is also 

critical. The global warming potential (GWP) is a measure of how much energy one tonne of a gas 

will absorb over a given time period in comparison to one tonne of carbon dioxide emissions (CO2). 

In terms of concrete production, GWP can be translated into the total CO2 emissions (in mass) per 

unit volume of concrete (Equation 2.1). 
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𝐺𝑊𝑃 =  ∑ 𝑚𝑖. 𝑔𝑖

𝑛

𝑖=1

 
Equation 2.1 

where mi is the mass of concrete ingredient (i) per unit volume of concrete and gi is the CO2eq per 

unit mass of concrete ingredient (i).  

Distinct life cycle assessment (LCA) software, such as GreenConcrete LCA tool, Ecoinvent 3, and 

SimaPro, provide databases containing the GWP (i.e., kg CO2eq/kg of material) of each concrete 

ingredient used to calculate the total GWP of concrete from cradle to grave. Table 2.1 shows an 

example of some concrete ingredients' GWP, highlighting the significantly higher CO2 emission of 

cement production when compared to other ingredients. 

Table 2.1. GWP in kg CO2 emissions (CO2eq) for raw materials, adapted from [31] 

Raw materials (kg) 

CEM I Superplasticizer Fly Ash Water Fine Aggregate Coarse Aggregate 

0.9 0.00188 0.00392 0.00013 0.0014 0.0282 

To appraise concrete eco-efficiency, Damineli et al. (2010) proposed the use of two indicators: 

binder intensity (bi) and CO2 intensity (ci). The binder intensity index correlates the amount of 

binder required to develop one unit of concrete property, for instance, the compressive strength 

(Equation 2.2).  

𝑏𝑖 =  
𝐵𝐶

𝑃

Equation 2.2 

where bi is the binder intensity index, BC is the binder content (kg/m3), and P is the performance 

requirement (e.g., compressive strength – MPa).  
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The CO2 intensity index (cics; Equation 2.3) calculates the amount of GWP required to produce one 

unit of any concrete property [32]. Since 28-day compressive strength is the most important one, it 

is the most applied in the CO2 intensity index.  

𝑐𝑖𝑐𝑠 =  
𝐺𝑊𝑃

𝑓′𝑐

Equation 2.3 

where cics is the CO2 intensity index (kg/m-3. MPa-1), GWP is the global warming potential of the 

concrete investigated (CO2eq/kg), and f’c is the concrete compressive strength (MPa).  

Using these two indices, Damineli et al. (2010) evaluated the eco-efficiency of concrete produced 

worldwide by selecting 156 random concrete mix-designs used for different applications from 1988 

to 2009, resulting in a total of 1585 data points, as displayed in Figure 2.5 and Figure 2.6.  

Figure 2.5: Relationship between binder intensity and compressive strength at 28-days 

[32]. 
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Figure 2.6: Relationship between CO2 index and compressive strength at 28-days 

[32]. 

High-strength concrete (i.e., > 40 MPa) presents lower bi factors and are considered more eco-

efficient, whereas conventional concrete mixtures (i.e., 20-40 MPa) are often designed with 

considerably high OPC contents. It results in bi values of around 10 kg.m-3.MPa-1, which clearly 

demonstrates the need for techniques to improve their eco-efficiency. Additionally, the majority of 

concrete produced worldwide presents OPC contents ranging from 350 to 500 kg/m³. Regarding the 

CO2 intensity index, Figure 2.6 displays a similar trend to that of the binder intensity index. 

Moreover, it was concluded that it is possible to produce concrete mixtures with an CO2 intensity 

index as low as 4.3 kg/m-3. MPa-1 without replacing OPC, yet conventional concrete mixtures 

produced worldwide yielded cics values of around 10 kg/m-3. MPa-1. 

Furthermore, Wallevik et al. [33] developed a classification of concrete eco-efficiency based 

on its carbon footprint, as displayed in  

Table 2.2, in which mixtures developed with OPC content of 250 kg/m3 or less are classified as low-

carbon concrete (LCC) [33].  
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Table 2.2. Low Carbon Concrete Classes as per [33]. 

Classification Carbon footprint (kg CO2eq/kg) 

Semi-LCC ≤ 300 

LCC250 ≤ 250 

LCC200 ≤ 200 

LCC150 ≤ 150 

EcoCrete ≤ 125 

EcoCrete Xtreme ≤ 105 

2.2 Particle packing model 

Another approach that can be applied to produce eco-efficient mixtures is the use of advanced mix-

design techniques. The particle size distribution (PSD) of concrete matrix can be optimized through 

particle packing models (PPMs). In 1892, Féret analyzed for the first time the influence of aggregate 

packing on concrete hardened state [18,34]. Although several PPMs were created, all of them aim 

to reduce the system porosity while increasing the packing density. PPMs can generally be classified 

into two types: discrete and continuous. Discrete models consider multimodal distributions 

containing “n” discrete size classes of particles (also known as gap-graded particles). Moreover, it 

is assumed that each class of particle will be rearranged to achieve the maximum packing density 

possible [18,35]. Conversely, continuous models are numerical procedures developed considering 

that particles have continuous size distribution (i.e. no gaps throughout the whole PSD) [18,35]. 

Previous studies have suggested that real aggregate blends are better represented by continuous 

models [20,36]. The first continuous PPM was created by Fuller in 1907 [18,35,37,38], whereas the 

first discrete model was created by Furnas in 1929 for binary systems and in 1931 for multimodal 

models [18,34,35,38]. The PPM science was then enhanced based on Fuller (continuous) and Furnas 

(discrete) [18,34,35,37–39].  
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Discrete models can be further divided into three more categories: binary (Furnas), ternary (Toufar 

and modified Toufar), and multimodal (Furnas and De Larrard) [35,37]. De Larrard has developed 

three mix-designs approaches: Linear Packing Density Model (LPDM), Solid Suspension Model 

(SSM), and Compressive Packing Model (CPM); yet CPM is considered the most recent and updated 

discrete method and it is considerably used in the literature to produce eco-efficient concrete 

mixtures. Conversely, CPM is a complicated mathematical model, in which software must be used 

to develop the mix-design, reducing its practicality in the construction industry [40].  

Additionally, there are three types of continuous models: Fuller, Andreasen, and Alfred (also known 

as modified Andreasen). Similar to CPM, the Andreasen's modified model is the most recent 

continuous PPM developed and can be calculated through Equation 2.4.  

𝐶𝑃𝐹𝑇 = 100 ∗ (
𝐷𝑃

𝑞 − 𝐷𝑆
𝑞

𝐷𝐿
𝑞 − 𝐷𝑆

𝑞 ) 
Equation 2.4 

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.  

The optimum packing of a system can be achieved when the distribution factor is selected as 0.37 

[18,38]. However, studies show that due to the low porosity, these mixtures developed with a q-

factor of 0.37 present fresh state issues [20,41]. Conversely, a q-factor of 0.22 is recommended for 

high-flowability mixtures. Figure 2.7 shows the comparison between the Alfred model designed 

with a q-factor of 0.37 and 0.22. One may notice that the former presents a lower amount of powder, 

which results in a lower amount of cement required in the mixture. As a result, the lower porosity 

combined with the lower cement content justifies the flowability reduction when compared to a 

mixture developed with a q-factor of 0.22. 
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Figure 2.7. Comparison between Alfred model developed with q-factors of 0.37 and 0.22. 

Moreover, previous studies [20,42] showed that eco-efficient mixtures with cement content lower 

than 250 kg/m3 can be produced; however, w/c between 0.56 and 2.13 was selected, which is not 

common in the concrete industry. 

Continuous PPMs are focused on CPFT, therefore, a model published by Westman and Hugill in 

1930 may be used as a complementary equation to calculate the system porosity [38]. Figure 2.8 

shows the Westman and Hugill algorithm applied to Alfred Model, highlighting the difference in 

porosity between systems with q-factors of 0.37 and 0.22. 

2.3 Mobility parameters 

Mobility parameters can also be used as complementary methods of PPMs to help the prediction of 

fresh-state properties. There are two types of mobility parameters (Figure 2.9): 1) interparticle 

separation distance (IPS) and 2) maximum paste thickness (MPT) [19,20,24,43].  IPS is considered 

as the average distance between two adjacent particles that are smaller than 125 µm, which are 

normally separated by water (Equation 2.5) [19,20,24,38,44].  
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𝐼𝑃𝑆 =  
2

𝑉𝑆𝐴
[

1

𝑉𝑠
−

1

(1 − 𝑃𝑜𝑓)
] 

Equation 2.5 

Where: IPS is the interparticle spacing, VSA is the calculated volume surface area per cubic 

centimetre of powder, Vs is the volume fraction of fine solids (particles smaller than 125 µm), and 

Pof is the pore fraction assuming the densest packing of the fine particles. 

Figure 2.8. Relationship between dry material porosity and Alfred model q-factor. 

Similar to IPS, MPT measures the maximum distance amongst particles greater than 125 µm 

(Equation 2.6). MPT is also known to have a direct correlation to cement paste thickness around 

aggregate particles [19,20,24,43].  

𝑀𝑃𝑇 =  
2

𝑉𝑆𝐴𝑐
[

1

𝑉𝑠𝑐
−

1

(1 − 𝑃𝑜𝑓𝑐)
] 

Equation 2.6 

where MPT is the distance between aggregates, VSAc is the calculated volume surface area of 

aggregate (particles greater than 125 µm) fraction, Vsc is the volumetric aggregate solid fraction, 

and Pofc is the pore of aggregate fraction assuming the densest packing. 
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a) b) 

Figure 2.9. Mobility parameters a) interparticle separation distance (IPS) and b) maximum 

paste thickness (MPT). 

Mobility parameters present two main contributions to PPM. First, mobility parameters account for 

particle shape that is not considered in PPMs. Both mobility parameters are computed as a function 

of the particles' volume surface area, which is calculated by the multiplication of the specific surface 

area by the particle density (Equation 2.7). 

𝑉𝑆𝐴 =  𝑆𝑆𝐴 ∗ 𝜌𝑝𝑎𝑟𝑡 Equation 2.7 

where VSA is the volume surface area (m2/cm3), SSA is the specific surface area (m2/g), and ρpart is 

the particle density (g/cm3). 

Moreover, mobility parameters can be used to further understand the fresh state behaviour of 

cement-based materials. It has been found that the lower the IPS and MPT, the lower the flowability 

of granular systems (i.e., higher viscosity and particle collisions). Conversely, high IPS and MPT 

yield less viscous, more flowable mixes [19,20,23,41,45,46]. However, cement-based materials may 

also include gravitational forces as the dominant regime or surface forces as the dominant regime 

[47]. When the former occurs, the MPT governs the flowability behaviour as the gravitational forces 

are dominant in mixtures with high aggregate volumes. Similarly, the surface force is dominant 
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when powder volumes govern, which is represented by IPS. Moreover, several studies have shown 

that mobility parameters have a direct relationship to distinct rheological parameters (i.e., yield 

stress, final torque, viscosity, etc.) [19,20,23,41,45,46]. Yet, further studies are required to present 

the optimum IPS and MPT value for an eco-efficient mixture for a required flowability.  

2.4 Short-term performance of sustainable concrete developed through PPM 

Kumar and Santhanam (2003) [37] used the Alfred PPM to mix-proportion three types of eco-

friendly concrete using q-factors of 0.26, 0.27, and 0.22, respectively: high strength concrete (HSC), 

high-performance concrete (HPC), and self-compacting concrete (SCC). The high-strength eco-

friendly concrete was developed with 270, 55, and 30 kg/m3 of OPC, quartz filler, and micro silica, 

respectively. Moreover, HPC contains only  OPC (360 kg/m3) and micro silica (42 kg/m3), whereas 

SCC has OPC (320 kg/m3) and fly ash (220 kg/m3). With the aid of high amount of superplasticizer, 

HSC and HPC achieved slump of 100 mm; however, a viscosity modifier was also added to SCC to 

achieve a slump flow of 690 mm. Interestingly, despite having a lower water-to-binder ratio (w/b -

0.33), SCC achieved a lower 28-day compressive strength (41 MPa). At 28 days, HSC and HPC 

mixtures with similar q-factors (thus packing density) and w/b of 0.40 and 0.36 achieved 83 and 78 

MPa, respectively. 

Wenqiang et al. (2018) [48] selected a combination of PPM (CPM and 3PM) coupled with 

experimental work to develop twelve eco-efficient self-compacting concrete mixtures by varying 

the sand-to-aggregate ratio (from 45% to 55%). The mixtures investigated incorporate 308 kg/m3 of 

OPC and limestone fillers ranging from 53 to 212 kg/m3, corresponding to powder additions ranging 

from 20 L/m3 to 80 L/m3. Interestingly, mixtures with 20 L/m3 of limestone powders and 3.61 kg/m3 

of superplasticizer achieved slump flows between 480 and 560 mm (Figure 2.10). The increase of 
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limestone filler content and superplasticizers resulted in a slump flow of up to 700 mm. In terms of 

compressive strength, the mixtures ranged from 30 to 48 MPa. Furthermore, regardless of the 

percentage of limestone filler, mixtures with a high sand ratio (0.55%) yielded lower compressive 

strengths.  

Figure 2.10. Slump flow of concrete mixtures investigated [48]. 

Esmaeikhanian et al. [49] also developed thirteen eco-efficient self-compacting concrete using 

Alfred model and incorporating limestone filler, silica fume, and/or fly ash. The cement content 

ranged from 196 to 271 kg/m3, while the total powder content ranged from 280 to 310 kg/m3. 

Although all the mixtures contained superplasticizer, some of them also required a stabilizer and an 

air-entraining agent. Slump flow range of 560-640 mm and a compressive strength range of 25-30 

MPa was achieved. The mixtures’ eco-efficiency was also appraised using binder intensity CO2 

intensity indicators. In general, ci,cs ranged from 5.7-9.1 kg/m3.MPa-1, whereas bi varied between 9 

and 13 kg/m3.MPa-1. 

Ali et al., 2020 [50] investigated over 20 different mixtures proportioned with Fuller-Thompson 

distribution moduli (q) ranging from 0.4 to 0.5 and distinct volumetric sand-to-total aggregate ratios, 

achieving an OPC content of 232 kg/m3, combined with fly ash (62 kg/m3) and silica fume (15 
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kg/m3). Although the same binder content (total of 309 kg/m3) and w/b (0.60) were selected for these 

mixtures, the compressive strength varied from 28 to 35 MPa and the slump flow ranged from 605 

to 770 mm. The mixtures achieved outstanding eco-efficiency indicators, as such ci,cs (from 5.7 to 

6.6 kg/m3.MPa-1) and bi (from 8.4 to 10 kg/m3.MPa-1). 

2.5 Durability aspects: alkali aggregate reaction 

The previous section presented methods for developing eco-efficient concrete. Besides a suitable 

fresh and hardened state properties, a proper mix-design approach must proportion a mixture with 

adequate durability-related characteristics. A wide range of durability-related problems is known to 

affect concrete structures in Canada and worldwide such as alkali-aggregate reaction (AAR), 

delayed ettringite formation (DEF), external sulphate attack (ESA), freezing and thawing cycles 

(FT) and scaling (SCA), carbonation, and steel corrosion. However, this research will focus on the 

first one (alkali-aggregate reaction) due to the concern caused by reactive aggregates in North 

America.  

Alkali-aggregate reaction (AAR), with the first dated case in the 1940s in California (USA),  is one 

of the most well-known internal swelling reactions (ISR) that affects concrete infrastructure [51,52]. 

AAR is generally divided into two main reactions: alkali-silica reaction (ASR) and alkali-carbonate 

reaction (ACR). ASR is the most common AAR reaction worldwide. It occurs in the presence of 

alkali hydroxides (i.e., NaOH and KOH - from cement paste), metastable silica minerals (from some 

fine and coarse aggregates), and high moisture conditions [51–53]. This chemical reaction generates 

an expansive product called ASR-gel that induces tensile pressures within the reacting aggregate 

material(s) and the adjacent cement paste while moisture uptake. As a result, the material slowly 

loses its integrity (mechanical and durability properties) due to the microcracks created due to the 
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ASR-gel. Conversely, ACR is a mechanism less understood compared to ASR. Previous research 

[54,55] classify it as a type of ASR, while [52,56–58] present ACR as a completely different distress 

mechanism. Although ASR is the most common type of AAR, ACR can be found when reactive 

dolomite is used as concrete aggregates. ACR occurs due to one or more reasons: a) hydraulic 

pressures (movement of water and alkali ions); b) alkali ions and water adsorption; and c) 

rearrangement and generation of new products (dedolomitization process (Equation 2.8) – formation 

of brucite and calcite) [52,59].  

CaMg(CO3)2 + 2(Na,K)OH → Mg(OH )2 + CaCO3 + (Na,K)2CO3 

Dolomite         Alkali Hydroxide        Brucite         Calcite     Alkali Carbonates 
Equation 2.8 

Moreover, the alkali carbonates generated in the dedolomitization process can further react with 

portlandite presented in the cement paste, formatting secondary calcite and regenerating alkali 

hydroxides as shown in Equation 2.9 [52,59]. 

(Na, K)2CO3 + Ca(OH )2 → CaCO3 + 2( Na, K)OH 

Alkali-Carbonate   Portlandite   Secondary Calcite   Alkali Hydroxide 
Equation 2.9 

The AAR damage in concrete structures can be qualitatively identified through the crack pattern 

(Figure 2.11) that can be first seen as soon as 2 years or up to more than 25 years. 

However, the damage will depend on three main factors: 1) alkali content, 2) reactive aggregate 

type, and 3) moisture availability. The moisture availability and the reactive aggregate type cannot 

be fully controlled as in some areas non-reactive aggregates are limited or even not available. 

Moreover, the transportation costs of non-reactive aggregates affect greatly the concrete costs. Thus, 
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in certain cases, the use of reactive aggregate is the only option and the one with a lower 

environmental impact. Therefore, controlling the alkali content is the best option to mitigate or 

inhibit AAR expansion. 

Figure 2.11. ASR crack pattern visualized at University of Ottawa SITE building. 

The alkali hydroxides are present in the concrete pore solution due to the high alkali content of 

cement. Thus, lower cement contents or lower alkali system due to SCM’s dilution can be used to 

reduce the system alkali hydroxides. According to CSA A23.2-27A recommendations, ASR-

development can be mitigated when the system’s total alkali content contributed by the Portland 

cement is less than the values presented in Table 2.3. 
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Table 2.3. System’s total alkali content (kg/m3) contributed by the Portland cement as per 

CSA A23.2-27A. 

Prevention level System’s total alkali content (kg/m3) contributed by the OPC 

– – 

Mild – W 3.0 

Moderate – X 2.4 

Strong – Y 1.8 

Very Strong – Z 1.2 

However, as previously mentioned, the SCMs availability worldwide is not enough to match the 

demand for OPC. Therefore, reducing cement content is the main option to produce eco-efficient 

concrete mixtures with low alkali hydroxides. Several studies show that ASR can be mitigated with 

the use of SCM [52,60–62], yet just a few studies focus on use of low alkali systems without SCMs 

[63–66].  

2.6 Effect of alkali content of concrete on Alkali-Silica Reaction (ASR) 

Fournier et al. (2009) [67] evaluated the influence of ASR-induced development in concrete 

mixtures incorporating a variety of reactive fine and coarse aggregates and two alkali loadings 

(boosted and non-boosted). Mixtures with boosted alkalis have their equivalent alkalis in the cement 

(Na2Oe) raised to 1.25 kg/m3 (i.e., total alkali content of 5.25 kg/m3) as per the CPT standard (ASTM 

C 1293), while non-boosted mixtures contain 0.90% of Na2Oe (i.e., total alkali content of 3.78 

kg/m3). Regardless of the aggregate reactivity, the boosted mixtures resulted in greater expansions 

over time due to the higher alkali content of the system. Yet, the aggregate type and nature have a 

significant impact on the expansion development of concrete containing varying amounts of alkalis, 

as shown in Figure 2.12 [68].  
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Figure 2.12. Concrete mixtures developed with 3.78 (non-boosted) and 5.25 kg/m3 (boosted) 

of alkali content. 

For instance, concrete incorporating Texas sand (Tx) resulted in expansions above 0.40% for 

boosted and non-boosted mixtures. Moreover, mixtures incorporating New Mexico reactive 

aggregate achieved around 0.30% expansion after one year regardless of the addition of alkalis. The 

other reactive aggregates reached final expansions lower than 0.20% when developed at 3.78 and 

5.25 kg/m3 alkali content. When reactive aggregates with varying reactive potentials (i.e., ultra-

high/very high, high, and moderate/marginal) were selected, mixtures developed with an alkali 

content of 3.78 kg/m3 (non-boosted) achieved 18%, 27%, and 43% lower expansions, respectively, 

than conventional CPT mixtures (boosted mixtures) [67].  

To evaluate ASR-evolution under laboratory test conditions, de Grazia et al. [68] proposed a 

modified version of Larive's model (Equation 2.10). Aside from the aggregate type and nature, this 

equation also accounts for three other factors, such as temperature, total alkali content, and relative 

humidity, which are significant contributors to ASR-development and must be considered to 

describe laboratory ASR-induced expansion more precisely. In this study, the ultimate expansion 

(ε∞, or expansion at infinity), an average τl and τc coefficients were calibrated (Table 2.4) based on 
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mixtures developed by Sanchez et al. (2017) [57], which incorporate reactive aggregates with 

distinct damage degrees ranging from marginal to ultra-high.  

𝜀(𝑡, 𝜃) = 𝜉(𝑡)𝜀∞

=
1 − 𝑒

−
𝑡

𝜏𝑐 𝑘𝑐,𝑇 𝑘𝑐,𝑅𝐻 𝑘𝑐,%𝐴𝑘𝑐,𝐸

1 + 𝑒
−

(𝑡−𝜏𝑙 𝑘𝐿,𝑇 𝑘𝐿,𝑅𝐻 𝑘𝐿,%𝐴𝑘𝐿,𝐸)
𝜏𝑐 𝑘𝑐,𝑇 𝑘𝑐,𝑅𝐻 𝑘𝑐,%𝐴𝑘𝑐,𝐸

× (𝑘𝐼𝑛𝑓,𝑇 𝑘𝐼𝑛𝑓,𝑅𝐻 𝑘𝐼𝑛𝑓,𝐸 𝑘𝐼𝑛𝑓,%𝐴)𝜀∞

Equation 2.10 

where t is elapsed time; 𝜀 (𝑡) is the expansion at a given elapsed time; 𝜀∞ is the maximum expansion

at infinity (or ultimate expansion); 𝜏𝑐 is the characteristic time (as a function of the aggregates type 

and nature/reactivity); 𝜏𝑙 is the latency time (as a function of the aggregate type and 

nature/reactivity); 𝑘𝐶,𝑇, 𝑘𝐶,𝑅𝐻, 𝑘𝐶,𝐸 , 𝑘𝐶,%𝐴 are the temperature, humidity, exposure and alkali content 

coefficients impacting the characteristic time; 𝑘𝐿,𝑇, 𝑘𝐿,𝑅𝐻, 𝑘𝐿,𝐸 , 𝑘𝐿,%𝐴  are the temperature, humidity, 

exposure and alkali content coefficients impacting the latency time; 𝑘𝑖𝑛𝑓,𝑇, 𝑘𝑖𝑛𝑓,𝑅𝐻 , 𝑘𝑖𝑛𝑓,𝐸, 𝑘𝑖𝑛𝑓,%𝐴 

is the temperature, humidity, exposure and alkali content coefficients, respectively, influencing the 

maximum expansion.  

Table 2.4. Aggregate’s type and nature/reactivity coefficients [68]. 

Damage degree ԏc ԏl 𝜀∞ (%)

ACR Ultra High 49 0 0.70 

ASR - Fine and Coarse Ultra High 42 103 0.60 

ASR - Fine Ultra High 71 0 0.65 

High 38 157 0.26 

ASR Coarse High 50 44 0.23 

Moderate 45 165 0.15 

Marginal 43 168 0.08 
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Then, to describe the influence of the alkali content on AAR-induced development, the alkali content 

coefficients (Table 2.5) were calibrated based on previous data presented by Fournier et al. (2009) 

[67], as shown in Figure 2.13. 

Table 2.5. Alkali content coefficients obtained for different types of reactive aggregates and 

two alkali contents [68]. 

unboosted - 3.78 kg/m3 boosted - 5.25 kg/m3 

K%a- ԏc

(𝒌𝑪,%𝑨)
K%a- ԏl

(𝒌𝑳,%𝑨)
K%a- exp 

(𝒌𝒊𝒏𝒇,%𝑨)
K%a- ԏc

(𝒌𝑪,%𝑨)
K%a- ԏl

(𝒌𝑳,%𝑨)
K%a- exp 

(𝒌𝒊𝒏𝒇,%𝑨)

ASR - Fine 
Ultra High 2.82 1.00 0.98 1.19 1.00 0.88 

High 3.03 1.80 1.00 1.86 1.15 0.91 

ASR Coarse 

High 2.77 0.83 1.50 2.05 0.79 1.47 

Moderate 4.08 2.40 1.64 2.98 1.22 1.61 

Marginal 6.95 4.94 4.37 4.61 2.38 2.21 

Einarsdottir and Hooton [66] also appraised low-alkali binder concrete mixtures ranging from 1.68 

kg/m3 for 50% OPC +50% SCM mixtures to 3.35 kg/m3 for 100% OPC mixtures. The low-alkali 

mixtures were compared to medium-alkali (ranging from 2.62 to 5.23 kg/m3) and high-alkali 

(ranging from 3.03 to 6.06 kg/m3) mixtures. After two years of testing, mixtures developed with 

100% Portland cement (alkali content ranging from 3.35 to 6.06 kg/m3) leached 25-50% of their 

alkalis, whereas low-, medium- and high-alkali mixtures (where Portland cement was replaced with 

15% to 50% SCMs) leached between 18% and 32%, as shown in Figure 2.14.  
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a)

b) 

Figure 2.13. Concrete mixtures developed with 3.78 and 5.25 kg/m3 of alkali content and a) 

reactive fine aggregate and b) reactive coarse aggregate [68]. 

Then, the alkali leaching of CPT mixtures boosted to 40% above of the alkali content from the 

cement was investigated after two years test, as displayed in Figure 2.15. Even though the six control 

mixtures were developed with different alkali content cement, they were boosted to a total of 5.25 

kg/m3 alkalis in the system. The alkali content of the systems was 6.06, 5.23, and 3.35 kg/m3 for the 

high alkali, medium alkali, and low alkali mixtures, respectively. In this case, the leaching during 2 

years of CPT conditions ranged from 15 to 50%. 
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Figure 2.14. Leaching after two years from CPT specimens incorporating Sudbury reactive 

aggregate and various OPC and SCMs combinations [66]. 

Figure 2.15. Leaching after 2 years in CPT from concrete mixtures made with 100% OPC  

[66]. 

Thus, boosting concrete mixtures with additional alkalis is recommended, especially for low-alkali 

mixtures, which may exhibit "false" acceptable expansion in laboratory tests due to leaching while 

exhibiting deleterious expansion in the field when conditions limit the occurrence of leaching. In 



31 

addition to alkali boosting, Einarsdottir and Hooton [66] suggested that each specimen may be stored 

covered by a plastic bag that protects 2/3 of its height (from top to bottom) to improve CPT method 

and minimize leaching in low alkali systems. 

2.7 Laboratory test methods to accelerate ASR-kinetics 

Numerous test procedures and practices are currently standardized to identify the potential reactivity 

of aggregates in concrete or the potential for expansion due to ASR, for instance, the accelerated 

mortar bar test - AMBT (ASTM C1260/CSA A23.2-25A), concrete prism test - CPT (ASTM C1293/ 

CSA A23.2-14A), petrographic analysis (ASTM C295/CSA A23.2-15A), and chemical test for 

ACR reactivity (ASTM C586).  To minimize the impact on the expansion values, concrete mixtures 

fabricated to be tested under CPT conditions must be boosted to 40% of the cement alkalis, which 

is equivalent to the total alkali leaching that will occur during a 1-year test for OPC mixtures [66,69]. 

Although CPT is the most reliable standardized test for assessing the potential for ASR-expansion, 

it is controversial due to excessive alkali leaching [64,66,69].  To avoid the leaching issues presented 

in CPT, other non-standardized test setups are presented in the literature (e.g., wrapped method, 

soaked method, concrete cylinder test - CCT). The wrapped method consists of wrapping the 

concrete specimens in wet cloth as displayed in Figure 2.16.  

Previous studies evaluated using 1.5M OH- or 0.15M OH- solution, which is equivalent to pH of 

14.2 and 13.2, respectively [71,72]. Low alkali content concrete specimens were evaluated under 

two conditions: 1) wrapped test at 38oC and 2) wrapped test at 60oC. Since the wrapping pH is higher 

than the concrete one, at 38oC specimens show greater expansion, yet, at 60oC almost no expansion 

was observed. It was concluded that further tests must be conducted to better understand the wrapped 

method. Then, Kawabata et al. [70] proposed the Alkali-Wrapped Concrete Prism Test (AW-CPT) 
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to also avoid the leaching issues presented in CPT method. Similar to the wrapped method, concrete 

specimens are wrapped with a wet cloth, but in this case, the alkali concentration must mimic the 

pore solution pH.  

Figure 2.16. Wrapping procedure for AW-CPT [70]. 

It was proposed to use Equation 2.11 to calculate the concrete pore solution hydroxide ion 

concentration. It was concluded that compared to the CPT method, the alkali leaching and drying 

were significantly reduced. However, the alkali content of concrete mixtures was increased by 20% 

due to the transfer of alkalis from the wrap to the concrete pores. It may be explained by the water 
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uptake during the cement hydration, which reduces at later ages. Moreover, it was concluded that at 

60oC and with high alkali boosting, the ASR gel was extruded out without significantly expanding 

the specimen. Temperatures below 40oC were recommended for ASR gel to exert tensile pressure 

in the concrete matrix. Although promising results were shown, further validation is still required 

for this test method [73].  

[𝑂𝐻−] =
0386 𝑥 𝑁𝑎2𝑂𝑒𝑞

𝑤/𝑐
Equation 2.11 

Another method proposed by several authors is the soaked method, where concrete specimens are 

soaked in NaOH solution at 38oC. A previous study evaluated the amount of alkali released by the 

aggregates when specimens are soaked in  0.7 NaOH solution and 0.7 KOH solution [74]. It was 

concluded that 0.7 M solution is closer to the pore solution than samples soaked in water or lime-

saturated solution, which resulted in higher alkali release as it is a more aggressive solution. 

Although it overcomes the issues faced by CPT method, it is recommended to assess the maximum 

expansion capacity of the material as it presents faster kinetics and a higher ultimate expansion 

compared to a conventional method. Gao et al. [75] also study the immersed method with three 

different NaOH storage concentrations (i.e., 0.77, 1.00, and 1.25 mol/l). It is worth noting that the 

samples were boosted (NaOH solutions were added to the water during batching) to match the pore 

solution to the storage solution concentration. It was concluded that when samples were stored with 

abundant alkalis, the alkali concentration does not affect the expansion. Moreover, it was 

recommended to use smaller samples to accelerate the test procedure, that is, to achieve the final 

expansion in a shorter time. 
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A concrete cylinder test (CCT) was proposed by Naranjo in 2012 [70,73], where a cylinder is used 

to insulate the concrete specimen from alkali leaching. Since the specimen is shorter than the 

cylinder, the water pond can be placed on top of the concrete. Figure 2.17 displays an example of 

CCT setup. Moreover, filter paper must be installed along the cylinder to allow water to be 

transferred to the concrete lateral surface. It was concluded that the concrete cylinder test shortens 

the test duration to assess the AAR evolution.  

Figure 2.17. CCT setup and specimens. 

2.8 Current gaps and improvement opportunities 

The construction industry is committed to concrete net zero by 2050 [76,77]. Therefore, one of the 

largest issues this sector is currently experiencing is related to material sustainability, as concrete is 

usually developed with a high amount of cement, which is the main source of carbon dioxide (CO2) 

emissions [1,2], as previously discussed in the literature review. 

In the last century, many efforts have been made to incorporate distinct materials as a partial 

replacement of cement, especially SCMs and fillers; yet mix-design techniques are still limited to 
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concrete fresh and hardened state performance combined with durability aspects. The reluctance 

towards a methodology that accounts for material sustainability, or even, has eco-efficiency as the 

governing factor, leads the world to its main battle: to combat CO2 emissions. 

In the last 20 years, PPMs have been applied to aid the development of more sustainable concrete 

mixtures [4,20,37,48–50,78]. Nonetheless, sustainability commitments aim to reduce 30% of the 

concrete industry’s 1990 carbon emissions by 2030; therefore, all the efforts made until now are 

insufficient to win the CO2 battle, highlighting the importance of creating a standard mix-design 

procedure focused on reducing CO2 emissions. However, before developing a procedure for that, 

the following questions should be answered.  

• Which material can surpass cement production? Every year, approximately 6,000 million

tonnes of filler are produced, making it one of the few materials that outnumber Portland

cement production.

• When reducing Portland cement content in a concrete mixture, is it possible to develop

mixtures with distinct fresh-state behaviour? Based on CSA recommendations and the ACI

design method, concrete mix-designs are currently developed based on three slumps ranges:

50-75mm, 75-100 mm, and 150-175 mm.

• What is the effect of fillers and low cement content on the hardened and durability aspects

of concrete mixtures? New parameters must be developed to predict these performances of

mixtures developed with low cement content and high limestone filler addition, as

conventional Abrams law may be insufficient to fully comprehend eco-efficient mixtures.

• How can concrete durability impact the overall sustainability of a structure? While it is

crucial to produce sustainable materials with performances that are comparable or superior
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to conventional concrete mixtures in fresh and hardened states, durability characteristics are 

also a decisive factor that will validate the materials eco-efficiency and their viability for use 

in the future. If the materials’ durability has lower performance, the service life of the 

construction will be shortened, resulting in more waste from demolition and higher 

maintenance costs. 

• What is the effect of reducing concrete’s cement/alkali content on one of the most common

distress mechanisms: Alkali aggregate reaction (ASR)? Standards recommend the use of

supplementary cementing materials (SCMs) to limit the total alkali content, concrete alkali

content can be reduced even without the addition of SCMs if an advanced mix-design

technique is chosen.

• How can ASR-expansion and damage generation be appraised on eco-efficient mixtures?

Despite the fact that the concrete Prism Test (CPT) [79] is the most commonly used standard

test method to quantify ASR expansion over accelerated test configuration, is it the ideal test

setup to investigate eco-efficient concrete manufactured with low cement content?
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3. Chapter Three: Research Program

This study proposes the use of a PPMs-MP approach to enhance the short- and long-term 

performance of concrete mixtures. In terms of short-term performance, the correct use of PPMs may 

enhance the granular skeleton of concrete, reducing its overall porosity and improving the material 

sustainability, while MP enhances its fresh state behaviour. Moreover, in Canada, concrete mix-

designs are governed by durability aspects rather than strength (i.e., the selection of water-to-cement 

ratio - w/c - is more conservative than the targeted strength), increasing concrete sustainability while 

maintaining the required slump and compressive strength values is typically difficult. Porosity, 

which is also affected by w/c, is another key property to ensure the durability and long-term 

performance of granular mixtures such as concrete, regardless of the deterioration mechanism 

involved. However, there is still a lack of studies providing information on the performance of highly 

packed eco-efficient concrete against alkali-aggregate reaction (ASR), a common durability-related 

mechanisms found in Canada and worldwide.  

Based on North American standard recommendations (e.g., CSA and ACI), concrete mix-design is 

selected based on the slump (Table 3.1), the suggested water content for non-air entrained mixtures 

with a maximum aggregate size (e.g., Table 3.1), and exposure class (Table 3.2).  

Class exposures C, F, and N correspond to concrete exposed to chloride, freezing and thawing, and 

non-exposure to chloride neither freezing and thawing cycles, respectively. It is worth noting that 

concrete resistance to freezing and thawing deterioration process is out of the scope of this research, 

hence, the air content recommendation is not presented in Table 3.2. 
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Table 3.1: Different slump range recommendations. 

Slump Range 

(mm) 

Water Content for Non-Air Entrained Concrete with Maximum 

Aggregate Size 20 mm (kg/m3) 

25 to 50 190 

75 to 100 205 

150 to 175 216 

Although Table 3.2 can be used as guidance for the maximum w/c to develop eco-efficient concrete 

mixtures when the cement content is reduced the w/c must be increased to maintain the minimum 

flow requirements. Hence, highly packed eco-efficient concrete developed with PPM, does not 

follow the conventional Abrams law which would allow standards to specify the maximum w/c for 

the required performance against durability. Therefore, further studies are required to fully 

understand the relationship between compressive strength and w/c on eco-efficient mixtures and 

how they can be classified according to the exposure class table as per CSA A23.1 [1], highlighting 

the importance of Papers II and III of this Ph.D., which provide charts to increase the sustainability 

of concrete mixtures for any required fresh and hardened state performance, assisting the selection 

of w/c, and provides models to predict compressive strength of the sustainable mixtures developed. 

Table 3.2: Concrete exposure class and their requirements. 

Class of exposure 
Maximum 

w/c 

Minimum 28-Day Compressive Strength 

(MPa) 

C-1 0.40 35 

C-2 0.45 32 

C-3 0.50 30 

C-4 0.55 25 

F-1 0.50 30 

F-2 0.55 25 

N For structural design For structural design 

Once the fresh and short-term hardened state performance of eco-efficient concrete is modelled and 

understood (Paper II and III), there will be still a need to check their suitability against a deterioration 

mechanism (e.g., ASR). As such, Paper IV and Paper V investigate the long-term performances of 
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eco-efficient mixtures selected based on key mix-design features: 1) sustainability (e.g., cement 

content) and 2) mechanical behaviour (w/c and compressive strength).  

3.1 Topic 1: Develop eco-efficient concrete mixtures with PPM-MP approach 

To address the short-term performance of eco-efficient concrete mixtures, a comprehensive 

evaluation of distinct types of low cement content is proposed in this phase. A total of 288 cylinders 

were developed within twelve concrete mixtures with a proposed PPM-MP approach containing 

distinct ranges of cement content (e.g., 320, 250, 200, 150 kg/m3). Moreover, three groups of fresh-

state and mechanical performance were investigated: slumps of 180, 90, and 20 +/- 20 mm and 

compressive strengths ranging from 18 to 45 MPa, which are the most common ones recommended 

as per ACI 211-1 [2] and CSA A23.1 [1]. To better understand the impact of the w/c (classified as 

high – H, medium – M, and low – L) on the compressive strength of low cement concrete, three w/c 

were selected for each type of cement content. A summary of the eco-efficient mixtures developed 

is presented in Figure 3.1.  

Figure 3.1. Summary of the twelve eco-efficient concrete mixtures. 
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3.2 Topic 2: Long-term performance of the eco-efficient mixtures  

Topic 1 proved the feasibility of producing eco-efficient concrete mixtures through PPM-MP 

approach and with distinct rheological and mechanical performance; however, the long-term 

performance must be appraised to confirm the ability to use low cement concrete in the construction 

industry. Alkali silica reaction (ASR) is the distress mechanism selected to be investigated in Topic 

2, as Canada is one of the countries with more reactive aggregates, emphasizing the need of studying 

the long-term performance of eco-efficient concrete with reactive aggregates. Since these mixtures 

can be classified as low alkali systems, the possibility of using reactive aggregate at least partially 

without significant expansion (i.e., damage) may contribute to the Canadian concrete industry. 

Figure 3.2 shows the summary of the eco-efficient mixtures pre-selected from Topic 1 based on their 

compressive strength to appraise the long-term performance. A total of 384 cylinders were cast to 

appraise the ASR of a reactive coarse aggregate, whereas 144 cylinders were manufactured to assess 

the ASR development of a reactive fine aggregate.  

Figure 3.2. Summary of long-term performance eco-efficient concrete mixtures. 
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3.3 Techniques to evaluate concrete fresh state performance 

3.3.1 Slump and rheology over time 

The fresh state performance of twelve mixtures appraised in Topic 1 was evaluated through slump 

and rheology tests over time (i.e., 0, 15, and 30 minutes). Concrete’s slump was measured using a 

conventional slump cone as per CSA A23.1 [1] and the slump loss was calculated by Equation 3.1. 

𝑆𝑙𝑢𝑚𝑝 𝐿𝑜𝑠𝑠 (%) =
(𝑆𝑖 − 𝑆𝑡)

𝑆𝑖
∗ 100 Equation 3.1 

where Si is the initial slump and St is the slump measured at a time (t). 

The rheology test was performed using a planetary rheometer (IBB - Figure 3.3a) with an H-shape 

impeller (100 mm height and 130 mm length) and a bowl with a diameter of 360 mm and 250 mm 

height [3].  

a) b) 

Figure 3.3. a) IBB rheometer and b) test programme used for analyzing the rheology cycle. 

Moreover, this rheometer is recommended to appraise concrete mixtures with slumps ranging from 

40 mm to 300 mm [4]. This rheometer contains a pre-programmed cycle that increases the shear rate 
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up to 0.7 s-1, then it decreases at the same stepwise maintaining the rotation for roughly 10 seconds 

at each step (180 seconds per cycle - Figure 3.3b). First, a complete cycle was applied as a pre-shear 

regime. Then the flow curves were determined after applying the second cycle on each mixture 

appraised. Although the IBB rheometer has two Bingham output parameters (i.e., G – yield stress 

in N.m, and H – plastic viscosity in N.m.s), it is known that not all concrete mixtures display a 

Bingham behaviour; therefore, to better investigate the mixture rheological behaviour, the IBB 

dataset was retrieved and the flow curves were plotted [3,4]. It is worth highlighting that the IBB 

rheometer results are not presented in fundamental units (e.g., yield stress - Pa and plastic viscosity 

- Pa.s) [3,4].

3.4 Techniques to evaluate concrete hardened state performance 

3.4.1 Electrical resistivity 

Two types of electrical resistivity (i.e., bulk and surface ER) were performed at 3, 7, 14, and 28 days 

on all samples. Uniaxial electrical resistivity (ER) test, which is also known as bulk ER, was 

performed according to ASTM C1760 [5]. Three concrete cylinders of each mixture were placed 

between two electrodes. It is worth noting that a wet sponge is placed between the concrete-electrode 

interface to ensure a proper electrical connection. The resistance (R) is displayed in the equipment 

and then electrical resistivity (ρ) can be calculated by multiplying the geometric factor and the 

resistance (Equation 3.2). The geometrical k-factor was calculated through Equation 3.3. In this 

work, the average k value of 4.15 cm was calculated based on the cylinders’ dimensions.  

ρ = 𝑘 ∗ 𝑅 Equation 3.2 

where k is concrete geometric factor, R is concrete resistance, and ρ is concrete electrical resistivity. 
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𝑘 =
𝐴

L
Equation 3.3 

where k is concrete geometric factor, A is concrete sample transactional area, and L is concrete 

sample length. 

The four-probe (Wenner-array) technique was used to perform the surface ER. A commercial device 

was selected that automatically displays the surface ER (i.e., measured through four equipment 

probes). 

3.4.2   Porosity 

Water porosity and water absorption tests were performed to compare the different properties of 

each concrete mixture. It was determined based on Archimedes immersion method [6]. After 7-, 14- 

and 28-days curing, one cylinder of each mixture was cut to obtain three samples of approximately 

100 mm diameter and 65mm height. The samples were placed in an oven at 60°C, to avoid the 

decomposition of concrete products caused by excessive temperature, for approximately 4 days. 

When the difference between two successive dry mass values was less than 0.3%, the specimen's 

dry mass (md) was determined. First, tests were conducted and it was concluded that a 0.3% change 

in mass results in an apparent porosity difference of less than 10%. Then, samples were immersed 

in water and subjected to vacuum ensuring water penetration. After 24 hours of immersion, the 

immersed (mi) and wet (mw) mass values were determined. The apparent porosity (AP) was 

calculated by Equation 3.4, while the apparent water absorption (WA) was calculated by Equation 

3.5. 
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AP (%) =  
𝑚𝑤 − 𝑚𝑖

𝑚𝑤 − 𝑚𝑑
∗ 100% Equation 3.4 

where mw is the wet mass, mi is the immersed mass, and md is the dry mass. 

WA (%) =  
𝑚𝑤 − 𝑚𝑑

𝑚𝑑
∗ 100% Equation 3.5 

 where mw is the wet mass and md is the dry mass. 

3.4.3 Ultrasonic pulse velocity 

Another non-destructive test performed at 3, 7, 14, and 28 days on all samples is the Ultrasonic Pulse 

Velocity (UPV), which was measured as per ASTM C597 [7]. The concrete dynamic modulus of 

elasticity (E) was calculated by Equation 3.6.  

𝐸 = (
𝑡

𝐿
)

2

𝜌 ∗
(1 + 𝜇)(1 − 2𝜇)

(1 − 𝜇)
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). 

3.4.4   Compressive strength and modulus of elasticity 

Compressive strength testing was performed at 3, 7, 14, and 28 days on all mixtures as per ASTM 

C 39 [8]. Furthermore, the static modulus of elasticity was conducted at 28 days on three samples 

from each mixture. 

3.5 Techniques to develop alkali aggregate reaction 

The expansion results for low alkali systems are more affected by leaching than conventional 

concrete mixtures [9]. In this project, four test methods (i.e., CPT, Encapsulated, Soaked, and 
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Wrapped) were used to analyze AAR development. CPT is the only one where the mixtures were 

boosted with 40% of cement alkali, whereas the other three non-boosted methods consist of 

maintaining the mixtures in contact with 0.4 M of NaOH to avoid leaching. It is worth noting that 

0.4 M of NaOH was selected trying to mimic the cement paste pore solution as presented in previous 

studies [10–12]. After casting, samples were demoulded, and studs were installed in the first 24 

hours. Then, zero reading of length, mass and surface ER was performed. After 48-52 hours of 

casting, specimens were placed in the storage conditions mentioned hereafter.  

3.5.1 Concrete prism test 

The first test is the standardized (CSA A23.2-14A, ASTM C1293)  concrete prism test (CPT) where 

specimens must be stored at 100% relativity humidity (R.H.) and 38oC [13,14]. However, this 

method is known to be subjected to excessive leaching of the alkalis, thus leading to lower expansion 

[9,13,15]. To minimize the impact on the expansion values, concrete mixtures fabricated to be tested 

under CPT conditions must be boosted to 40% of the cement alkalis, which is approximately 

equivalent to the total alkali leaching that will occur during a 1-year test [9,13].  

3.5.2   Wrapped method 

The wrapped method was also used to evaluate concrete ASR expansion of three concrete mixtures. 

Similar to the method developed by [16,17], concrete specimens were wrapped in wet non-woven 

cloth soaked in the 0.4 M NaOH solution and covered with polyethylene-low density resin (also 

known as plastic film) and exposed to a temperature of 38oC. To mimic the concrete pore solution 

a solution of 0.4 M of NaOH was selected as presented in previous studies [10–12]. 
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3.5.3   Soaked method 

Similar to previous studies [18,19], specimens were fully submerged in a 0.4 M NaOH solution in 

sealed 22-litre plastic pails and stored at 38oC. To ensure that all surfaces of the specimens were in 

contact with the solution, plastic racks were placed at the bottom of the buckets.  

3.5.4   Encapsulated method 

Based on the CCT method [20,21], concrete specimens of five mixtures were placed inside plastic 

bags with 50 ml of  0.4 M NaOH solution and stored at 38oC. Minimum air was kept inside the 

plastic bags, and they were compressed with an elastic band to ensure the solution is in contact with 

the specimen.  

3.6 Techniques to evaluate damage in concrete 

3.6.1 Damage rating index (DRI) 

The Damage Rating Index (DRI) is a semi-quantitative microscopic tool developed to assess the 

damage and its extent in conventional concrete using a stereomicroscope (about 15-16x 

magnification) [22,23]. Concrete cylinders were cut axially in half using a masonry saw equipped 

with a notched diamond blade, followed by successive grinding and polishing using a mechanical 

rotating steel wheel, upon which magnetic grinding and polishing disks are attached whose grits are 

30, 60, 140, 280 (80-100 µm), 600 (20-40 µm), 1200 (10-20 µm) and 3000 (4-8 µm). The 

petrographic distress features (i.e., cracks) are counted in squares drawn with 1 cm2 on the surface 

of a polished concrete section. Weighting factors, as per Villeneuve and Fournier [24] - Table 3.3, 

were applied to balance the importance of each type of crack based on the distress mechanism 

appraised.  

The final DRI number is the weighted value normalized to a concrete surface of 100 cm2 for 
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comparative purposes. In summary, the greater the DRI number, the higher the damage to the 

material. Moreover, the extended version of the DRI (i.e., without applying weighting factors) was 

used to evaluate the crack propagation and distribution within a concrete specimen [25,26].   

Table 3.3. DRI weighing factors for ASR-affected concrete [24]. 

Petrographic Features Weighing Factor 

Closed Cracks in Aggregate (CCA) 0.25 

Opened Cracks in Aggregates (OCA) 2 

Crack With Reaction Product in Coarse Aggregate (OCAG) 2 

Coarse Aggregate Debonded (CAD) 3 

Disaggregate/Corroded Aggregate Particle (DAP) 2 

Cracks in Cement Paste (CCP) 3 

Cracks with Reaction Product in Cement Paste (CCPG) 3 
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Abstract 

Sustainability is one of the major issues faced by the concrete industry due to the high CO2 emissions 

caused by cement production. Although most of the conventional mix-design approaches account 

for requirements in the fresh and hardened states, along with durability criteria, sustainability is a 

new key parameter that must be evaluated in concrete production. This paper focuses on 

disseminating the environmental concerns related to cement, highlighting the importance of using 

alternative materials as its partial replacement. Moreover, advanced mix-design techniques must be 

used to further enhance concrete eco-efficiency; hence, an overview of the different types of particle 

packing models (PPMs) is presented. Combining PPM with limestone fillers as an alternative ready-

to-apply method to produce eco-efficient mixtures is then proposed enabling concrete future 

competitiveness as a sustainable material. Finally, a brief discussion on the fresh and hardened 

performance of sustainable concrete along with its global warming impact is conducted. 

 Keywords: Cement Sustainable Impact, Concrete Eco-efficiency, Alternative Materials, Particle 

Packing Models, Discrete Models, Continuous Models  
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4.1  Introduction 

Concrete mixtures are tailored to achieve specific fresh and hardened properties based on the 

construction requirements. The conventional and standardized mix-design methods, including the 

ACI and British methods, usually used in the construction industry are based on experimental, 

analytical, or semi-experimental approaches. For example, in the ACI method, the proportion of 

concrete ingredients is selected according to the absolute volume of concrete [1]. To proportion a 

conventional concrete, several characteristics of the components must be predetermined, including 

material’s specific gravities, water absorption, aggregate finesses modulus, coarse aggregate dry 

rodded bulk density, and maximum particle size. Moreover, the targeted compressive strength and 

exposure conditions dictate the selection of water-to-cement ratio (w/c) and category of air-void 

characteristics for durability requirements. Furthermore, the fine and coarse aggregate particle-size 

distributions (PSD) must be within standard limits. Although it is known that these are the basic 

properties of the concrete’s components, aggregates and powders may also present significant 

variations in their morphological characteristics, including shape, specific surface area (SSA), 

packing density, etc. [2–6]. These properties not only affect concrete fresh state behaviour but can 

also increase the voids between the aggregate particles compromising the concrete hardened and 

durability aspects [3,7–9] as well as the required paste volume to achieve a given workability.   

4.1.1 Problem statement and objectives 

Although sustainability is one of the biggest challenges that the civil engineering industry is facing 

nowadays, high amount of cement, which is the main carbon dioxide (CO2) emitter [10,11], is used 

to fill the voids between these aggregates and achieve the required fresh, hardened, and durability 

properties. Concrete sector is currently with a total CO2 emission in excess of 2.5 Gt due to cement 
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production [12]. To overcome these environmental challenges, cement is commonly partially 

replaced by supplementary cementing materials (SCMs), including fly ash, blast furnace slag, and 

silica fume [4,10,13,14]. However, their use affects overall physical characteristics of concrete due 

to differences in morphological characteristics including particle shape, SSA, packing density, and 

PSD [3,4]. These properties affect significantly concrete workability resulting in complex rheology, 

distinct compatibility with admixtures, and limitations on applications [4,15]. Besides the issues 

faced on fresh state, they also presented the lack of early-strength development which may delay the 

early-age compressive strength. On the other hand, fillers can also be used as cement replacement 

without affecting negatively concrete workability while increasing the system packing, hence 

reducing system porosity and improving hardened and long-term performances [16–18]. 

Global commitments are targeting concrete net zero by 2050. Based on the Global Cement and 

Concrete Association [12], seven main actions are required to achieve this goal, including 1) savings 

in clinker production (11% - 430Mt CO2), 2) efficiency in concrete production (11% - 430Mt CO2), 

3) savings in cement and binders (9% - 350Mt CO2), 4) decarbonization (5% - 190Mt CO2), 5) CO2

sink: recarbonation (6% - 240Mt CO2), 6) carbon capture and utilization/storage (36% - 1370Mt 

CO2), and 7) efficiency in design and construction (22% - 840Mt CO2). This paper presents solutions 

for items two and three that correspond to 20% of the total goal. The main objective of this study is 

to provide a comprehensive understanding of the cement environmental constraints and show the 

importance of using alternative materials, especially limestone fillers, as a partial replacement for 

cement. Moreover, to overcome the challenges caused by conventional mix-design, a summary of 

the existing types of particle packing models (PPMs) and a discussion on different mix-design 

procedures available in the literature focusing on developing low cement content concrete is 

discussed [14,19–25].  
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4.2 Environmental constraints 

Concrete mixtures may be considered an eco-friendly material when the standard ingredients (i.e., 

aggregates and cement) are replaced by low-environmental impact materials that generate lower 

CO2 during their production and processing, including recycled materials. There are several 

examples in the literature of sustainable concrete where fine and/or coarse aggregates are substituted 

by recycled concrete aggregates, rubber, etc. [26–35]. Nevertheless, cement production accounts for 

85% of the CO2 emitted during raw material production and more than three-quarters of the total 

concrete’s CO2 emission of concrete from its production to its placement, hence it is considered the 

concrete component with the lowest sustainable aspect [10,11]. Global Cement and Concrete 

Association is committed with several countries to achieve Net Zero Concrete by 2050 [36,37]. Yet, 

sustainability commitments are targeting a reduction of 30% of the concrete industry's 1990 carbon 

emissions, which may result in a minimum reduction of 15MTs in greenhouse gases (GHG) by 2030. 

In this context, the following sections will explain the issues related to cement production and 

alternative methods to reduce carbon footprint. 

4.2.1 Cement production 

The optimization of a mixture design of concrete targets the three main concrete concerns, including 

1) fresh state properties, 2) hardened state properties, and 3) structure durability. However, its

sustainability must also be considered due to concerns regarding carbon footprint and climate change 

(Figure 4.1) [10]. Concrete production is a responsible source of CO2 accounting for more than 7% 

of global emissions, wherein ordinary Portland cement (OPC) production accounts for almost 6.5% 

of the annual CO2 emission [10,38,39]. Studies have shown that one ton of OPC produces 

approximately one ton of CO2 [40–42]. Moreover, the amount of CO2 emitted during OPC 
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production depends on the ratio between clinker and OPC, which is responsible for more than 50% 

of the total CO2 released.  

Figure 4.1. Important factors for developing optimized concrete mixture. 

Thus, a ton of clinker is responsible for releasing approximately 540 kilograms of CO2 during the 

calcination process, where limestone (CaCO3) is transformed into lime (CaO) [10,41]. To achieve 

the required temperature (1400-1500 °C), fuel is burned in the kilns allowing calcination. As a result, 

the thermal energy needed for the calcination process is responsible for the other 50% of CO2 

emissions during cement production. Statistics show that the top five cement producers countries 

have been unchanged (1: China, 2: India, 3: United States (US), 4: Turkey, 5: Vietnam) for more 

than five years, as shown in Table 4.1 [43–45]. China represents approximately 58% of the global 

OPC industry, while India and the United States account for 7% and 2%, respectively. In 2012, the 

global industry produced around 3.8 billion tons of OPC, but in 2018 the production reached 4.1 

billion tons [45,46]. Despite being less discussed, it is important to assess the cement production per 

capita to better analyze the cement need per country. In this context, the cement production in tons 
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per capita is lower in India and the United States (second and third top cement producers) than in 

Turkey and Vietnam (fourth and fifth top cement producers). 

Table 4.1. Cement production in million metric tons worldwide [43–45] 

Cement production in million metric tons 

Year China India United States Turkey Vietnam World 

2018 2370 290 89 84 80 4100 

2017 2320 290 87 81 79 4050 

2016 2410 290 86 77 70 4100 

2015 2350 270 83 77 61 4100 

2014 2480 260 83 75 61 4180 

2013 2420 280 77 71 58 4080 

2012 2210 270 75 64 60 3800 

Cement production tons per capita1

Year China India United States Turkey Vietnam World 

2018 1.70 0.21 0.27 1.02 0.84 0.54 

2017 1.67 0.22 0.27 0.99 0.83 0.54 

2016 1.75 0.22 0.27 0.96 0.75 0.55 

2015 1.71 0.21 0.26 0.98 0.66 0.56 

2014 1.82 0.20 0.26 0.97 0.66 0.58 

2013 1.78 0.22 0.24 0.94 0.64 0.57 

2012 1.64 0.21 0.24 0.86 0.67 0.54 
1
World and country population was retrieved from [47] to calculate cement production tons per capita. 

Linking the data quoted above with statistics regarding CO2 production, one may notice that the 

largest global cement producers coincide with major global CO2 emitters [44,48], as can be observed 

in Figure 4.2. Although the production and transportation of coarse aggregate also represent a high 

portion (14.4%) of CO2 release [10], a small reduction of 15% of cement content may denote a 

reduction of more than 10% in CO2 emission during the production of conventional concrete (350-

400 kg/m3 of cement and over than 900 kg/m3 of coarse aggregate).  

Different studies focusing on practices that may be used to reduce the energy required for cement 

production have been published [10,39,49,50]. However, a cement drop of more than 50% 
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[22,25,51] has been reported when cement is replaced by eco-friendly materials and non-

standardized mix-design methods are used [25,50,52].  

a) b)

Figure 4.2. Map of the global share of CO2 emissions and cement production in million 

metric tons from the top 10 producers in 2016 (graph developed with data from [44,48]). 

4.3 Alternative approaches to producing sustainable concrete 

4.3.1 Supplementary cementitious materials - SCMs 

Alternative eco-friendly binders (SCMs) started to be developed and largely employed to reduce 

cement environmental impact [13] in the last few years. Fly ash, silica fume, and granulated blast 

furnace slag (GBFS) are the three most commonly used SCMs [31,53,54]. SCMs and/or industrial 

by-products contribute to the reduction of CO2 emissions since no further process is required for 

their production [10,13,14]. However, some materials (i.e., GGBS) require grinding. For each ton 

of GGBS produced, approximately 0.07 tons of CO2 is released [55], yet this is very sustainable 

compared to cement. As can be observed in Figure 4.3, the reduction of CO2 emissions due to the 

production of blended cement [56] is displayed. From 2000 to 2013, the decrease was approximately 

15%. Nevertheless, the most significant drop occurred in 2005, when the CO2 release reduced by 

7.5% in 5 years. 
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Figure 4.3. CO2 emissions of blended cement (Adapted from [56]). 

Besides pre-blended cement, direct substituting cement by SCMs can also lower the carbon 

footprint. Standards around the world allow a higher replacement for GBFS and fly ash than silica 

fume (Table 4.2). Therefore, considering the cement production in 2018 and the maximum percent 

of replacement allowed by CSA [57], the world production of GBFS and fly ash should exceed 

2,870 and 2,050 million metric tons per year, respectively. The amount of GBFS and fly ash required 

represent more than 11 and 2.5 times, respectively, of their production in 2010 (Table 4.3). Thus, 

although SCMs are considered outstanding cement replacements due to their performance, 

durability, sustainability, and economic aspects [10,13,14,31,55,58], their availability does not 

increase at the same rate as cement demand [50,59,60].  

Table 4.2. Percentage limits of blended hydraulic cement (Adapted from [57,61]). 

Material 
Fly 

ash 
GBFS 

Silica 

Fume 

Ternary and 

quaternary 

blended 

Maximum component based on common 

cement produced in Europe 
35 35 10 - 

CSA Component percent limits (%) 50 70 15 601 
1
In a ternary blend containing silica fume and slag, the maximum supplementary cementing materials content shall be 

increased to 70%. 
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Table 4.3. Estimated Slag and Fly Ash production in million metric tons worldwide. 

Year Slag Fly Ash 

2005 ~210 [62,63] ~500 [64] 

2010 ~250 [63,65] ~750 [64,66,67] 

4.3.2 Limestone fillers 

Inert fillers are other key materials that may be used to enhance concrete mixtures. Although a high 

range of inert fillers may be used, limestone fillers (LF) are the most used ones [50] due to their 

availability worldwide, economy, volumetric stability within the cement paste, improvement in the 

fresh state due to the spherical shape, and its production in different PSD [50,68–73]. In terms of 

production and availability, approximately 6,000 million tons of filler are produced yearly [50], 

being one of the only products that exceed Portland cement production. Based on previous studies, 

the average replacement ratio is around 20%; nevertheless, the limit of 35% is acceptable in some 

standards (i.e. in Europe and South Africa) [16,50,68,74].   

Another important advantage of limestone fillers is their production with PSD similar to cement 

PSD. As can be observed in Figure 4.4, two distinct cement PSD available in North America are 

compared with seven different fillers. One may notice that the fillers presented in green shades 

(Fillers 4, 5, and 6) contain PSD comparable to cement 1 and 2. The darker green presents the least 

equivalent cement PSD, while the lighter green contains almost exactly the same PSD as cement 2. 

These types of filler can be called “replacement filler” [25,51].  

On the other hand, LFs with PSD lower than cement (presented in colours different than green - 

Figure 4.4) are also available in the market and can be called “performance filler”. Finer LF 

enhances concrete mechanical properties due to its filler effect, raise of nucleation sites, growth of 

hydration kinetics, and increase in packing density [72,73,75,76]. However, it is worth noting that 
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the higher the SSA of a material, the higher its water demand [18,70]. Therefore, the fresh state 

performance and the water required for the desired consistency may be affected especially when the 

“performance filler”, which contains d50 <10 µm, is not diluted.  Thus, LF must be carefully selected 

to avoid negatively impacting the concrete performance, while enhancing its ecological aspect. 

Figure 4.4. Different PSD of limestone fillers. 

Thus, the main reasons to use LF as a replacement for cement are highlighted hereafter: 

• By-products from aggregate quarries and thus constitute an economic and sustainable

alternative to civil construction [69,77];

• Considerable ecological benefits due to the reduction of CO2 emission compared to OPC

production [69,78];

• Availability with distinct PSD and containing spherical particles which improve the fresh-

state performance [50,68–72].
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• Improvement of the rheological performance of cementitious materials (i.e. cement paste,

mortar and concrete made by OPC) – known as dilution effect – reduction of OPC particles

with the addition of LF at constant water content [16,69,71];

• Enhancement of the microstructure of concrete by reducing porosity and shrinkage.

Moreover, they may improve durability-related properties of the material, especially the ones

linked to transport mechanisms [78,79];

• Enrichment of the hydration process, especially at early ages, due to the increase of

nucleation sites for hydration products and the raise in the amount of space available for

hydration products precipitation [72,75,76].

Although there are numerous advantages to concrete's short-term behaviour, more research is 

needed to determine the effect of limestone filler on concrete durability when a its PSD is accounted 

for mix-proportioning the concrete. Some studies [80] concluded that using limestone fillers as a 

direct replacement for OPC increases the carbonation rate when compared to concrete with the same 

w/c, whereas other investigations found no significant effect on concrete carbonation resistance 

when up to 15% [81] and 35% [82] limestone filler were used. However, the use of limestone filler 

may improve other aspects of durability, such as alkali aggregate reaction due to decrease of 

system’s alkali content or freeze/thaw and corrosion resistance when system’s permeability is 

reduced [83]. 

4.3.3 Particle packing models - PPMs 

Although IF and/or SCMs may be used as a partial replacement for OPC, further reduction of OPC 

may be achieved by enhancing the system’s PSD. PPMs are analytical/mathematical techniques 

developed to optimize the gradation of the skeleton aiming to minimize the porosity of different 
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materials, such as ceramics, concrete, and asphalt [8,20,84–87]. Packing density (Øp) is defined by 

the solid volume that fills the total volume, as defined in Equation 4.1, being inversely proportional 

to the voids fraction.  

Ø𝑝 =
𝑉𝑠𝑜𝑙𝑖𝑑

𝑉𝑡𝑜𝑡𝑎𝑙
Equation 4.1 

Although PPMs may be divided into discrete and continuous models, the overall main objective is 

to densifier the material microstructure [22,86]. The higher the packing density, the lower the 

amount of voids between fine and coarse aggregates, which are filled by paste (≤ 125 µm, i.e., 

binder, fillers, and water). Albeit satisfying fresh and hardened state properties can be achieved with 

conventional mix-design techniques, PPMs may be used to improve concrete eco-efficiency, while 

enhancing matrix packing and reducing the required amount of paste to achieve a given workability. 

The science of particle packing started in the late 19th, when Féret in 1892 studied the influence of 

aggregate packing on concrete hardened state [22,88]. However, only in the 1900s PPMs start to be 

developed. The first continuous PPMs was created by Fuller in 1907 [19,20,22,87], whereas the first 

discrete model was created by Furnas between 1929 (i.e. binary) and 1931 (multimodal models) 

[19,22,87,88]. Based on these both pioneers of PPMs, this science was enhanced over the years and 

the literature presents several types of PPMs summarized in Figure 4.5 [19,20,22,87–89].  

4.3.3.1 Furnas 

The discrete packing theory proposed by Furnas considers the optimum packing of two materials 

(finer material – 2 and coarser material – 1) [19,20,22,90]. Based on this research, two possibilities 

must be considered: a) Fine material dominant (Figure 4.6a): Volume fraction of fine (Vf2) greater 



69 

than Vf1 and b) Coarse material dominant (Figure 4.6b): Vf1 greater than Vf2 [19,20,22,90].  For the 

latter case, the partial volume of the coarse (V1) is equal to the residual packing density of the coarser 

particles (Øp1), since the particles will be rearranged to their maximum particle and the voids volume 

produced will be enough to allow adding the fine material without changing the coarse particle place. 

Figure 4.5. Particle packing models available in the literature. 

The system packing density (Øp-s) can be described as the sum of the maximum packing density of 

the coarser particle (Øp1) and the partial volume of the finer particle (V2), as described in Equation 

4.2 [86,91,92]. 

Ø𝑝−𝑠1 = 𝑉1 +  𝑉2 = Ø𝑝1+ 𝑉2 =
Ø𝑝1

1 − 𝑉𝑓2

Equation 4.2 

where Vf2 is the volume fraction of large particles (ratio between the V2 and the total volume of 

particles). 
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a) b) 

Figure 4.6. Binary systems, including a) Fine material dominant and b) Coarse material 

dominant. 

Conversely, when the volume of fine material is dominant, the coarse particles are added into a 

system that is already filled by small particles occupying the entire volume (i.e., 100%). As a result, 

the coarse partial volume is equal to its contribution to the system packing density. Whereas, the 

fine particles fill up the volume not occupied by the coarser particles with their own maximum 

packing density (Equation 4.3) [86,91].  

Ø𝑝−𝑠2 = 𝑉1 +  𝑉2 = 𝑉1 + Ø𝑝2(1 −  𝑉1) =
1

𝑉𝑓1 +
𝑉𝑓2

Ø𝑝2

Equation 4.3 

where Øp2 is the packing density of small particles and Vf1 is the volume occupied by large particles 

in a unit volume. 

However, this case of high-density packed systems may only be achieved when D2 is significantly 

smaller than D1 (i.e., smaller than the voids between the current components); otherwise, two types 

of system interactions may occur. First, the coarser particles may be disturbed and displaced by the 

fine particles resulting in increased porosity. This phenomenon is known as the “loosening effect” 
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and it is illustrated in Figure 4.7a [19,20]. Second, the so-called “wall effect”, may take place 

whenever fine particles get trapped around much coarser particles, increasing the system porosity, 

as illustrated in Figure 4.7a [19,20]. 

Kawashima et al. (2012) explained mathematically the creation of the void in a binary system of a 

cement paste matrix. The cement paste Øp is primarily affected by flocculation or agglomeration of 

the particles (i.e., the stage where a cement particle becomes a floc of higher volume). Similarly to 

Furnas theory, two possible states can be considered: flocculation and dispersion. The former takes 

place when large particles (flocs) have the maximum Øp and their voids are filled with smaller 

particles (Equation 4.2). If the volume of small particles is increased (V2), the packing density is 

governed by the second state: dispersion (Equation 3) [92]. The packing density of flocculated or 

dispersed systems is presented in Figure 4.7b.  

a) b) 

Figure 4.7. a) Wall and Loosening effect and b) Cement paste packing density as a function 

of small particles volume adapted from[90,92]. 

Furthermore, Furnas extended his discrete distribution studies to multimodal cases. Therefore, 

monodispersing materials with a discrete distribution represent only a fraction of a multimodal 
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system that forms a geometric progression, which has a similar representation to a continuous 

distribution with all sizes of diameter (Equation 4.4) [87,93]. 

𝐶𝑃𝐹𝑇 = ( 
𝐷𝑝

log 𝑟
− 𝐷𝑆

log 𝑟

𝐷𝐿
log 𝑟

− 𝐷𝑆
log 𝑟

) . 100 Equation 4.4 

where CPFT is the cumulate percentage finer than Dp; Dp is the particle diameter; DS is the smallest 

particle diameter available in the system; DL is the largest particle diameter available in the system; 

r is the ratio between the retained volume of Dp and Dp-1 (next smaller sieve).  

4.3.3.2 Aim’s model 

Continuing the idea of fine or coarse material dominant, Aim further developed the former equations 

focusing on the wall effect [88]. Therefore, this model is more recommended for a small ratio 

between D2 and D1 [88,94]. According to Aim’s model, the maximum packing density (y*) may be 

calculated using Equation 4.5 and Equation 4.6. where the second term of p (1+0.9*D2/D1) refers to 

the wall effect. When the fine grain volume (Vf2) is lower than y*, the system packing density is 

calculated similarly to Equation 4.2. Whereas when Vf2 ≥ y*, the packing density is found by 

Equation 4.7 

𝑦∗ =
𝑝

1 + 𝑝

𝑝 =
Ø𝑝2

Ø𝑝1
− (1 + 0.9 ∗

𝐷2

𝐷1
) ∗ Ø𝑝2 

Equation 4.5 

Equation 4.6 

Ø𝑝−𝑠 =
1

[
 𝑉𝑓2

Ø𝑝2
+ (1 −  𝑉2) ∗ (1 + 0.9 ∗

𝐷2

𝐷1
)]

Equation 4.7 
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However, Goltermann et al. [88] verified that Aim’s model cannot predict precisely the system 

packing density and Toufar’s model showed a better prediction of the packing degree of two or three 

aggregates. 

4.3.3.3 Toufar 

Toufar approach takes into consideration two phenomena (wall and loosening effect) that can occur 

when D1 ≈ D2 [88,95]. It was valid for ternary or multi-component mixtures using a weighted average 

of binary mixtures when the diameter ratio (D2/D1) ranged from 0.22 to 1.0 [19,20]. Toufar and 

modified Toufar models are further described in [88]; however, the latter is considered more precise 

to predict the system packing density when compared with experimental work. Europack is a 

program available that calculates dry system packing density through the modified Toufar model, 

which optimizes aggregate proportions with another concrete material aiming at the highest packed 

system [96–98]. However, it is not considered a mix-proportioning method, since similar to Aim’s 

model, it only calculates the aggregates packing degree (i.e., the ideal proportion between the 

aggregates); hence, further models must be considered to determine the amount of paste in the 

system [96]. Jones et al. [98] proved that the modified Toufar model was not adequate when 

optimizing the proportioning of Portland cement and limestone filler due to the low characteristic 

diameter ratio (D2/D1 = 0.40).  Another important drawback of the model is that all particles are 

assumed to be spherical and the materials are monosized [23]. 

4.3.3.4 De Larrard 

As previously stated in Figure 4.4, De Larrard has developed three mix-design approaches: Linear 

Packing Density Model (LPDM), Solid Suspension Model (SSM), and Compressive Packing Model 
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(CPM). The SSM was also developed based on LPDM; however, the virtual packing density (β) was 

introduced as the maximum packing density truly achievable in the dry system when the particles 

are added one by one [20]. The CPM is the most modern type of discrete PPM and is well-known 

in concrete technology due to the software BétonlabPro and RENE LCPC [97]. The main 

difference/upgrade from LPDM to CPM is that the first calculates the system packing through eigen 

packing, while CPM used the compaction K-index and the virtual packing density (β) [20,97]. Since 

in the real applications the particles are not placed one by one and their organization depends on the 

compaction type and energy applied, the K-index was introduced to enhance the prediction of the 

real system packing density [90,99,100]. One way to correlate both models is to consider LPDM 

with a compaction K-index equal to infinite [20,97]. Fennis et al. [86] concluded that CPM is not 

the ideal model to predict the packing density of powder mixtures and a new model called 

Compaction-Interaction Packing Model must be used to optimize the dry system packing density 

(aggregates + powders) and reduce the amount of binder required. There is still a lack of studies 

regarding this new model and the correlation between fresh and hardened states and the packing 

density [86].  

4.3.4 Continuous particle packing models 

The second type of PPMs is called continuous models, which are mathematical procedures 

developed considering particles with continuous size distribution (i.e. no gaps throughout the whole 

PSD) [19,20,22]. Within continuous models, three well-known approaches are found, including 

Fuller, Andreasen, and Alfred model (also known as modified Andreasen). In the 90s, studies show 

that gap-graded aggregates affect concrete compressive strength [9,19,22,94], as a result, continuous 

models started to be developed and are still being used nowadays. Since these models are focused 
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on the CPFT, a complementary algorithm published by Westman and Hugill in 1930 may be used 

to calculate the system's maximum packing factor [87].  

4.3.4.1 Fuller 

One of the first and most well-known continuous PPMs was presented by Fuller in 1907 notorious 

as Fuller-Thompson equation (Equation 4.8). The ideal system gradation curve, which reaches the 

system maximum packing density (Øp), was proposed using a distribution coefficient equal to 0.5 

[19,20,22]. After further research, it was concluded that a distribution coefficient equal to 0.45 must 

be used for ideal curves in pavement mix-design [20].  

𝐶𝑃𝐹𝑇 = 100 ∗ (
𝐷𝑃

𝐷𝐿
)

𝑞

Equation 4.8 

where CPFT is the cumulative (volume) percent finer than DP, DP is the particle diameter, DL is the 

larger particle diameter, and q is the distribution coefficient. 

4.3.4.2 Andreasen 

Studies were performed based on Fuller-Thompson equation to achieve an ideal packing through 

continuous PPMs. According to Andreasen, the ideal packing occurs when there is a similarity in 

the distribution and arrangements of the particles even when comparing particles of different sizes 

(Figure 4.8), the so-called granulation image [93]. Besides, Andreasen determined experimentally 

that the distribution coefficient should be between 0.33 and 0.50 [22,93].  



76 

Figure 4.8. Ideal packing showed through granulation image. 

4.3.4.3 Alfred 

Fuller-Thompson curve presents a significant drawback due to the neglect of the smallest particle 

size of the PSD, which in reality is different from 0. Therefore, in 1980, Funk and Dinger enhanced 

Fuller-Thompson equation accounting not only for the largest particle diameter but also for the 

smallest particle diameter (DS), as displayed in Equation 4.9. This model is known as Alfred model 

or modified Andreasen [101,102].  

𝐶𝑃𝐹𝑇 = 100 ∗ (
𝐷𝑃

𝑞 − 𝐷𝑆
𝑞

𝐷𝐿
𝑞 − 𝐷𝑆

𝑞 ) Equation 4.9 

Based on computational analysis, it was determined that the optimum packing is achieved when the 

distribution factor is equal to 0.37 [22,87]. Conversely, the optimum q-factor reduces concrete 

flowability as the concrete presents less porosity and thus OPC content. Aiming to improve concrete 

flowability, a q-factor of 0.22 is often suggested since it results in a higher amount of powders and 

a lower amount of coarse aggregates producing a suitable amount of powder to liquid ratio, helping 

the coarse aggregate particles slippage. The difference between the q-factors of 0.22 and 0.37 is 

further discussed hereafter.  
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4.3.4.4 Comparison of the three continuous models 

Several authors have shown the importance of continuous packing model [19,20,22,93], a full 

analysis demonstrating the difference between the models must be performed before applying these 

methods in a cement-based material mix-design. A comparison between the three continuous models 

presented above (i.e., Fuller, Andreasen, Alfred model) is presented in Figure 4.9. It is worth noting 

that the maximum diameter of 19 mm was selected, which represents the maximum diameter of 

coarse aggregate of conventional concrete. On the other hand, when required the minimum diameter 

was attributed as 3 µm to represent the minimum diameter of the powder (i.e., binder and/or filler). 

Additionally, the particle diameter chosen for this representation follows the sieve size of ASTM 

C33 [103] for a standard concrete, where the CPFT was divided as shown hereafter from largest to 

smallest: 1) coarse aggregate of 19, 12.5, and 9.5 mm; 2) fine aggregate of  4.75, 2.36, 1.18, 0.6, 

0.3, 0.15 mm; and 3) powder of 0.1, 0.05, 0.025, 0.125, 0.006, 0.003 mm. The third group (powder) 

was selected based on a class-size ratio of two. 

a) b) 

Figure 4.9. Ideal packing calculated through distinct continuous models showed in terms of 

a) CPFT and b) discrete percentage retained.
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The dotted line represents the first continuous model – Fuller with a coefficient of distribution (q) 

equal to 0.5. The second model (dashed line) is the Andreasen with a q value of 0.33 calculated with 

the same equation and varying just the q-factor. Both models show that since the smallest diameter 

particle is not considered in the calculations, both present a CPFT higher than 0% for particles 

around 0.003 mm (3 µm), precisely 1% and 6%, respectively. Knowing that the material 

characterization is performed, the binder and fillers' PSDs are determined. The use of Fuller or 

Andreasen model leads to a notable miscalculation since it considers that the system PSD will 

always have 1% or 6% of material finer than 3 µm independently of the powder selection. Moreover, 

one may notice that both methods present a similar CPFT curve shape, while Figure 4.9b highlights 

a lower powder (particles < 125 µm) content, approximately 8%, on Fuller model, while Andreasen 

model achieves 19% for the simulation with dmax = 19 mm. The difference between four Alfred 

models with a q-factor equal to 0.22, 0.26, 0.33, and 0.37 representing models that are recommended 

for highly flowable mixtures (i.e., self-consolidating concrete q = 0.22) and highly-packed mixtures 

(q = 0.37) is shown in Figure 4.9. The first advantage of this approach is that the real minimum 

diameter of the system is considered in the calculations. As a result, all four curves contain a CPFT 

of 0% when the particle diameter reaches the minimum size. Analyzing further Figure 4.9a, one may 

notice that at 125 µm Alfred model q = 0.26 reached the CPFT of 19% analogous to Andreasen 

model with a q value of 0.33. However, while appraising Figure 4.9b, Andreasen and Alfred model 

with q values of 0.33 and 0.37 displayed similar discrete retained curves at 125 µm, but also 

extending up to 0.6 mm. As a result, one may conclude that although these mixtures achieve different 

percentages of powders, they may be produced for similar applications - conventional vibrated 

concrete. Yet, it is worth emphasizing that all these percentages must be used to calculate the final 
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dry-PSD of cement-based materials. The selection of materials far from the ideal curve and water-

to-cement ratio keeps affecting the fresh and hardened-state properties of the produced mixture. 

4.4 Mix-design procedures 

One may note that continuous packing models are simpler than discrete ones and can be easily 

implemented without software and a large number of materials characterization tests. Therefore, to 

propose a ready-to-apply method to produce eco-efficient mixtures, this section will present how to 

calculate a concrete mix-design using Alfred model as the most novel continuous model. Besides, 

the main environmental benefits are presented hereafter.  

4.4.1 Example of concrete mix-designs (comparison of the three continuous models)  

A detailed calculation of a concrete mix-proportion is presented hereafter to better explain the 

difference between the three continuous methods presented in Section 6.2.2.4. Although the three 

distinct methods offer the percentage of dry material, a w/c must be selected to further calculate the 

mass required of each concrete component. The example below was based on the assumption of 

0.42 w/c, which is the minimum amount of water required to complete the degree of hydration (α) 

based on Powers’ model [104–107]. Considering the total volume of concrete components, the mass 

of cement may be calculated through Equation 10.  

𝑚𝑐 =  
𝑉𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 −  𝑉𝑎𝑖𝑟

1
𝛾𝑐

+
𝑎

𝛾𝐹.𝐴.
+

𝑏
𝛾𝐶.𝐴.

+
𝑤
𝑐

Equation 4.10 

where F.A. is fine aggregate, C.A. is coarse aggregate, Vconcrete is the total volume of concrete, Vair 

is the total volume of entrapped air, γc is cement specific gravity, γF.A. is fine aggregate specific 

gravity, γC.A. is coarse aggregate specific gravity, a is mass ratio of F.A. and cement, and b is mass 

ratio of C.A. and cement. 
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For calculation purposes, the volume of entrapped air adopted is equal to 2%, while the cement, 

F.A., and C.A. specific gravities are equal to 3.12, 2.54, and 2.68, respectively. The mass proportion

of the six concrete mixtures investigated in this study (Table 4.4). It is worth emphasizing that the 

first method (Fuller q = 0.5) was the first continuous PPM model and it is clear that a unit volume 

of concrete cannot be developed with only 7% (i.e. 210 kg/m3) of cement and 9% of water (i.e. 88 

kg/m3), as shown in Figure 4.10. As mentioned before, Andreasen model presents the same issue 

disregarding the minimum diameter in the calculation. Nevertheless, when a q-factor of 0.33 is 

selected, this model results in conventional mix-design which is fairly similar to the Alfred model 

with a q value of 0.26. The Alfred model with q value of 0.37 introduces the mix-design with higher 

packing density, hence lower cement content, while q value of 0.22 is recommended for more 

flowable concrete mixtures (i.e., self-consolidating concrete), hence resulting in higher cement 

content requirement.     

Table 4.4. Mix-design in kg/m3 for different continuous PPM. 

Fuller Andreasen Alfred 

q = 0.5 q = 0.33 q = 0.37 q = 0.33 q = 0.26 q = 0.22 

Cement 210.21 434.58 300.60 345.03 431.65 485.44 

F.A. 972.70 924.57 1023.14 1017.72 990.24 964.12 

C.A. 1182.91 788.42 950.31 867.85 724.94 645.76 

water 88.29 182.52 126.25 144.91 181.29 203.88 

w/c 0.42 0.42 0.42 0.42 0.42 0.42 

To develop a more eco-efficient concrete, SCMs and/or filler are used as mentioned in Section 3. 

Assuming cement is partially replaced by limestone filler since it is a by-product of aggregate 

company, concrete sustainability can be further enhanced. A limestone filler with a specific gravity 

of 2.70 was used as 30% of the total mass of powder (i.e., cement + filler). The usage of limestone 

fillers using the Alfred model with q values of 0.37, 0.26, and 0.22 is highlighted in Figure 10. The 
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cement content was reduced by 27% on average. Moreover, the volume of F.A. and C.A. increased 

by 2% and 1% on average, respectively. Therefore, one may conclude that in terms of total 

aggregate, the quantities are similar for mix-design with or without cement replacement. 

Nevertheless, special attention must be taken regarding the water content since it is significantly 

reduced (on average 5% in volume) since the w/c was kept constant. Therefore, for real mix-design 

with low cement content and a high volume of replacement filler, the w/c can be substantially higher 

than the conventional. Previous studies [25,51] achieved compressive strength higher than 40 MPa 

with w/c higher than 0.50, proving that the conventional Abrams law cannot be used to predict 

concrete compressive strength when advanced mix-design techniques and a high volume of 

limestone filler are used.     

Figure 4.10.Volumetric comparison between distinct continuous PPMs with and without 

fillers. 
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4.4.2 Analyzing eco-efficient concrete mixtures 

Mix-design science must be carefully applied to develop optimum concrete mix-proportions and 

achieve the required properties [2]. As mentioned in Section 6.2, nowadays mix-design must have 

a balance between suitable fresh and hardened properties, durability, economy, and sustainability. 

Since it is known that cement is the most expensive and least eco-friendly component of concrete, 

a list of studies with eco-efficient concrete (i.e., reduced cement content) will be presented hereafter. 

Although standardized mix-design methods (e.g. American Concrete Institute – ACI method) are 

widely applied, these methods disregard important features of the mixture components (e.g. PSD) 

and concrete yield with a high cement content (i.e., higher than 320 kg/m3 for nominal coarse 

aggregate size equal to 20 mm) [108]. A database of 71 PPM concrete mixtures, containing mixtures 

classified as eco-efficient available in the literature, was developed [14,20,23–25,101,102]. As can 

be observed in Figure 4.11a,  the highly packed concrete mixtures considered eco-friendly in the 

literature contain at least 50% of cement mass to the total mass of powder, regardless of the type of 

PPM and the replacement materials (e.g., SCMs and/or fillers). Moreover, more than 93% of the 

mixtures were produced with cement content equal to or lower than 320 kg/m3, as shown in Figure 

4.11b. The five outlier mixtures are considered high-performance concrete (e.g., compressive 

strength > 50 MPa). Moreover, four out of five of them were produced by packing only the aggregate 

portion.  



83 

a) 

b) 

Figure 4.11. Mass of cement percentage in relation to the total amount of powders of eco-

friendly mixtures. 

4.4.3 Binder intensity 

Compressive strength at 28-days is the main parameter for structural design. Although OPC is 

responsible for generating calcium silicate hydrate (C-S-H) responsible for strength development, 

there is a misconception in concrete industry that links the amount of OPC with concrete strength. 

In this context, an index correlating the amount of binder required to develop one unit of concrete 

property, for instance, the compressive strength is proposed [109]. They called it as binder intensity 

index (bi). The bi factor may be calculated through Equation 4.11, and it quantifies the eco-

efficiency of concrete mixtures.  
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𝑏𝑖 =  
𝐵𝐶

𝑃
Equation 4.11 

where bi is the binder intensity index, BC is the binder content (kg/m3), and P is the performance 

requirement (e.g., compressive strength – MPa).  

This calculation does not require additional information and may facilitate the analysis of the 

environmental effects caused by different types of concrete. This study clearly demonstrated that 

high strength (> 40 MPa) concrete mixtures are “naturally” more optimized since they correspond 

to lower bi factors compared to conventional concrete. On the other hand, conventional concrete 

mixes (i.e., 20-40 MPa) showed to be often designed with moderate to high OPC contents, which 

shows the need for techniques to improve their eco-efficiency. As can be observed in Figure 4.12a, 

the majority of concrete produced worldwide presents OPC contents ranging from 250 to 500 kg/m³ 

and the vast majority of bi found in conventional concrete are close to or higher than 10 kg.m-3.MPa-

1. Finally, it is important to note that only roughly 2% of the concrete mixtures commonly used

worldwide present OPC contents lower than 250 kg/m³ of concrete. 

Based on the database analyzed in this study (Figure 4.12b and Table 4.5), around 6% of the packed 

eco-friendly mixtures resulted in a bi-factor above 11 kg.m-3.MPa-1. Analyzing only the self-

consolidating concrete (SCC) mixtures, the average bi-factor and cement content were 9.2 kg.m-

3.MPa-1 and  261 kg/m3, respectively. These mixtures can be classified as eco-efficient due to the

PPM. Besides, regardless of the concrete type (i.e., vibrated or SCC), it was proven that when the 

newest PPM models are selected (i.e., Alfred model and CPM), bi-factor is on average lower than 

the other methods. 
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Table 4.5. Summary of SCMs, fillers content, and bi factor of the mixtures in the database. 

Name 
Packing 

Only Agg. 
Method Cement Slag Fly ash 

Micro Silica 

/Silica Fume Filler bi 

(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg.m-3 .MPa-1) 

Aanson, 2011 

[23] 
Y Modified Toufar 

270 90 - - - 11.4 

270 90 - - - 9.9 

248 83 - - - 8.9 

349 116 - - - 7.0 

349 116 - - - 7.6 

293 98 - - - 6.1 

293 98 - - - 6.9 

Matos et al., 2019 

[14] 
Y 

Experimental 

Optimum Agg. 

Packing 

365 - - - - 7.2 

328 - 36 - - 6.2 

292 - 73 - - 6.3 

255 - 109 - - 6.6 

Kumar and 

Santhanam, 2003 

[20] 

N 
Modified 

Andreasen 

270 - - 30 55 3.6 

360 - - 42 - 5.2 

320 - 220 - - 13.2 

Wenqiang et al., 

2018 [24] 
N 

CPM, 3PM and 

Experimental 

308 - - - 53 7.0 

308 - - - 53 8.6 

308 - - - 53 10.3 

308 - - - 106 6.8 

308 - - - 106 7.2 

308 - - - 106 8.3 

308 - - - 159 6.4 

308 - - - 159 6.7 

308 - - - 159 7.2 

308 - - - 212 6.3 

308 - - - 212 6.8 

308 - - - 212 7.2 

Current Work N Alfred 

161 85 - - - 7.7 

152 93 - - 53 8.2 

200 106 - - - 7.8 

190 116 - - 70 7.1 

152 80 - - - 7.0 

187 99 - - - 6.8 

de Grazia et al., 

2019 [25] 
N Alfred 

261 - - - - 4.0 

197 - - - 61 3.6 

149 - - - 104 3.4 

282 - - - 143 4.1 

214 - - - 212 3.9 

161 - - - 259 3.3 

Ali et al., 2020 

[101] 
N Fuller 

232 - 62 15 - 9.8 

232 - 62 15 - 10.8 

232 - 62 15 - 9.8 

232 - 62 15 - 10.5 

232 - 62 15 - 10.2 

232 - 62 15 - 8.9 

232 - 62 15 - 10.0 

232 - 62 15 - 10.4 

232 - 62 15 - 10.1 

232 - 62 15 - 9.9 

232 - 62 15 - 9.9 

232 - 62 15 - 10.3 

232 - 62 15 - 9.0 

232 - 62 15 - 9.1 

232 - 62 15 - 9.8 

232 - 62 15 - 10.0 

232 - 62 15 - 9.3 
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Name 
Packing 

Only Agg. 
Method Cement Slag Fly ash 

Micro Silica 

/Silica Fume Filler bi 

(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg.m-3 .MPa-1) 

Ali et al., 2020 

[101] 
N Fuller 

232 - 62 15 - 9.7 

232 - 62 15 - 10.6 

232 - 62 15 - 10.9 

Esmaeikhanian, 

2017 [102] 
N Alfred 

268 - - - 40 9.9 

271 - - - 41 10.8 

220 - 74 - - 12.8 

252 - - 11 40 8.8 

251 - - 11 40 9.4 

206 - 75 11 - 10.1 

267 - - - 40 10.7 

265 - - - 40 10.6 

223 - 75 - - 13.0 

256 - - - 39 10.2 

243 - - 11 39 8.5 

243 - - 11 39 9.1 

196 - 71 11 - 10.3 

a) b) 

Figure 4.12. a) Relationship between binder intensity and compressive strength at 28-days 

international records [109] and b) Comparison of bi-factor of PPM mixtures. 
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ACI method. Due to these difficulties, many authors [14,23,51] have stated that previous 

experimental work and/or trial and error must be performed to determine the effective water content 

and w/c. Anson-Cartwright et al. [23] stated that each mixture was first manufactured to check the 

fresh state (i.e., workability), then the samples were produced. Other authors [25,51] added 

admixtures (e.g., high-range and mid-range water reducers) to achieve acceptable workability or 

desirable slump. For conventional concrete, slump is the most common test used to appraise concrete 

fresh state behaviour, whereas for self-consolidating concrete (SCC) the slump-flow, V-funnel, J-

ring, and L-box are the standard tests performed to evaluate its fresh state. The slump or slump flow 

values of the investigated mixtures are summarized in Table 4.6. Moreover, it also shows the water 

content and water-to-binder ratio (w/b) which are two parameters that affect concrete fresh state, 

whereas the cement content is presented to better evaluate the mixture's eco-efficiency. One may 

notice that the lower the cement content, the higher the w/b since a minimum amount of water is 

required to achieve the desirable fresh state properties (i.e., slump or slump flow). However, the 

slump or slump flow tests are not adequate methods to appraise cement-based mixtures' fresh state 

behaviour and workability [97]. Both are single-point tests that appraise the easiness of the material 

to flow under its own weight at a specific time (e.g., right after batching or removing from the truck). 

This property is known as consistency, which is not linked to concrete fresh state behaviour since 

two materials can have the same consistency (i.e., slump), but behaviour differently when they are 

vibrated (i.e., pumped concrete). It occurs because the concrete may present different viscosity at 

distinct torque applied [25,51,73,101,102,110]. [111] investigated the rheological behaviour of three 

highly packed mixtures mix-proportioned with the same slump, their rheological behaviours are 

completely different, resulting in distinct viscosity at medium and high rotation. Therefore, in other 

to properly evaluate concrete fresh state behaviour, a rheological analysis must be performed. 
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Although some studies present the rheological analysis [101,102,112], further studies are still 

required to fully comprehend the effect of PPM mixtures and low cement content on concrete 

rheological behaviour. 

Table 4.6. Summary of cement and water content, w/b, and slump/slump flow of the 

mixtures in the database. 

Name Method 
Cement Water w/b slum/slump flow 

(kg/m3) (kg/m3) (mm) 

Anson, 2011 [23] Modified Toufar 

270 142 0.39 230 

270 142 0.39 230 

248 130 0.39 235 

349 155 0.33 225 

349 155 0.33 235 

293 130 0.33 225 

293 130 0.33 240 

Matos et al., 2019 [14] 

Experimental 

Optimum Agg. 

Packing 

365 175 0.48 720 

328 175 0.48 675 

292 175 0.48 725 

255 175 0.48 720 

Kumar and Santhanam, 2003 

[20] Modified Andreasen  

270 120 0.40 100 

360 144 0.36 100 

320 180 0.33 690 

308 177 0.57 560 

308 182 0.59 540 

308 182 0.59 695 

Wenqiang et al., 2018 [24]  
CPM, 3PM  and 

Experimental  

308 182 0.59 620 

308 181 0.59 600 

308 181 0.59 620 

308 181 0.59 640 

308 180 0.58 640 

308 180 0.58 660 

308 180 0.58 700 

Current Work Alfred 

161 165 0.67 70 

152 165 0.67 75 

200 165 0.54 50 

190 165 0.54 85 

152 156 0.67 85 

187 154 0.54 65 

de Grazia et al., 2019 [25] Alfred 

261 140 0.54 13 

197 120 0.61 11 

149 118 0.79 6 

282 152 0.54 155 

214 131 0.61 0 

161 128 0.80 0 

Ali et al., 2020 [101] Fuller 

232 185 0.60 625 

232 185 0.60 650 

232 185 0.60 640 

232 185 0.60 615 

232 185 0.60 660 

232 185 0.60 640 

232 185 0.60 620 

232 185 0.60 570 

232 185 0.60 770 
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Name Method 
Cement Water w/b slum/slump flow 

(kg/m3) (kg/m3) (mm) 

Ali et al., 2020 [101] Fuller 

232 185 0.60 760 

232 185 0.60 680 

232 185 0.60 660 

232 185 0.60 730 

232 185 0.60 720 

232 185 0.60 720 

232 185 0.60 680 

232 185 0.60 660 

232 185 0.60 670 

232 185 0.60 610 

232 185 0.60 605 

Esmaeikhanian, 2017 [102] Alfred 

268 199 0.74 610 

271 201 0.74 620 

220 198 0.67 640 

252 199 0.76 580 

251 198 0.76 610 

206 200 0.68 570 

267 198 0.74 590 

265 197 0.74 590 

223 201 0.67 600 

256 166 0.65 610 

243 168 0.66 600 

243 167 0.66 600 

196 166 0.60 560 

Moreover, the water content ranged from 118 to 165 kg/m3, while for SCC the amount of range from 

166 to 201 kg/m3, as can be observed in Table 4.6. However, it is worth noting that all the mixtures 

used different types and amounts of water reducer admixtures. Before concrete sets, water is 

responsible for moving the granular particles and thus has a direct impact on the overall flowability 

of the suspension. Therefore, one may conclude that a minimum amount of water is required to 

enable the material’s flow in the fresh state (Damineli, 2013). It has been found that the minimum 

amount of water may be considered as the average distance that separates two adjacent powder 

particles, assuming that all the particles are not agglomerated [93]. The latter is called Interparticle 

Spacing (IPS) and can be calculated by Equation 4.12. On the other hand, the minimum amount of 

cement paste to enable flow in a mixture is considered as the maximum distance between two coarse 

aggregate adjacent particles and is called Maximum Paste Thickness (MPT – Equation 4.13) 

[78,87,93,113]. These two above parameters are called “mobility parameters” and have been 

demonstrated to be promising while appraising the mix-design of highly packed systems. 
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IPS =  
2

VSA
[

1

Vs
−

1

(1 − Pof)
] Equation 4.12 

where VSA is the calculated volume surface area per cubic centimetre of powder (SSA times the 

material density), Vs is the volume fraction of solids, Pof is the pore fraction assuming the densest 

packing that may be calculated by Westman and Hugill method. 

MPT =  
2

VSAc
[

1

Vsc
−

1

(1 − Pofc)
] Equation 4.13 

where VSAc is the calculated volume surface area of aggregate fraction, Vsc is the volumetric 

aggregate solid fraction, Pofc is the pores of aggregate fraction assuming the densest packing that 

may be calculated by Westman and Hugill method. It is worth noting that PPMs consider spherical 

particles. Since this is not a reality, the IPS is calculated based on the VSA to account for the 

different particle shapes showing the benefit of working with PPM and mobility parameters to 

develop a sustainable concrete with required flowability.  

Previous studies highlighted that the greater the IPS and MPT, the higher the flowability of the 

mixtures [78,114]. It occurs because of the decrease of friction among the particles without changing 

the water content. Moreover, these two mobility parameters are directly proportional to the concrete 

microstructure (e.g. permeability) [115]. Literature shows that increasing the IPS also reduces the 

mixing energy required to manufacture low cement concrete containing high amount of fillers. Yet, 

there is a lack of research presenting the real relationship between mobility parameters and 

rheological properties (i.e., yield stress, viscosity, minimum torque, etc.). 
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4.6 Hardened state properties of packed concrete 

4.6.1 Modified Abrams law 

Analyzing a new Abrams law is another important method to evaluate the efficiency of PPM.  The 

conventional Abrams law, which may be used to predict concrete compressive strength based on its 

w/c and considering A and B parameters equal to 100 and 10, respectively, cannot be applied to 

PPM concrete mixtures developed to achieve a highly packed system, and new A and B factors must 

be proposed. Moreover, John et al. [16] concluded that when a high amount of LF is added as a 

partial replacement for cement, a new ratio called water-to-fines ratio (w/f) - also known as water-

to-powder (w/p) - plays a more important role than the w/c. However, even though conventional 

Abrams law does not work for PPM mixtures, studies show that when the w/c is different among 

the mixtures, it is still the main factor influencing compressive strength development [25,111]. 

Fennis et al. [86] hypothesized that the compressive strength of highly packed mixtures may be 

predicted based on the distance between cement particles. Yet, no model is well proposed to predict 

the compressive strength of these mixtures, especially when high amount of limestone fillers is used, 

which further complicates the idea of w/c and w/b since LF is a semi-inert filler. Approximately 

94% of the PPM mixtures yielded compressive strength higher than the one predicted in the 

conventional Abrams law, as shown in Figure 4.13.  

The 3 out of 4 mixtures that could be predicted with the conventional Abrams law have been 

manufactured with the Modified Toufar considering the particle packing only in the aggregates 

portion. In this context, a modified Abrams law (y = 150.7/ 10.0w/b) was proposed for the remaining 

mixtures, which predicted around 44% of the mixtures with reliability within +/-10%. It is important 

to highlight that different types of cement and concrete applications (SCC versus vibrated concrete) 

are analyzed together. Thus, if a project is developed with controlled materials and the same 
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application, all results must be within +/-10% of the proposed modified Abrams. As it can be 

observed in Figure 4.13, 81% of the mixtures that were above the +10% line contain filler as a partial 

replacement of cement, whereas the exception contains micro silica. This proves the importance of 

working with materials in which the PSD is lower than OPC to increase compressive strength. 

Moreover, one may notice that the Modified Abrams proposed based on the minimum squared error 

maintains B-factor equal to 10, whereas the A-factor must be increased by 50% (from 100 to 150.7). 

In this context, one may conclude that highly packed mixtures are more influenced by the aggregates 

(A-factor) than the cement (B-factor). Since mixtures containing fillers and silica fume exhibit 

higher packing, one may conclude the A-factor must englobe the whole system packing and not only 

aggregate one. 

Figure 4.13. Appraisal of the efficiency of Abrams law of predicting compressive strength of 

eco-concrete investigated. 

4.7 Global warming potential assessment 

Besides the use of bi-index to appraise the eco-efficiency of concrete mixtures, their global warming 

potential (GWP), which corresponds to the CO2 emissions (in mass) per unit volume of concrete, 

can also be calculated by Equation 4.14 [101,102].  

y = 100/10w/b

y = 150.7/10w/b
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GWP =  ∑ 𝑚𝑖 . 𝑔𝑖

𝑛

𝑖=1

 Equation 4.14 

where mi is the mass of concrete ingredient (i) per unit volume of concrete and gi is the e-CO2 per 

unit mass of concrete ingredient (i).  

Table 4.7 shows the GWP of each concrete ingredient used to calculate the GWP of each m3 of 

concrete [101,102,116–118]. It is worth noting that the GWP of SCMs can vary greatly depending 

on the production method and region; for example, some datasets from the United States and Canada 

show slag, fly ash, and silica GWPs as high as 0.39, 0.15, and 0.53 kg CO2eq/ kg of material, 

respectively. Similar to the approach of bi-index, the GWP was plotted against the concrete 

compressive of 71 eco-efficient mixtures appraised in this work, as shown in Figure 4.14. The 

maximum GWP (337 kg CO2 eq/m3 of concrete) was achieved by the mixture made with the 

aggregates optimized using PPM, while the minimum one (144 kg CO2 eq/m3 of concrete) was 

achieved with the Alfred model mixture which contains slag and limestone filler used as partial 

replacement of cement. Moreover, only one mixture which was proportioned with whole system 

optimization through PPM achieved GWP higher than 300 kg CO2 eq/m3 of concrete. Therefore, 

one may conclude that mixtures with GWP lower than 300 kg CO2 eq/m3 of concrete can be 

considered eco-concrete. Only 15% of the mixtures achieved GWP equal to or lower than 200 kg 

CO2 eq/ m3 of concrete. All the mixtures were proportioned using Alfred model, highlighting the 

efficiency of this PPM. Around 80% of these mixtures were designed with limestone fillers and/or 

slag as one of the cement replacements, wherein 33% contain only limestone fillers and 44% 

contains only slag. One may conclude that selecting either limestone filler and/or slag as a cement 

replacement may improve concrete sustainability. 
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Table 4.7. Equivalent CO2 emissions (CO2eq) of concrete ingredients (in kg/kg) 

Ingredient Cement Slag Silica Fume Fly Ash 
Limestone 

Filler 

Fine 

Aggregate 

Coarse 

Aggregate 
Water 

GWP 

(kg CO2eq/ kg of material) 
0.9 0.02 0.0052 0.00526 0.032 0.0029 0.0062 0.00034 

Reference [116] [118] [101,102] [101] [102] [101,102] [102] [101,102]

Figure 4.14. Relationship between concrete mixtures GWP and compressive strength. 

4.8 Conclusions 

In this study, the most advanced mix-design method used to design eco-efficient concrete mixtures 

is discussed. Different particle packing models (PPMs) are reviewed and discussed. Also, the 

importance of using alternative materials as a partial replacement for cement is highlighted. Based 

on the data presented in this paper, the following concluding remarks can be pointed out: 

• Although conventional concrete mixtures are produced with OPC contents lower than

around 320 kg/m3, it is possible to produce concrete with a reduced amount of OPC through

PPM to optimize the packing density of the skeleton with or without partial replacement of

cement.
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• Limestone filler is the only material largely available that has production equal to or higher

than cement yearly. Moreover, LF may be produced with distinct PSD improving concrete

hardened state behaviour and the fresh sate properties.

• The most used PPMs models are discussed and may be used as a reference for further work.

However, continuous PPMs are as efficient as discrete models, yet easier to apply to optimize

the grading and achieved proper fresh and mechanical properties.

• Concrete eco-efficiency must be considered as one of the main goals during mix-design (i.e.,

besides fresh, hardened, and durability aspects) and can be calculated through bi-factor.

• The use of PPM is proven to be an efficient method to produce eco-efficient mixtures. 93%

of the investigated mixtures were mix-proportioned with less than 320 kg/m3, whereas the

others are high-performance concrete (i.e., > 50 MPa). Moreover, most of the investigated

mixtures contain more than 50% of cement mass related to the total powder mass,

highlighting that further studies are required to extend the cement content reduction.

• The lower the cement content in the mixtures, the higher w/b should be used to achieve the

desirable fresh state properties. Moreover, mobility parameters (IPS and MPT) are

recommended to better predict the fresh state behaviour of highly packed mixtures.

However, further studies are required to highlight the correlation between mobility

parameters and concrete rheological behaviour.

• Abrams law (i.e., w/c) is not enough to predict the compressive strength of highly packed

mixtures. Further studies must be performed to evaluate the influence of w/p, or even

develop a new method to predict the compressive strength of eco-friendly mixtures designed

through PPMs. Moreover, Abrams law A-factor must englobe the whole system packing and

not only aggregate.
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• Although bi-index is a fast and easy method to appraise concrete eco-efficiency, GWP can

further evaluate CO2 emission due to concrete ingredients. This study can serve as a

reference to assess new eco-efficient mixtures GWP.

• Concrete mixtures with GWP lower than 300 kg CO2 eq/m3 of concrete can be considered

eco-concrete. Mixtures proportioned with Alfred model and/or either limestone filler and/or

slag as a cement replacement may achieve higher levels of eco-efficiency.
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Abstract 

A new mix-design approach, coupling Particle Packing Models (PPMs) and Mobility Parameters 

(MP), is proposed in this work to proportion eco-efficient mixtures incorporating limestone fillers. 

Twelve concrete mixtures containing distinct ranges of cement content (320, 250, 200, 150 kg/m3), 

slumps (180, 90, and 20 mm) and compressive strengths (18 – 45 MPa) were developed, targeting 

conventional values as per ACI 211-1. Comprehensive analyses (experimental and analytical) were 

then conducted to investigate and describe the impact of increasing eco-efficiency on the fresh state 

behaviour of these mixtures. Moreover, a new parameter, the so-called interparticle spacing of 

cement particles (IPScement), is proposed to predict the compressive strength of sustainable mixtures. 

Finally, global warming potentials (GWPs) were calculated to investigate the importance of 

developing and optimizing low-carbon footprint mixtures. All these findings demonstrate the 

feasibility of producing eco-efficient mixtures for distinct applications, which contributes towards 

Net Zero goals of concrete construction. 

Keywords: Eco-efficient concrete, rheology, flowability characteristics, low cement content, 

particle packing models, mobility parameters. 
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5.1  Introduction 

With the rise of environmental concerns, the construction industry must focus not only on the 

economical and performance aspects of concrete. Although the depletion of natural aggregates is an 

important environmental impact faced by the concrete industry, carbon dioxide emission is 

considered the main issue. Ordinary Portland cement (OPC) is responsible for 92% of concrete CO2 

emissions, hence, its reduction is crucial to manufacturing an eco-friendly material [1–4]. Besides 

the ecological drawbacks, Portland cement is also the most expensive concrete component. Thus, 

its reduction may solve partially the financial challenges faced by infrastructure managers. The 

construction industry worldwide is committed to Global Cement and Concrete Association to reach 

Net Zero Concrete by 2050 [5,6].  Yet, sustainability commitments are urging action now to achieve 

a reduction greater than 30% in less than 10 years. Actions are required in seven main phases of 

concrete production, including 1) savings in clinker production, 2) efficiency in concrete production, 

3) savings in cement and binders, 4) decarbonization, 5) CO2 sink: recarbonation, 6) carbon capture

and utilization/storage, and 7) efficiency in design and construction. 

Conventional concrete mixtures are designed for 25-40 MPa compressive strength, yet the lack of 

mix-design optimization leads to high cement content usage (i.e., 350-500 kg/m3) [7]. Portland

cement can be reduced through the use of supplementary cementing materials (SCMs), such as silica 

fume, fly ash, blast furnace slag, natural pozzolans and/or inert fillers (IF) [8–12]. Using SCMs as a 

partial replacement for OPC often results in improvements in the hardened states of concrete and 

also durability aspects [13,14], but can pose challenges on the rheological behaviour of mixtures 

[8,15]. Moreover, although most of the SCMs produced are already used in Construction Industry, 

their production does not overcome the increased OPC demand [11].  
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Inert fillers may also be used to decrease the carbon footprint of concrete. Amongst them, limestone 

filler  (LF) is the most common one due to its availability worldwide, economy, volumetrically 

stability within the cement paste, improvement in the fresh state due to its semi-spherical shape and 

its ability to be produced in different particle size distributions (PSD) [16–22]. Two types of 

limestone fillers can be selected to develop eco-efficient mixtures; the first, so-called “replacement 

filler” which contains PSD similar to Portland cement and it is selected to direct replace cement and 

reduce its content, and the second, so-called “performance filler” which contains PSD smaller than 

cement and it improves the system packing density reducing concrete’s total porosity [23,24]. The 

average replacement ratio of limestone fillers is around 20%; nevertheless, the limit of 35% is 

acceptable by some standards (i.e. in Europe and South Africa) [16,17,25,26]. However, previous 

studies have shown promising hardened results with higher replacement levels (up to 50%), 

especially when using Particle Packing Models (PPM) as mix-design procedure [12,27–34]. Yet, no 

clear procedure has been established indicating ranges of water-to-cement (w/c) ratios to achieve 

required fresh and compressive strength properties of eco-efficient mixtures designed through 

PPMs. To overcome these difficulties, a number of authors [28,30,31] pointed out the need of 

conducting further experimental works to determine the effective water content, admixtures (e.g., 

high-range and mid-range water reducers), and w/c for distinct applications. From a fresh state 

perspective, slump is the most common test used to appraise the behaviour of conventional concrete 

(CC), whereas slump-flow, V-funnel, J-ring, and L-box are the usual standard tests performed to 

assess self-consolidating concrete (SCC). For concrete designed through PPMs, previous studies 

[12,30–34] indicate that the water-to-binder (w/b) ratio should be increased to keep the fresh state 

performance (either slump or slump flow) of both CC and SCC, which may have an adverse impact 

on the hardened state properties of the material. For that reason, numerous works in the literature 
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[29,35,36] emphasize a poor fresh state performance (low slump or slump flow values) of concrete 

mixtures optimized for hardened state and sustainability criteria. This work aims to propose a new 

mix-design approach, coupling particle packing models and mobility parameters, to proportion eco-

efficient conventional concrete mixtures presenting proper fresh state performance and designed for 

structural applications. 

5.2 Background 

5.2.1 Methods to optimize concrete mix-design 

PPMs are used to mix-proportion concrete and densify the material microstructure, where the higher 

the packing density, the lower the amount of powder (≤ 125 µm i.e., binder and fillers) required, 

increasing concrete eco-efficiency. PPMs can be divided into two main groups: a) discrete and b) 

continuous models [27,37]. The first discrete and continuous PPMs were created by Furnas in 1929 

[27,38–40] and Fuller in 1907 [27,39,40], respectively. The PPMs science has been developed over 

the years based on these two pioneers [27,32,38–41]. Yet, previous studies [29,42]  have suggested 

that real aggregate blends are better represented by continuous models as concrete contains particles 

of all sizes (i.e. no gaps throughout the whole PSD) [27,39]. The Alfred model or modified 

Andreasen is the most recent continuous PPM developed (Equation 5.1).  

𝐶𝑃𝐹𝑇 = 100 ∗ (
𝐷𝑃

𝑞 − 𝐷𝑆
𝑞

𝐷𝐿
𝑞 − 𝐷𝑆

𝑞 ) 
Equation 5.1 

where D is the particle size in question, CPFT is the cumulative percent finer than D, DL and DS is 

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

factor. 
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Based on Westman and Hugill porosity model [40], it was determined that the optimum packing is 

achieved when the distribution factor is equal to 0.37 (Figure 5.1). Conversely, the optimum q-factor 

reduces concrete flowability as the concrete presents less porosity and thus OPC content. Aiming to 

improve concrete flowability, a q-factor of 0.22 is often suggested since it results in a higher amount 

of fines and a lower amount of coarse aggregates producing a suitable amount of powder to liquid 

ratio, helping the coarse aggregate particles slippage.  

Figure 5.1. Westman and Hugill model correlation between porosity and Alfred model q-

factor. 

Although this q-factor range can be used as a suggestion of the flowability expected, the fresh state 

behaviour of packed concrete is still a concern. Mobility parameters may be used as a 

complementary approach with PPMs while mix-proportioning eco-efficient mixtures. Two 

parameters have been proposed to clarify the mobility of granular systems: the interparticle spacing 

(IPS; Equation 5.2) and the maximum paste thickness (MPT; Equation 5.3) [28,29,43,44].  IPS is 

considered as the average distance between two adjacent particles smaller than 125 µm, which are 

normally separated by water [28,29,40,44,45], whereas MPT measures the maximum distance 

amongst particles greater than 125 µm; hence, MPT has a direct correlation to cement paste thickness 
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around aggregate particles  [28,29,43,44]. It has been found that the lower the IPS and MPT, the 

lower the flowability of granular systems due to particle collision, which increases the system 

viscosity. Conversely, high IPS and MPT yield less viscous and more flowable mixtures [28,29,46].  

𝐼𝑃𝑆 =  
2

𝑉𝑆𝐴
[

1

𝑉𝑠
−

1

(1 − 𝑃𝑜𝑓)
] 

Equation 5.2 

where IPS is the interparticle spacing, VSA is the calculated volume surface area per cubic 

centimetre of powder, Vs is the volume fraction of fine solids (particles smaller than 125 µm), and 

Pof is the pore fraction assuming the densest packing of the fine particles. 

𝑀𝑃𝑇 =  
2

𝑉𝑆𝐴𝑐
[

1

𝑉𝑠𝑐
−

1

(1 − 𝑃𝑜𝑓𝑐)
] 

Equation 5.3 

where MPT is the maximum paste thickness, VSAc is the calculated volume surface area of 

aggregate (particles greater than 125 µm) fraction, Vsc is the volumetric aggregate solid fraction, 

and Pofc is the pore of aggregate fraction assuming the densest packing. 

5.2.2 Short-term performance of sustainable mixtures 

PPMs are mathematical techniques used to optimize concrete mix-proportioning and may be used 

to design low carbon footprint concrete (i.e., OPC content greater than 300 kg/m³) [12,29–34]. The 

eco-efficiency of the mixture can be further improved with the use of limestone fillers and/or SCMs; 

yet fillers are amongst the few products that outperform OPC production [17]. Previous research 

[47,48] has shown that up to 10% limestone filler can be added without affecting the hardened state 

properties of concrete. This happens due to two main phenomena that contribute to the strength and 

durability of concrete: 1) the filler effect, which reduces the system’s porosity and 2) further reaction 
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with alumina, which forms carbo-aluminate phases [28,44,47,49,50]. Moreover, the dilution effect, 

defined as an increase in water content per unit mass of cement particles (i.e., an increase in w/c), 

can also contribute to the overall hardened state properties by accelerating cement hydration at early 

ages; yet, this may negatively impact the 28-day concrete compressive strength of mixtures 

incorporating fillers [17,25,47,49]. 

Kumar and Santhanam, 2003 [32] developed high-strength eco-efficient concrete mixtures 

containing 270, 55, and 30 kg/m3 of OPC, quartz filler, and silica fume respectively through Alfred’s 

model. With the aid of high amounts of superplasticizer, the authors obtained outstanding fresh and 

hardened state results with slump of 100 mm and 28-day compressive strength of 83 MPa. Wenqiang 

et al. [33] selected a combination of PPM (i.e., CPM and 3PM) coupled with experimental works to 

develop twelve eco-efficient self-compacting concrete mixtures. All of the mixtures incorporated 

308 kg/m3 of OPC and limestone fillers ranging from 53 to 212 kg/m3, corresponding to limestone 

filler additions ranging from 14.7% to 40.7% of total powder mass. Interestingly, mixtures with 20 

L/m3 of limestone powders and 3.61 kg/m3 of superplasticizer achieved slump flow values varying 

from 480 to 560 mm. The increase of limestone filler and superplasticizer contents resulted in a 

slump flow of up to 700 mm; the compressive strength values ranged from 30 to 48 MPa. 

Esmaeikhanian et al. [34] also developed thirteen eco-efficient self-compacting concrete mixtures 

using Alfred’s model and incorporating limestone fillers, silica fume, and/or fly ash. The optimal 

powder composition was determined based on the rheological results of cement paste analysis to 

reduce water demand while maintaining the desired properties. The cement content ranged from 196 

to 271 kg/m3, while the total powder content varied from 280 to 310 kg/m3. Although all the mixtures 

contained superplasticizer, some of them also required stabilizer and air-entraining agents. Slump 

flow between 560-640 mm and compressive strength values ranging from 25 to 30 MPa were 
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achieved. These investigations clearly indicate that, although through distinct approaches, eco-

efficient concrete mixtures yielding proper rheological behaviour and hardened state properties can 

be designed via PPMs; yet there is no clear systematic procedure for developing those conventional 

concrete mixtures for the most common and distinct applications as presented in ACI 211-1. 

5.2.3 Global warming potential assessment 

It is known that cement is the main CO2-emitting concrete component. Yet, cement production 

highly affects the total amount of CO2 emission, wherein more than 50% of the total pollutants 

depend on the ratio between clinker and OPC. A ton of clinker is responsible for releasing 

approximately 540 kilograms of CO2 during the calcination process, where limestone (CaCO3) is 

transformed into lime (CaO) [51]. While the thermal energy needed for the calcination process is 

responsible for the other 50% of CO2 emissions during OPC production. Several studies [2,3,17,52] 

are focusing on optimizing cement production to reduce its global warming potential (GWP), which 

ranges from 0.82 to 0.931 kg CO2eq/kg [12,34,53–55]. According to Damineli et al. [7], most 

concrete mixtures produced worldwide are developed with OPC content higher than 300 kg/m³. In 

addition, Wallevik et al. [56] created a classification  (Table 5.1) of concrete eco-efficiency based 

on its carbon footprint. Therefore, mixtures developed with OPC content of 250 kg/m3 or lower can 

be considered low-carbon concrete (LCC) [56].  

Table 5.1. Low Carbon Concrete Classes as per [56]. 

Classification Carbon footprint (kg CO2eq/kg) 

Semi-LCC ≤ 300 

LCC250 ≤ 250 

LCC200 ≤ 200 

LCC150 ≤ 150 

EcoCrete ≤ 125 

EcoCrete Xtreme ≤ 105 
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Equation 5.4 can be used to quantify their global warming potential (GWP), which corresponds to 

the CO2 emissions (in mass) per unit volume of concrete [12,34]. Table 5.2 shows the GWP of each 

concrete ingredient [12,34,53–55] that may be used combined with Equation 5.4. 

𝐺𝑊𝑃 =  ∑ 𝑚𝑖. 𝑔𝑖

𝑛

𝑖=1

 
Equation 5.4 

where mi is the mass of concrete ingredient (i) per unit volume of concrete and gi is the e-CO2 per 

unit mass of concrete ingredient (i).  

Table 5.2. Equivalent CO2 emissions (CO2eq) of concrete ingredients (in kg/kg) 

Ingredient Cement 
Limestone 

Filler 

Fine 

Aggregate 

Coarse 

Aggregate 
Water Admixtures 

GWP (kg CO2eq/ kg of 

material) 
0.9 0.032 0.0029 0.0062 0.00034 0.72 

Reference [53] [34] [12,34] [34] [12,34] [34] 

Besides GWP, concrete mixtures’ eco-efficiency can also be evaluated based on the CO2 intensity 

index (cics; Equation 5.5), where the amount of GWP required to produce one unit of any concrete 

property is appraised [7]. Since 28-day compressive strength is the most important one, it is the most 

applied in the CO2 intensity index.  

𝑐𝑖𝑐𝑠 =  
𝐺𝑊𝑃

𝑓′𝑐

Equation 5.5 

where cics is the CO2 intensity index (kg/m-3. MPa-1), GWP is the global warming potential of the 

concrete investigate (CO2eq/kg), and f’c is the concrete compressive strength (MPa). 
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5.3 Scope of the work 

This work aims to present a new method (PPM-MP approach) for developing eco-efficient concrete 

mixtures targeting distinct fresh state performances, such as slump of 180, 90, and 20 mm with 

variability of +/- 20 mm and a wide range of compressive strength (between 18 and 45 MPa), which 

are the most commonly selected consistency and strength values as per ACI 211-1 [57] and CSA 

A23.1 [58]. PPM is used to reduce system porosity and increase eco-efficiency, while MPs are used 

to better understand and describe the fresh state performance of low cement concrete. A total of 

twelve concrete mixtures were developed with a proposed PPM-MP approach containing distinct 

ranges of cement content (e.g., 320, 250, 200, 150 kg/m3). To further improve the system eco-

efficiency and hardened state performance, two types of limestone fillers (performance and 

replacement) were added. First, the optimum volumetric percentage of the performance filler was 

calculated to decrease the matrix porosity. Then, the replacement filler was added to achieve the 

target cement content. Fresh state (i.e., slump and rheology over time) and hardened state 

(absorption, bulk electrical resistivity, and compressive strength) tests were performed, and global 

warming potentials (GWPs) and CO2 intensity index were calculated to assess the eco-friendly 

mixtures developed. Rheological modelling using Herschel Bulkley was finally used to calculate 

the true viscosity of the mixtures investigated and understand the effect of cement reduction on the 

rheological parameters. Additionally, a modified version of the IPS called “IPScement” is proposed to 

predict the compressive strength of eco-efficient highly packed mixtures developed with a high 

amount of limestone fillers. 
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5.4 Materials and methods 

5.4.1 Raw materials characterization 

The concrete mixtures investigated in this study were developed with a Portland cement type general 

use (GU), two types of limestone fillers natural sand and a granite coarse aggregate with a nominal 

maximum size of 19 mm. The chemical composition of the general use cement obtained by X-ray 

fluorescence, the mineralogical phases calculated through Bogue [59] and the physical 

characteristics (specific gravity and specific surface area) of concrete’s components are presented 

in Table 5.3. The first limestone filler called “performance-P filler” contains particle size 

distribution (PSD) smaller than OPC, whereas the second one named “replacement – R filler” was 

selected due to its PSD similarity with OPC (Figure 5.2). Moreover, certain mixtures required two 

types of admixtures (a polycarboxylate-based high-range water reducer and a lignosulfonate-based 

mid-range plasticizer) to improve their flowability and achieve the target slump. 

Table 5.3. Chemical composition and mineralogical phases of GU cement and Physical 

properties characterization. 

Chemical 

Composition 

GU 

cement 

Mineralogical 

phases 
Material 

Specific 

gravity 

(g/cm3) 

Specific 

surface 

area 

(m2/g) 

CaO 61.5 
C3S 53.5 GU cement 3.17 1.17 

SiO2 19.4 

Al2O3 4.9 
C2S 15.5 

Filler - R 2.66 1.6 

Fe2O3 3.7 Filler - P 2.6 3.7 

SO3 3.9 
C3A 6.7 Fine Aggregate 2.74 0.92 

MgO 2.4 

Na2O 0.95 
C4AF 11.2 Coarse Aggregate 2.81 0.11 

LOI 1.9 

5.4.2 Mix-design procedure – PPM-MP approach 

Alfred model (also known as modified Andreasen) was selected for this work to develop eco-
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efficient mixtures. When using this mathematical model and a q-factor of 0.37, the lowest system 

porosity of 2.8% is produced when calculated with Westman and Hungill model. Based on a 

previous study [29], the Alfred model can be more optimized in terms of fresh state when the target 

PSD curve is divided into two parts: powder portion (from Ds to Dpwd; μm) and aggregate portion 

(from Dpwd μm to Dl). As per the Alfred model, Ds and Dl are the smallest and the largest particle 

diameter available in the system, respectively. The new Dpwd represents the largest powder diameter 

considering all the powders used in the system. A representative example of the Alfred model 

divided into two parts is presented in Figure 5.3. 

Figure 5.2. Particle size distribution of raw materials. 

Following the division of the Alfred model curve, two q-factors were pre-selected to achieve the 

lowest system porosity. For the powder portion (from Ds to Dpwd μm) a q-factor of 0.34 was selected, 

whereas a q-factor of 0.31 ±0.1 were found to be optimum on the aggregate portion. In this work, 

the Dpwd is 80 μm which represents the largest diameter available within the powders selected (i.e., 

OPC, replacement and performance filler). As a result, with the selected materials characteristics 

and Westman and Hungill model [40], the system generated contains a dry porosity of 3.0% ±0.1. 

Moreover, all mixtures present the same mortar factor of 61%.  
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a) b) 

Figure 5.3. Example of Alfred model with two q-factors (broken curve) a) powder portion 

and b) aggregate portion. 

After optimizing the mix-design based on the material characteristics, the least square method was 

applied and an optimum volume of “performance filler” of 1.9% was calculated based on the 0.34 

q-factor curve of the powder portion. Three control mixtures were developed without limestone

filler addition, resulting in cement content of around 320 kg/m3, whereas the other nine mixtures 

were developed with performance filler. However, to evaluate the impact of limestone filler and 

cement content on eco-efficient mixtures, three ranges of cement content (250, 200, and 150 kg/m3) 

were selected. To achieve the target cement content, “replacement fillers” were added which 

account for approximately 1.2, 3.2, and 5.1% of total concrete dry volume, respectively. 

Then, the water-to-cement ratio (w/c) of 0.68, 0.60, 0.52 was selected for the control mixtures to 

achieve around 20, 25, 30 MPa and slumps range recommendations (i.e., 180, 90, and 20 +/- 20 mm) 

as per ACI 211-1 [57] and CSA A23.1 [58]. Although a similar w/c was selected for mixtures with 

250 kg/m3 of OPC, it would result in not enough free water for mixtures with 200 and 150 kg/m3. 

Then the mobility parameters of each mix-design were calculated and to maintain the same mobility 
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parameters range, the same water-to-powder ratio (w/p, i.e., total water divided by mass of cement 

and fillers) was selected for the nine eco-efficient mixtures (i.e., developed with limestone filler). 

Accounting for the physical characteristics of the materials selected in this work, the IPS ranged 

from 1.06 to 0.40, whereas MPT ranged from 0.52 to 0.31. Three w/p (i.e., 0.54, 0.47, and 0.40) 

were selected resulting in IPS of 0.60, 0.51, 0.42 ± 0.02 μm, whereas MPT of 0.41, 0.37, 0.32 ± 0.02 

μm, respectively. 

5.4.3 Eco-efficient concrete mixtures 

To address the short-term performance and understand the impact of cement content and limestone 

filler on the fresh state performance of eco-efficient concrete mixtures, four main groups were 

created with distinct cement contents (320, 250, 200, and 150 kg/m3). Within each group, three w/c 

were selected for manufacturing eco-efficient mixtures with three targeting slumps (i.e., 180, 90, 

and 20 +/- 20 mm).  

The mixtures were classified and divided into 4 groups based on their cement content; where Group 

1 (G1) represents the control mixtures (on average 320 kg/m3 of cement), while Group 4 (G4) 

represents the mixtures with the lowest cement content (150 kg/ m3). After the group number a letter 

H, M or L was added to classify them as high – H, medium – M, and low – L mobility parameters. 

Then their names present the cement content followed by w/c. For example, mixture 2M-250-0.60 

is from Group 2 (G2) and has medium water content, 250 kg/m-3 of cement, and w/c of 0.60. A 

summary of the eco-efficient mixtures developed is presented in Figure 5.4 and Table 5.4. Moreover, 

Table 5.5 highlights the impact of limestone fillers on the mobility parameters, where control 

mixtures achieved higher IPS and MPT values. 
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Figure 5.4. Summary of the twelve eco-efficient concrete mixtures. 

Table 5.4. Mix-design of twelve eco-efficient concrete mixtures. 

Mix-name 

kg/m³ 

Powder Fine Aggregate Coarse Aggregate 

Water SP MR 
OPC 

Filler Filler 150-

300 

mm 

300-

600 

mm 

600-

1180 

mm 

1180-

2360 

mm 

2360-

4750 

mm 

4750-

9500 

mm 

9500-

12500 

mm 

12500-

19000 

mm 
P R 

1H-311-0.68 311 0 0 126 157 189 239 300 378 174 295 212 0.0 0.0 

1M-319-0.60 320 0 0 130 161 194 246 307 388 178 303 192 0.0 0.0 

1L-328-0.52 328 0 0 133 165 199 252 316 398 183 311 171 0.0 0.0 

2H-250-0.68 250 39 25 133 165 199 252 316 398 183 311 170 1.9 1.9 

2M-250-0.60 250 40 31 136 169 204 259 324 408 187 319 150 3.9 3.2 

2L-250-0.52 250 41 37 140 173 209 265 332 418 192 326 130 3.9 3.9 

3H-200-0.83 200 40 69 134 166 200 254 318 401 184 313 165 1.9 1.9 

3M-200-0.74 200 41 74 137 169 204 259 324 409 188 319 148 3.8 3.1 

3L-200-0.64 200 41 79 140 174 210 266 333 419 193 327 129 3.9 3.9 

4H-150-1.09 150 40 111 138 170 204 256 319 399 182 309 163 2.4 1.2 

4M-150-0.97 150 41 117 141 174 208 262 326 408 187 316 145 4.3 2.5 

4L-150-0.84 150 42 122 144 178 213 268 333 417 191 323 126 3.9 3.9 

Note: SP and MR stand for superplasticizer and mid-range admixtures, respectively. 

Table 5.5. Mobility parameters of designed mixtures. 

Mix-name 

Mobility Parameters 

w/c w/p 
Filler % 

(m.p.) 
IPS 

(μm) 

MPT 

(μm) 

1H-311-0.68 1.06 0.52 0.68 0.68 0% 

1M-319-0.60 0.92 0.47 0.60 0.60 0% 

1L-328-0.52 0.79 0.42 0.52 0.52 0% 

2H-250-0.68 0.63 0.42 0.68 0.54 21% 

2M-250-0.60 0.53 0.37 0.60 0.47 22% 

2L-250-0.52 0.44 0.33 0.52 0.40 24% 

3H-200-0.83 0.60 0.41 0.83 0.54 35% 

3M-200-0.74 0.51 0.37 0.74 0.47 36% 

3L-200-0.64 0.42 0.32 0.64 0.40 38% 

4H-150-1.09 0.57 0.39 1.09 0.54 50% 

4M-150-0.97 0.49 0.35 0.97 0.47 51% 

4L-150-0.84 0.40 0.31 0.84 0.40 52% 

Note: filler percentage is related to the total mass of powders (m.p.). 
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5.4.4 Fabrication and testing methods 

First coarse and fine aggregate was sieved based on sieves classification as per CSA A23.1 [58]. 

Twelve concrete mixtures with a proposed PPM-MP approach containing distinct ranges of cement 

content (e.g., 320, 250, 200, 150 kg/m3) were manufactured using 40 litres pan mixer. Concrete 

constituents were mixtures for about 10 minutes and then the first slump test was performed (Slump 

– 0 min). At approximately 15 min, the rheology test was started (Rheology – 0 min). Another two

readings of each test were performed after 15 and 30 minutes. Meanwhile, cylinders (length and 

diameter of which were 200 mm and 100 mm) were fabricated according to ASTM C 39 [60] for 

the hardened state test. The specimens were demoulded, ground, and moist cured for 28 days before 

performing a compressive strength test.  

5.4.5  Fresh state assessment 

Two main fresh state tests were performed: slump test (or concrete consistency) and rheological 

assessment over time (i.e., 0, 15, and 30 minutes). Concrete’s consistency was measured using a 

conventional slump cone as per CSA A23.1 [58]. Then, slump loss, which is the rate of consistency 

loss over time, was calculated by Equation 5.6. 

𝑆𝑙𝑢𝑚𝑝 𝐿𝑜𝑠𝑠 (%) =
(𝑆𝑖 − 𝑆𝑡)

𝑆𝑖
∗ 100 Equation 5.6 

where Si is the initial slump and St is the slump measured at a time (t). 

A rheological test program was performed using a planetary rheometer (IBB rheometer - Figure 5.5) 

with an H-shape impeller (100 mm height and 130 mm length) and a bowl with a diameter of 360 

mm and 250 mm height [61]. Previous study [62] states that IBB rheometer is recommended to 

evaluate concrete mixtures with conventional slump ranges (e.g., 40-300 mm). Therefore, mixtures 
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developed with low mobility parameters might present segregation on the rheological tests, hence, 

their results were not investigated due to rheometer limitations.  

a) b) 

Figure 5.5. IBB rheometer a) measurements b) photo. 

A pre-programmed cycle of 180 seconds was selected. Each cycle increases the shear rate up to 0.7 

s-1 before decreasing it in the same stepwise manner while maintaining rotation for approximately

10 seconds at each step, as shown in Figure 5.6. First, a complete cycle was applied as a pre-shear 

regime. Another cycle was performed to appraise the rheological behaviour of each mixture. The 

IBB raw data were plotted for the rheological analysis. However, the IBB rheometer has two 

Bingham output parameters (i.e., G – yield stress in N.m, and H – plastic viscosity in N.m.s) that 

were not used in this study as the concrete mixtures evaluated do not present a Bingham behaviour. 

Moreover, the IBB rheometer results are not displayed in fundamental units (e.g., yield stress - Pa 

and plastic viscosity - Pa.s); hence, the results are used as a comparison amongst distinct mixtures 

investigated in this study. However, previous studies [61,62] concluded that the IBB outcomes yield 

a good correlation with other rheometers (e.g., BML, Btrheom, Cemagrefing, Two-Point apparatus) 
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Figure 5.6. Test program used for analyzing the rheology cycle. 

To further understand the rheological behaviour, modelling using the Herschel-Bulkley model was 

developed, and the rheological parameters were determined as per Equation 5.7. 

𝜏 =  𝜏0 + 𝑘𝐻𝐵𝛾̇𝑛 Equation 5.7 

where τ is the torque, τ0 is the yield torque, kHB is the viscosity constant of Herschel-Bulkley, 𝛾̇ is 

the rotation, and n is the flow index (dimensionless; n < 1 shear-thinning fluid and n >1 shear-

thickening fluid).  

Studies show that Herschel-Bulkley model usually provides a better fitting of the flow curves when 

analyzing non-Bingham models (i.e., fluids presenting shear-thinning or shear thickness behaviour) 

[28,63,64]. 

5.4.6 Hardened state assessment 

The hardened state performance was assessed via compressive strength, bulk electrical resistivity 

(ER), and absorption measurements. The compressive strength test was conducted on three 

specimens of each of the twelve concrete mixtures tested according to ASTM C 39 [60].  
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A two point uniaxial electrical resistivity (ER) test, which is also known as bulk ER, was performed 

according to ASTM C1760 [65]. Three concrete cylinder specimens of each mixture were placed 

between two electrodes. It is worth noting that a wet sponge is placed between the interface concrete 

electrodes to ensure a proper electrical connection. The resistance (R) is displayed in the equipment 

and then electrical resistivity (ρ) can be calculated by multiplying the geometric factor and the 

resistance (Equation 5.8). The geometrical k-factor was calculated through Equation 5.9. In this 

work, the average k value of 4.15 cm was calculated based on the cylinders’ dimensions.  

ρ = 𝑘 ∗ 𝑅 Equation 5.8 

where k is concrete geometric factor, R is concrete resistance, and ρ is concrete electrical resistivity. 

𝑘 =
𝐴

L
Equation 5.9 

where k is concrete geometric factor, A is concrete sample cross sectional area, L is concrete sample 

length. 

The water absorption test was performed based on Archimedes' immersion method [45]. At 28 days, 

one cylindrical sample of each mixture was cut into three sections of approximately 100 mm in 

diameter and 65 mm in height. The samples were placed in an oven at 60°C, avoiding the 

decomposition of concrete products caused by excessive temperature, for approximately 4 days, 

until the change in mass between two successive weights was less than 0.3%, at which point the 

specimens' dry mass (md) was measured. The samples were then immersed in water and subjected 

to vacuum ensuring water penetration. After 24 hours of immersion, the wet mass (mw) was 

determined. The apparent water absorption (WA) was calculated by Equation 5.10. 
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WA (%) =  
𝑚𝑤 − 𝑚𝑑

𝑚𝑑
∗ 100% Equation 5.10 

5.5 Results and discussion 

5.5.1 Slump 

Each concrete mixture group was developed with three proposed consistency values, which are 

equivalent to the mobility parameter classification (high, medium, and low). Regardless of the 

cement content and the mobility parameter selected, the concrete mixtures were able to achieve the 

target slump with an error within 20 mm (Figure 5.7). Yet, mixtures with higher cement content and 

no limestone fillers (G1) did not require admixtures for achieving the target slump. Analyzing the 

eco-friendly mixtures, which include limestone fillers, approximately the same total amount of 

admixture was required for the proposed slump due to their equivalent mobility parameters values 

(IPS and MPT - Table 5.5).  

Figure 5.7. Slump of 12 mixtures developed 

5.5.2 Slump loss over time 

The slump was measured at 0, 15, and 30 minutes after mixing. Among the evaluated concrete 

mixtures, the ones containing higher IPS and MPT resulted in higher slump loss. Analyzing only 
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mixtures with higher mobility parameters (Figure 5.8a), 1H-311-0.68 yielded a lower slump loss 

over time, achieving 7.7% and 15.4% at 15 and 30 min highlighting the influence of LF on the slump 

loss. Mixture 2H-250-0.68 achieved only 21.1% of slump loss at 15 min, but at 30 min the slump 

decreased significantly similar to mixtures 3H-200-0.83 and 4H-150-1.09. However, at high 

mobility parameters, 4H-150-1.09, which contains 50% of LF, attained better overall performance 

than 3H-200-0.83 which contains 35% of LF. This behaviour was not observed on mixtures with 

medium and low mobility parameters (Figure 5.8b and c).  

a) b) 

c) 

Figure 5.8. Slump over time for mixtures developed with a) high, b) medium, and c) low 

mobility parameters. 
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A previous study showed that the increase in LF can improve the flowability of self-consolidating 

mixtures when the powder volume is increased [33]. The change in powder volume also affected 

the mixtures’ packing density which also influences the fresh state behaviour of the materials [8]. 

Contrary to the previous study [33], the current research maintained a constant volume of powder, 

mortar factor, and packing density within the twelve mixtures appraised. Therefore, the flowability 

behaviour of these mixtures is governed by the mobility parameters, that account for the water 

content, agreeing with the findings of [28]. Figure 5.9 confirms that the mobility parameters are one 

of the key factors affecting slump loss behaviour. Analyzing all mixtures investigated in this study, 

the slump loss at 30 min presents an accurate linear relationship with IPS and MPT with an R2 of 

around 0.90. Moreover, IPS of control mixtures (G1) is considerably higher than the IPS of eco-

friendly mixtures, whereas the MPT of G1 ranged from 0.42 to 0.52 μm which is similar or only 

0.10 μm greater than other mixtures. Since control mixtures did not require any admixture to achieve 

the target slump, it may be concluded that the IPS is the key factor influencing the slump. 

a) b) 

Figure 5.9. Influence of mobility parameters on the slump values. 

Besides IPS (governed by water content), eco-efficient mixtures (G2, G3, and G4) contain limestone 
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control mixtures (G1) that only contain cement as a powder. The reduction of particle size 

distribution and particle roughness also affects materials' fresh state [8]. Since the percentage of 

limestone filler is constant within each group (i.e., G1, G2, G3, and G4 contain 0%, 22%, 36%, and 

51% of LF, respectively), the PSD and roughness effect is steady when analyzing mixtures with 

similar cement content. 

5.5.3 Rheological behaviour 

The impact of the improvement of concrete sustainability on the rheology over time of the concrete 

mixtures was assessed in Figure 5.10. As previously mentioned, mixtures designed with low slump 

cannot be appraised in the IBB rheometer, hence, the rheological behaviour of only nine mixtures is 

discussed. First analyzing the 0min-rheological behaviour, the initial torque (0.04 s-1) ranged from 

3.7 to 10.6 N.m; whereas the maximum torque (0.7 s-1) presented ranged from 6.8 to 24.31 N.m. 

Classifying the mixtures by the cement content, Group 1 (~320 kg/m3) resulted in lower maximum 

torque than sustainable mixtures, while mixtures developed with 200 kg/m3 required the highest 

maximum torque measured at 0.7 s-1. Even though eco-friendly mixtures were developed with the 

same target slump (180 and 90 mm +/- 20 mm), mixtures developed with the lowest cement content 

(150 kg/m3) resulted in the lowest torque, followed by mixtures with 250 kg/m3 and then 200 kg/m3. 

For instance, 2H-250-0.68, 3H-200-0.83, and 4H-150-1.09 were developed with the same slump 

and mobility parameters, but they achieved yield stress of 4.5, 7.5, and 4.2 N.m, respectively. Similar 

behaviour was seen on mixtures developed with medium mobility parameters, but the yield stress 

was on average 68% higher. Thus, the cement and filler content also affected the mixtures’ 

rheological behaviour, besides the w/c, packing density, and mobility parameters. Analyzing the 

overall rheological aspect over time, all mixtures appraised presented shear-thinning behaviour, that 

is, the viscosity decreases with the increase of torque applied.  
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a) 1H-311-0.68 b) 1M-320-0.60

c) 2H-250-0.68 d) 2M-250-0.60

e) 3H-200-0.83 f) 3M-200-0.74

g) 4H-150-1.09 h) 4M-150-0.97

Figure 5.10.Rheological behaviour over time of mixture. 
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The rheological performance of control mixtures (G1) is less affected over time than mixtures 

developed with limestone fillers. Moreover, regarding eco-efficient mixtures (G2, G3, and G4), the 

torque was more affected on mixtures developed with higher w/c. 

5.5.4 Modelling rheological behaviour 

Herschel-Bulkley (HB) calculation was selected for modelling the rheological behaviour of concrete 

mixtures presenting shear-thinning characteristics. Figure 5.11 presents the experimental 

rheological profile compared to HB model. Analyzing Figure 5.11 and Table 5.6, it is clear that HB 

is a feasible tool that can be used to precisely investigate shear-thinning behaviour of concrete 

mixtures. Even though the rheology tests were performed after 0, 15, and 30 min, only mixture 3M-

200-0.74 resulted in a slightly higher Sum Squared Error (SSE – 12.31, 6.89, and 13.63,

respectively). All the other mixtures presented SSE lower than 10. Herschel-Bulkley model presents 

three main parameters, flow behaviour factor (n), initial torque (τ0), and viscosity constant (kHB). 

All mixtures analyzed presented a shear-thinning characteristic which is classified when n < 1, 

agreeing with results shown in Table 5.6. Another interesting parameter to analyze over time is the 

initial torque, which ranged from 1.18 to 4.83 N.m at 0 and 15- min tests but increased to up to 10.35 

N.m at 30-min test. Regardless of the time of the testing, the initial torque has a slight increase with

the decrease of cement content, except for mixtures developed with 150 kg/m3 of cement that 

presented the lowest initial torque. The last HB parameter (viscosity constant - kHB) denotes the 

slope of the rheological profile curve, where the higher kHB values, the higher the system viscosity. 

Similarly to the initial torque, the lower the cement content, the higher the viscosity constant, except 

for mixtures developed with 150 kg/m3 of cement that presented viscosity better than G2 mixtures 

(developed with 250 kg/m3 of cement). Thus, there may be a replacement filler content threshold 

that up to a value it increases the viscosity and torque, whereas from that point on it starts to enhance 
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the fresh state behaviour of concrete mixtures. 

a) G1 and G2 – 0 min b) G3 and G4 – 0 min

c) G1 and G2 – 15 min d) G3 and G4 – 15 min

e) G1 and G2 – 30 min f) G3 and G4 – 30 min

Figure 5.11. Precision of Herschel-Bulkley model to appraise the rheological performance of 

distinct groups and time of the test 
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Table 5.6. Herschel-Bulkley parameters and true viscosity equations. 

0 min 

Mixture τ0 (N.m) kHB (N.m-sn) n SSE True Viscosity (N.m/s-1) 

1H-311-0.68 2.48 4.69 0.70 1.04 γ=3.28*γ-0.30 

1M-319-0.60 3.68 8.54 0.69 1.37 γ=5.86*γ-0.31 

2H-250-0.68 2.18 11.30 0.74 0.91 γ=8.34*γ-0.26 

2M-250-0.60 2.34 18.08 0.50 0.65 γ=8.96*γ-0.50 

3H-200-0.83 3.41 18.24 0.69 4.66 γ=12.61*γ-0.31 

3M-200-0.74 4.14 22.52 0.55 12.31 γ=12.48*γ-0.45 

4H-150-1.09 1.18 8.94 0.54 0.64 γ=4.79*γ-0.46 

4M-150-0.97 1.68 13.16 0.62 1.63 γ=8.12*γ-0.38 

15 min 

Mixture τ0 (N.m) kHB (N.m-sn) n SSE True Viscosity (N.m/s-1) 

1H-311-0.68 2.63 5.57 0.88 0.49 γ=4.91*γ-0.12 

1M-319-0.60 4.04 10.52 0.50 1.53 γ=5.3*γ-0.50 

2H-250-0.68 2.93 11.43 0.66 1.19 γ=7.52*γ-0.34 

2M-250-0.60 4.83 15.99 0.25 7.56 γ=3.99*γ-0.75 

3H-200-0.83 4.48 14.49 0.64 3.85 γ=9.32*γ-0.36 

3M-200-0.74 4.39 28.77 0.73 6.89 γ=20.98*γ-0.27 

4H-150-1.09 1.80 14.26 0.65 0.18 γ=9.22*γ-0.35 

4M-150-0.97 1.63 20.06 0.53 1.61 γ=10.7*γ-0.47 

30 min 

Mixture τ0 (N.m) kHB (N.m-sn) n SSE True Viscosity (N.m/s-1) 

1H-311-0.68 3.00 6.14 0.80 0.30 γ=4.94*γ-0.20 

1M-319-0.60 6.95 12.44 0.64 0.85 γ=7.94*γ-0.36 

2H-250-0.68 7.25 14.29 0.48 5.40 γ=6.85*γ-0.52 

2M-250-0.60 9.60 12.28 0.32 9.57 γ=3.98*γ-0.68 

3H-200-0.83 10.45 18.61 0.33 6.84 γ=6.18*γ-0.67 

3M-200-0.74 6.49 21.31 0.35 13.63 γ=7.56*γ-0.65 

4H-150-1.09 8.33 13.74 0.45 3.19 γ=6.2*γ-0.55 

4M-150-0.97 4.49 22.37 0.32 5.40 γ=7.2*γ-0.68 

Through the Herschel-Bulkley equations calculated and displayed in Table 5.6, the true viscosity 

equation was calculated through the derivative of HB. To better visualize the viscosity change as a 

function of rotation, Figure 5.12 was created. It is clear that mixture 1H-311-0.68 yielded an almost 

contestant viscosity over time, which classifies as the only mixture with a Bingham behaviour (i.e., 

linear rheological profile). Moreover, mixtures developed with high mobility parameters yielded 

lower viscosity when comparing mixtures with the same cement content. The 3M-200-0.74 mix 

presented the highest viscosity result agreeing with the fact that it presents lower mobility 
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parameters and the threshold of replacement fillers. Due to the reduction of viscosity with the 

increase of rotation (shear-thinning behaviour), these mixtures are recommended for vibrated or 

pumped applications. 

a) b) 

c) 

Figure 5.12. Viscosity behaviour calculated through Herschel-Bulkley model of the 

investigated mixtures at a) 0 min, b) 15 min, and c) 30 min. 
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5.5.5 Hardened state properties 

The effect of cement content and w/c on the hardened state properties are analyzed in Figure 5.13. 

For this specific analysis, the mixtures were divided into control (G1) and eco-efficient (G2-G4) 

mixtures. As a first analysis of Figure 5.13a, compressive strength and bulk ER appear to be directly 

proportional to cement content, whereas absorption is inversely proportional to it. The compressive 

strength of G1 ranges from 27 to 38 MPa, whereas the G2 range is between 30 and 45 MPa. Although 

G1 and G2 were developed with the same w/c, G2 achieved on average a compressive strength 12% 

higher than G1, highlighting that even with lower cement content (250 kg/m3) the usage of LF 

enhances the system's porosity and hydration. Analyzing mixtures with LF and cement contents 

between 150-250 kg/m3 (G4, G3, and G2), up to 45, 31, and 26 MPa were achieved as 28-day 

compressive strengths, respectively. Moreover, it can be seen that mixtures with different cement 

content achieved similar compressive strength, including 2H-250-0.68 and 3M-200-0.74 (30.7 MPa) 

or 3H-200-0.83 and 4L-150-0.84 (26 MPa). The first case shows that even with a cement reduction 

of 50 kg/m3 and a w/c increase of 0.06, these two concrete mixtures achieved the same compressive 

strength. While for the second example, the mixtures also provided a cement reduction of 50 kg/m3, 

but in this case, the w/c is approximately the same. This result proves that the conventional w/c and 

compressive strength correlation cannot fully explain the behaviour of packed eco-efficient mixtures 

developed with LF. The Bulk ER performance was measured to further evaluate the microstructure 

of the sustainable mixtures developed (Figure 5.13b). The same trend as the compressive strength 

is seen in Bulk ER when compared to cement content and w/c. Yet, G1 and G2 reached 

approximately the same Bulk ER, ranging from 70 Ω.m to 36 Ω.m for mixtures with low to high 

w/c, respectively. Analyzing the eco-friendly mixtures (developed with 200 and 150 kg/m3 of 

cement), the reduction in cement content and increase of w/c impact on the bulk ER were on average 
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20% and 40%, respectively, when compared to G2 (250 kg/m3) mixtures. Moreover, eco-friendly 

mixtures developed with medium w/c have a greater reduction in Bulk ER.  

a) 

b) 

c) 

Figure 5.13. Influence of cement content and w/c on a) compressive strength, b) bulk 

electrical resistivity, and c) absorption. 
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Figure 5.13c displays the 28-day absorption characteristics of the developed mixtures. As expected, 

the absorption is highly affected by w/c. Nevertheless, comparing G1 and G2, which contain the 

same w/c and distinct cement content, G1 yielded an absorption on average 40% higher than G2, 

which may be explained due to the enhancement of the system matrix and nucleation points created 

by the limestone fillers. Moreover, the w/c of control mixtures (G1) has a higher impact on 

absorption than mixtures developed with limestone fillers and lower cement content. Moreover, G2 

achieved a 28-day absorption of 2.0, 2.0, and 3.0% for low, medium, and high w/c, whereas G3 

achieved 2.7, 2.9, and 3.0%. Although a higher w/c was required in G3 for fresh state proposes, the 

fillers aid the enhancement of the system matrix (i.e., reducing its absorption). Moreover, G4 

mixtures, which have half of the cement content of the control mixtures, achieved similar absorption 

rates varying on average by 20%; for instance, 1H-311-0.68 and 4H-150-1.09 achieved absorptions 

of 4.4 and 4.7%, respectively.

5.5.6 Abrams, Lyse, and Molinari’s Law 

Several methods may be applied to optimize the concrete’s mortar content that assists the 

improvement of materials’ eco-efficient through the reduction of cement content. The mortar 

Content Optimization (MCO) method is one of the most well-known methods used to enhance 

concrete mix-design. Three main experimental steps must be applied to fully evaluate the mix-

design developed: a) mechanical properties (Abram’s law [66–70]); b) consistency requirements 

(Lyse’s law [67–70]) and; c) eco-efficient aspects (Molinari’s law [67–70]). These laws present the 

correlation between a) compressive strength and w/c; b) w/c and aggregate unit composition related 

to cement content (m); and c) m and cement content, respectively. Although four distinct families 

were developed in this study, they can be analyzed as one mix-design with distinct optimization 

levels (Figure 5.14). The first quadrant shows the correlation between compressive strength and w/c 
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has a downward trend, as per Abrams’ law, in which 2H-250-0.52 presents the highest residual error 

of 6.1 MPa. Lyse’s law (Quadrant IV) presents the required aggregate unit composition (m) for a 

selected w/c to achieve a target slump. One may note that the eco-efficient mixtures (G2, G3, and 

G4), developed with admixtures, would result in a straight line when correlating m and w/c. 

Therefore, the use of admixture affects Lyse’s law trend. Lastly, Molinari’s law (Quadrant III), 

indicates that the most eco-efficient mixtures require higher aggregate unit composition. 

Considering the class exposure class of CSA A23.1 [58], the requirements for concrete compressive 

strength range from 25-35 MPa. Mixtures from G1, G2, and G3 may be selected to develop concrete 

mixtures with CSA A23.1 exposure class (e.g., C-1, C-2, C-3, and F-1), which required compressive 

strengths of 35, 32, 30, and 30 MPa, respectively. While G3 and G4 mixtures are recommended for 

exposure class C4 and F2 require a minimum compressive strength of 25 MPa. To achieve concrete 

net-zero goal, mixtures must be designed not only due to their fresh and hardened state, and 

durability aspects but their sustainability must also be evaluated during the design. Figure 5.14 may 

assist in the optimization of the mixture’s sustainability (Quadrant III) based on compressive 

strength (Quadrant I) and slump (Quadrant IV) requirements. The purpose of this chart is to aid 

users of PPM-MP design method in considering target parameters/performances such as 

sustainability (cement content – left x-axis), fresh state (slump – bottom right quadrant), and 

hardened state (compressive strength – top y-axis). Once these three main parameters are determined 

in accordance with the project requirements, the graph provides insights into the recommended w/c 

(right x-axis) and aggregate unit composition related to cement content (bottom y-axis) for the pre-

selected performances.  
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Figure 5.14. Mix-design three-quadrant diagram of mixtures appraised. 

5.5.7 IPScement 

Mobility parameters can be used to predict the fresh state behaviour of concrete mixtures; however, 

with a slight modification, this concept can also be applied to better understand the hardened state 

behaviour of highly packed mixtures. Similarly to the Abrams’ Law relationship where the increase 

of w/c reduces the concrete compressive strength, IPS can be applied to understand materials’ 

compressive strength. IPS measures the distance between the powder particles, which is also 

represented by the water film thickness between these particles. A modified version of the IPS called 

IPScement (Equation 5.11) can be used to calculate the distance between cement grains only instead 

of the distance of powder particles.  

Quadrant I Quadrant II 

Quadrant IV Quadrant III 
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𝐼𝑃𝑆𝑐𝑒𝑚𝑒𝑛𝑡 =
2

𝑉𝑆𝐴𝑐𝑒𝑚𝑒𝑛𝑡
∗ (

1

𝑉𝑆(𝑐𝑒𝑚𝑒𝑛𝑡)
∗

1

1 − 𝑃𝑂𝑓(𝑐𝑒𝑚𝑒𝑛𝑡)
) 

Equation 5.11 

where 𝐼𝑃𝑆𝑐𝑒𝑚𝑒𝑛𝑡 is the distance among cement particles; 𝑉𝑆𝐴𝑐𝑒𝑚𝑒𝑛𝑡 is the volume surface area of 

the cement;  𝑉𝑆(𝑐𝑒𝑚𝑒𝑛𝑡) is the volume solid fraction of the cement and 𝑃𝑂𝑓(𝑐𝑒𝑚𝑒𝑛𝑡) the dry porosity 

for pure cement. The volume unity accounts for the total volume of cement (cement + water).  

When developing a highly-packed system with high limestone fillers concentrations, the use of 

additional parameters besides w/c is often suggested to predict compressive strength [25,29,71]. 

Equation 5.12 combines the IPScement theory with w/p, which accounts for the w/c and filler 

concentration, to predict the compressive strength of the mixtures developed in this study (Table 

5.7).  

𝑓′𝑐 = 46.67

1.63
(

𝑤
𝑝

∗𝐼𝑃𝑆𝑐𝑒𝑚𝑒𝑛𝑡)⁄
Equation 5.12 

Table 5.7. Prediction of compressive strength through IPScement. 

IPScement w/p f'c = 46.68/ 1.63(w/p *IPScement) 

1.08 0.68 f'c=46.68*/1.630.74 

0.95 0.60 f'c=46.68*/1.630.57 

0.81 0.52 f'c=46.68*/1.630.42 

1.43 0.54 f'c=46.68*/1.630.77 

1.28 0.47 f'c=46.68*/1.630.60 

1.12 0.40 f'c=46.68*/1.630.44 

2.21 0.54 f'c=46.68*/1.631.18 

2.01 0.47 f'c=46.68*/1.630.95 

1.76 0.40 f'c=46.68*/1.630.71 

3.94 0.54 f'c=46.68*/1.632.14 

3.55 0.47 f'c=46.68*/1.631.68 

3.13 0.40 f'c=46.68*/1.631.26 

Figure 5.15 exhibits the good correlations between the predicted and the experimental compressive 

strength based on the equations presented in Table 5.7. Considering all the mixtures, it achieved an 
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SSE of 112, when considering mixtures 1H-311-0.68 and 2L-250-0.52 are the only two dots outside 

the +/-10% range, whereas when these data is removed from the analysis, the SSE is equal to 22. 

Figure 5.15. Mix-design monogram of mixtures appraised. 

5.5.8 Global warming potential assessment 

It is well known that the increase in greenhouse gases (GHG) in the past decades is affecting the 

current world temperature [55].  Cement, one of the main concrete components, is responsible for 

3% of the global GHG produced annually [72]. Reducing mixtures’ cement content will indeed 

increase their sustainability, as a ton of OPC produces approximately one ton of CO2 [51,73,74]. 

Yet, Global warming potential (GWP) was selected to accurately quantify the mixture's eco-

efficiency. Figure 5.16a shows the GWP of the twelve mixtures optimized in this study calculated 

as per Table 5.2. Cement content is the major component of concrete’s GWP, being responsible for 

97%, 93%, 91%, and 88% of the total GWP of G1, G2, G3, and G4 mixtures, respectively. Control 

mixtures (G1), which contain 100% of OPC, yielded the highest CO2 emission of 296 kg 

CO2eq/m
3(on average) Although all mixtures were developed with the same packing density when 

they are optimized with limestone fillers the GWP can decrease up to 152.85 kg CO2eq, which is 
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approximately 50% reduction when comparing G1 to G4. 

a) 

b) 

Figure 5.16. a) Global warming potential (in kg CO2eq) for 1m3 of concrete and b) CO2 

intensity index. 

Based on Wallevik et al.’s [56] classification, G1, G2, G3, and G4 mixtures can be considered Semi-

LCC, LCC250, LCC200, and LCC150, respectively. Analyzing the CO2 intensity index (Figure 5.16b), 

it is clear that G1 (mix proportioned without LF) is less optimized with cics ranging from 10.7 to 8.0. 

While for mixtures of G2, G3, and G4, the CO2 intensity index varied from 8.3 to 5.3. The concrete 

mixtures developed in this study can be considered eco-efficient when compared to conventional 
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concrete (20-40 MPa) produced worldwide that presents cics around 10 kg/m-3. MPa-1. 

5.6 Conclusions 

• Besides the w/c, packing density, and mobility parameters, the cement and filler content also

influences the rheological behaviour of mixtures.

• The mixture 3M-200-0.74 showed the highest viscosity due to its low mobility parameters

and threshold of replacement filler.

• Eco-efficient mixtures developed present a shear-thinning behaviour due to the reduction of

viscosity with the increase of rotation; hence, they are recommended for vibrated or pumped

applications.

• This research concluded that the compressive strength of packed eco-efficient mixtures

developed with LF cannot be fully explained by cement content, as mixtures with different

cement content, achieved similar compressive strength, including 2H-250-0.68 and 3M-200-

0.74 (30.7 MPa) or 3H-200-0.83 and 4L-150-0.84 (26 MPa).

• Mobility parameters can be used to aid the development of eco-efficient mixtures to achieve

required fresh state properties, yet IPScement can be applied to predict the compressive

strength.

• When using the proposed PPM-MP model, the mixtures developed in G1, G2, G3, and G4

can be considered as Semi-LCC, LCC250, LCC200, and LCC150, respectively. However, when

limestone fillers are applied to the system, GWP can decrease up to 152.85 kg CO2eq, which

is around 50% reduction when compared to control mixtures (G1).

• When compared to conventional concrete (20-40 MPa) produced worldwide that has cics

greater than 10 kg/m-3. MPa-1, the concrete mixtures developed in this study can be

considered eco-efficient with cics ranging from 10.7 to 5.3 kg/m-3. MPa-1.
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• Concrete mixtures must be formulated to account for their sustainability aspects to meet the

concrete net-zero goal. The proposed PPM-MP with the aid of the three-quadrant diagram

(Figure 5.14) is a promising method that may be utilized to increase the sustainability of

concrete mixtures for any required fresh and hardened state performance. However, only LF

was applied as a second powder, and further improvements could be made with the use of

SCMs.
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Abstract 

Numerous research programs were conducted in the past to evaluate the fresh and hardened 

properties of PPM-proportioned concrete; yet, there is still a lack of fundamental understanding of 

key factors contributing to the evolution of engineering properties in packed systems, especially in 

eco-efficient mixtures. To answer this question, twelve eco-efficient (low cement content) mixtures 

containing distinct ranges of cement content (320, 250, 200, 150 kg/m3) and slump values (180, 90, 

and 20 +/- 20 mm) were proportioned through a proposed PPM-MP approach. Samples were 

fabricated from each mixture and a comprehensive hardened state analysis (apparent porosity, 

surface electrical resistivity, compressive strength, and modulus of elasticity) was conducted over 

time. Results indicate that the proposed PPM-MP approach is a quite promising technique to 

proportion eco-efficient concrete targeting non-structural and structural applications (18-45 MPa). 

Finally, a modified Abrams law is proposed to facilitate the design of eco-efficient mixtures to meet 

distinct hardened state performance. 

Keywords: Eco-efficient concrete, low cement content, particle packing models, interparticle 

separation distance, maximum paste thickness.  
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6.1  Introduction 

The urgency to reduce the carbon footprint of the concrete construction industry has shifted the 

focus to its environmental impact while maintaining its performance and economic benefits. 

Concrete production is responsible for more than 7% of global carbon dioxide (CO2) emissions, 

wherein over 92% is emitted during ordinary Portland cement (OPC) production [1–4]. Therefore, 

to reduce the adverse effects of OPC consumption, one of the most suitable strategies is the 

implementation of Particle Packing Model (PPMs) while mix proportioning concrete [4–11]. The 

study of packing of  aggregate portions in concrete mixtures marked the beginning of PPM science 

in the late 19th century [12,13]. Although significant improvements in the hardened state aspects 

were discovered with the packing of aggregates, subsequent discrete and continuous PPMs were 

developed highlighting the importance of packing particles from the whole system (i.e., fine and 

coarse aggregates, and powders) [11–16]. Yet, it has been found that conventional and well-

established hardened state laws, such as Abrams law, cannot fully capture the evolution of 

engineering properties of PPM proportioned mixtures, since they may develop quite distinct 

properties when compared to conventionally proportioned mixtures with the same w/c. Although 

studies concluded that the water-to-cement ratio (w/c) is still the main factor influencing the 

evolution of engineering properties of PPM-proportioned concrete, additional parameters were 

found necessary to be included so that better predictive models could be developed [7,17].  

Regardless of the usage of PPMs, further improvements in concrete eco-efficiency can be achieved 

by partially replacing OPC with supplementary cementitious materials (SCMs) or inert fillers [5–

7,11,18,19]; however, although the addition of SCMs contributes to concrete performance, 

durability, sustainability, and economic aspects [2,5,19–22], their availability does not increase at 
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the same rate as the cement demand [23–25]. Similar to SCMs, several types of inert fillers are used 

as a cement replacement, yet limestone fillers are the most commonly used due to their economy 

and availability worldwide, along with some interesting physical features, such as spherical shape, 

wide range of particle size distribution (PSD), and volumetric stability [26–29]. However, it is 

known that depending on its PSD and specific surface area (SSA), limestone fillers can positively 

or negatively impact the fresh and hardened performance of concrete mixtures  [30–34]. The 

addition of fine PSD limestone fillers can increase the system’s viscosity, negatively impacting its 

fresh behaviour due to the increase of the system’s superficial surface. Conversely, fine PSD 

limestone fillers may further contribute to clinker hydration, which accelerates the concrete’s 

compressive strength development at early ages [35]. Some fillers with similar PSD to OPC are used 

as direct replacements for OPC to improve concrete eco-efficiency. Normally, the use of limestone 

fillers is limited to 15% of cement content, when direct replacement is selected as the mix-design 

method to maintain concrete’s hardened state properties [26].  However, to achieve eco-efficiency 

levels as per Net Zero targets [36,37], higher amounts of filler should be added to the system and 

thus a better understanding and prediction of engineering properties is required for mixtures 

incorporating higher amounts and types of limestone filler. 

This project aims to thoroughly assess, understand, and predict the development of engineering 

properties of eco-efficient concrete mixtures designed through a combined particle packing models 

(PPMs) / mobility parameters (MP) approach so that sustainable mixtures bearing low cement 

content may be proportioned while meeting required hardened criteria. 
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6.2 Background 

6.2.1 Proportioning concrete through particle packing models (PPMs) 

Particle packing models (PPMs), which started in the late 19th century when Féret analyzed the 

influence of the aggregates packing on the hardened state of concrete [12], are currently applied in 

a wide range of materials, such as ceramics, concrete, and asphalt [38–41]. PPMs are implemented 

to optimize the system’s gradation aiming to reduce its porosity [12,15]. Several PPMs are presented 

in the literature, and they may be divided into continuous and discrete models. The first continuous 

PPMs was created by Fuller in 1907 [12,15,41] whereas the first discrete model was created by 

Furnas between 1929 (i.e. binary) and 1931 (multimodal models) [12,13,15,41]; both pioneers of 

PPMs. Naturally, continuous and discrete models were enhanced over the years [11–13,15,16,41]; 

yet, researchers [7,42] suggest that real aggregate blends are better represented by continuous 

models as they consider that concrete contains particles of all sizes (i.e. no gaps throughout the 

whole particle size distribution) [12,15].  The most current continuous PPM is the so-called Alfred 

model or modified Andreasen model (Equation 6.1) [7].  

𝐶𝑃𝐹𝑇 = 100 ∗ (
𝐷𝑃

𝑞 − 𝐷𝑆
𝑞

𝐷𝐿
𝑞 − 𝐷𝑆

𝑞 ) 
Equation 6.1 

where DP is the particle size in question, CFPT is the cumulative percent finer than DP, DL and DS 

are the largest and smallest particle size in the system, respectively, and q is a distribution factor (q-

factor).    

Based on computational analysis, it was determined that “optimum packing” is achieved when the 

distribution factor (q) is equal to 0.37 [12,41]. Conversely, it has been found that “optimum packing” 

reduces concrete flowability as the granular particles are close to one another and thus causing more 



154 

friction is presented in the system. Aiming to improve concrete flowability, q-factors of around 0.20-

0.22 are often selected, since lower q-factors result in higher amounts of fines and a lower amount 

of coarse aggregates in the system, which generates suitable water-to-powder ratios, helping the 

coarse aggregate particles slippage.  

Among the many benefits of using PPMs, densifying the material’s microstructure remains the main 

objective [12,40]. Moreover, the higher the packing density, the lower the amount of voids between 

fine and coarse aggregates, which are filled by water and fine/ultrafine particles (≤ 125 µm i.e., 

binder and fillers); thus, packed systems require less binder which increases their eco-efficiency. 

Nevertheless, concrete mixtures designed through PPMs present challenges in the fresh state due to 

their highly packed and low porosity system. Mobility parameters may be introduced then, as a 

complementary approach to PPMs, for mix-proportioning eco-efficient mixtures while providing 

suitable performance in the fresh state. As such, two parameters have been proposed to clarify the 

mobility of granular systems: the interparticle spacing (IPS; Equation 6.2) and the maximum paste 

thickness (MPT; Equation 6.3) [7,43–45].  

𝐼𝑃𝑆 =  
2

𝑉𝑆𝐴
[

1

𝑉𝑠
−

1

(1 − 𝑃𝑜𝑓)
] 

Equation 6.2 

where IPS is the interparticle spacing, VSA is the calculated volume surface area per cubic 

centimetre of powder, Vs is the volume fraction of fine solids (particles smaller than 125 µm), and 

Pof is the pore fraction assuming the densest packing of the fine particles. 

𝑀𝑃𝑇 =  
2

𝑉𝑆𝐴𝑐
[

1

𝑉𝑠𝑐
−

1

(1 − 𝑃𝑜𝑓𝑐)
] 

Equation 6.3 
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where MPT is the distance between aggregates, VSAc is the calculated volume surface area of 

aggregate (particles greater than 125 µm) fraction, Vsc is the volumetric aggregate solid fraction, 

and Pofc is the pore of aggregate fraction assuming the densest packing. 

The IPS is considered as the average distance between two adjacent particles smaller than 125 µm, 

which are normally separated by water [7,41,44–46]. Therefore, IPS can be understood as the 

thickness of the fluid (or water) amongst them. Likewise, MPT measures the maximum distance 

amongst particles greater than 125 µm; hence, MPT has a direct correlation to cement paste 

thickness around aggregate particles  [7,43–45]. Consequently, it has been found that the lower the 

IPS and MPT, the lower the flowability of granular systems (i.e., the higher the viscosity and 

particles collisions for a given torque regime). Conversely, high IPS and MPT yield less viscous, 

more flowable mixtures [7,45,47].   

6.2.2 Estimating the porosity of packed systems - Westman and Hungill 

Since the modified Andreasen model is focused on the CPFT, a complementary algorithm published 

by Westman and Hugill in 1930 may be used to calculate the system maximum packing factor [41]. 

Equation 6.4 can therefore be used to calculate the packing factor (PF; ratio between tightly packed 

and loosely packed systems) of any granular system [41,45].  

𝑃𝐹 = 1 − (
1

𝐶𝑆𝑅
)

0.37 Equation 6.4 

where CSR is the class size ratio between two consecutive particles diameter. 

According to [41], the PF is inversely proportional to the maximum apparent volume (Va; true 

volume of particles - Equation 6.5) since Va is directly proportional to the system’s porosity.  
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𝑉𝑎1 = 𝑎1𝑥1 

𝑉𝑎2 = 𝑥1 + 𝑎2𝑥2 

𝑉𝑎3 = 𝑥1 + 𝑥2 + 𝑎3𝑥3 

… 

𝑉𝑎𝑖 = ∑ 𝑥𝑗

𝑖−1

𝑗=1 1

+ 𝑎𝑖𝑥𝑖

Equation 6.5 

where ai is the apparent volume of the ith size particle in a monodispersed system, xi is the mass 

fraction of ith size particle, Vai is the apparent volume of the mixture with n particle sizes, and n is 

the number of particle sizes. 

It is well-established that filling a volumetric space with monodisperse spherical particles results in 

approximately one-fourth of empty spaces (i.e., packing density around 75%). However, the latter 

approach is mainly theoretical since granular systems are rarely made by completely spherical 

particles; hence, in practice, packing density lies between 60% and 64% [47]. As such, the porosity 

of real granular systems can be calculated with the modified Westman and Hugill algorithm - 

Equation 6.6 [41]. 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = (1 −
1

𝑉𝑎
) ∗ 40% 

Equation 6.6 

Although the Westman and Hugill model can be used to predict the granular porosity and packing 

factor of a system, it does not represent the hydrated system`s porosity, which is directly proportional 
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to the concrete mechanical properties. These characteristics are significantly influenced by the w/c, 

cement types and content, curing age, aggregate characteristics, and fillers [48]. Therefore, models 

that predict engineering properties, such as compressive strength, must be used while the mix-

proportioning of PPM-designed concrete through optimizing the selection of parameters and 

meeting desired hardened state criteria.  

6.2.3 Hardened state properties of PPM mixtures 

PPMs allow the proportioning of eco-efficient concrete mixtures developed with low OPC content; 

for instance, OPC contents lower than 320 kg/m3 are often observed in the literature [5–

7,10,11,18,49]. However, their impact on the hardened state performance of concrete is still not 

entirely understood. Previous research [5,7,49] has shown that the compressive strength of these 

concrete mixtures can vary significantly within mixtures of similar w/c. For instance, Anson (2011) 

[10] developed three mixtures with w/b of 0.39 and four mixtures with w/b of 0.33. To increase the

concrete's sustainability, this study used Modified Toufar as PPM in the aggregate portions and slag 

as a partial replacement for OPC. For mixtures developed with 0.39 w/b, the cement content ranged 

from 270 to 247.5 kg/m3 and the slag content from 90 to 82.5 kg/m3. Regardless of having the same 

w/b ratio, these mixtures yielded distinct compressive strengths ranging from 31.5 to 37.1 MPa after 

28 days. For mixtures developed with 0.33 w/b, the cement content and slag varied from 292.5-349 

and 97.5-116, respectively, while the 28-day compressive strength varied from 56.2 to 66.5 MPa. 

Matos et al. (2019) [5] also optimized the fine and coarse aggregates portion through experimental 

packing analysis to develop sustainable high-performance self-compacting concrete mixtures. Fly 

ash was used as a partial OPC replacement and concrete mixtures were proportioned with cement 

content ranging from 365 to 255 kg/m3 and constant w/b of 0.48, achieving compressive strengths 

varying from 50.7 to 58.9 MPa at 28 days. Similarly, Ali et al., 2020 [49] investigated over 20 
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different mixtures proportioned with Fuller-Thompson distribution moduli (q) ranging from 0.4 to 

0.5 and distinct volumetric sand-to-total aggregate ratios. Since the PPM has been used in the whole 

system (i.e., aggregates and powders), a better mix-optimization was reached, achieving a OPC 

content of 232 kg/m3, combined with fly ash (62 kg/m3) and silica fume (15 kg/m3). Although the 

same binder content (total of 309 kg/m3) and w/b (0.60) were selected on these mixtures, the 

compressive strength varied from 28 to 35 MPa. The same behaviour was observed by de Grazia et 

al. (2019) [7], where the 28-day compressive strength varied significantly for similar  w/c ratio while 

the use of different q-factors on the Alfred model and adjusting the percentage of OPC replacement 

by limestone fillers. In this study, three ranges of cement content (150, 200, and 270 kg/m3) and 

three water-to-cement- ratios (0.8, 0.6, 0.5, respectively) were investigated. The variation of q-factor 

between the two mixtures resulted in the following variations of compressive strength:  43-49 MPa, 

54-56 MPa, and 66-70 MPa for mixtures designed with w/c of 0.8, 0.6, and 0.5, respectively. These

investigations show that, for a given w/c, eco-efficient concrete mixtures designed via PPM present 

compressive strengths that are significantly higher than those of conventional concrete mixtures, 

highlighting the need of understanding and quantifying the impact of the above on the performance 

of eco-efficient PPM-proportioned concrete.  

6.2.4 Impact of limestone fillers on concrete hardened state properties 

Limestone filler is one of the few materials that exceeds OPC production, demonstrating its viability 

as a partial replacement for OPC in order to increase the sustainability of concrete mixtures [25]. 

Their average replacement ratio is usually around 20% to avoid losses in the concrete hardened state 

properties. However, European and South African standards allow an addition of limestone filler of 

up to 35% [25,27,50,51]. Previous research [35,52] has shown that up to 10% limestone filler can 

be added without affecting the hardened state properties of concrete because limestone filler partially 
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reacts with the available alumina to form carbo aluminate phases, which contribute to the strength 

and durability of concrete. The addition of limestone fillers can also have a positive impact on the 

hardened state properties by accelerating cement hydration (due to the formation of nucleation sites) 

and by reducing the system’s overall porosity (phenomenon known as the filler effect) 

[35,44,45,53,54]. Moreover, the dilution effect, defined as an increase in water content per unit mass 

of cement particles (i.e., an increase in w/c), also have a positive impact on accelerating cement 

hydration at early ages. Besides this positive impact, the dilution effect can also have a negative 

impact on the concrete compressive strength due to the increase of w/c [25,35,50,53]. According to 

Lothenbach et al. (2018) [35], the main strength contributor is the enhancement of cement hydration 

rather than the influence of limestone fillers on the system’s chemistry or physical packing. Yet, 

these studies were mainly performed on conventional concrete mixtures conventionally 

proportioned and with replacements up to 35%. However, when mixtures are proportioned with 

PPM, higher levels of OPC replacement by limestone fillers (up to 60%) were observed to still be 

possible while maintaining the required hardened state properties [45,55] and decreasing the carbon 

footprint of concrete. 

6.2.5 Predicting hardened state properties of PPM-proportioned concrete 

Back in the late 1990s, De Larrard and Belloc [43] proposed a different approach to better predict 

the mechanical performance (i.e., concrete compressive strength) of concrete mixtures proportioned 

with PPMs which evaluates the distance between the coarse aggregate particles. The Maximum 

Paste Thickness (MPTcoarse) concept accounts for the distance between the coarse aggregate particles 

that act as stiffer points surrounded by softer mortar in conventional concrete. As such, the mortar 

surrounding the aggregate particles experiences higher stresses. Results show that the lower the 

MPTcoarse, the higher the mechanical properties of PPM mix-designed mixtures [43,44,56]. Yet, De 
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Grazia et al. [7] found that when comparing mixtures with distinct OPC content and limestone filler, 

the MPTcoarse could not accurately predict their compressive strength because they were 

proportioned with similar PPM and q-factor, which resulted in a similar volume of aggregate, hence, 

similar MPTcoarse. The two mixtures proportioned through Alfred’s model with distinct cement 

contents (from around 270 kg/m3 to 155 kg/m3) and limestone fillers presented compressive strength 

values ranging from 70 to 43 MPa, but MPTcoarse remained constant for mixtures with the same mix-

design parameters regardless of OPC and filler content and w/c. Moreover, it was concluded that 

the sole use of the conventional Abrams law (i.e., strength as a function of the water-to-cement ratio) 

was not enough to explain the distinct behaviour found in the hardened state due to PPM and high 

amount of limestone fillers, as the constants A and B must be significantly modified in order to 

predict compressive strength of eco-efficient mixtures. John et al. [50] also verified that besides the 

w/c, additional parameters might be required for predicting the compressive strength of mixtures 

manufactured through PPMs and incorporating moderate to high amounts of inert fillers; thus, the 

water to fines (also known as water to powder - w/p) ratio was proposed. Although there were 

stronger correlations between compressive strength and w/p than with w/c, the use of w/p cannot 

replace the parameter w/c since fillers are an inert material that do not directly contribute to C-S-H 

formation (although it has been verified that limestone fillers may enhance the quality and amount 

of C-S-H formed in the system due to the increase of nucleation sites). 

Kurda et al. [48] evaluated the reliability of several models (i.e., Abrams, Slates, ACI, Bolomey, 

and Féret model) when predicting the compressive strength of conventional concrete mixtures and 

it was concluded that Bolomey model is the most accurate when comparing the calculated 

compressive strength to experimental data. Yet, there is a lack of studies investigating the most 
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accurate model to predict compressive strength of highly packed concrete mixtures developed with 

low cement content. 

6.2.6 Concrete eco-efficiency 

Damineli et al. [57] proposed the use of the binder intensity (bi) index to appraise concrete eco-

efficiency through the binder content with respect to a concrete property ratio (Equation 6.7). This 

equation quantifies the required amount of binder to produce one unit of any concrete property. 

Since 28-day compressive strength is the most commonly used property, it is the most applied in the 

bi-index.  

𝑏𝑖 =  
𝐵𝐶

𝑃

Equation 6.7 

where bi is the binder intensity index, BC is the binder content (kg/m3), and P is the performance 

requirement (e.g., compressive strength – MPa).  

The majority of concrete produced worldwide has cement contents ranging from 250 to 500 kg/m³ 

and the vast majority of the bi-index found in conventional concrete (≤ 35Pa) are close to or higher 

than 10 kg.m-3.MPa-1 [57]. Moreover, only roughly 2% of the concrete mixtures commonly used 

worldwide present cement contents lower than 250 kg/m³ of concrete [57]. Analyzing previous 

studies [5–7,10,11] that use distinct types of PPMs to produce eco-efficient concrete mixtures, 3 out 

of the 32 mixtures produced resulted in a bi-index greater than 10 kg.m-3.MPa-1 thus, confirming the 

ability of PPMs to produce eco-efficient mixtures. Moreover, approximately 85% of the mixtures 

were produced with a cement content lower than 320 kg/m3, wherein 80% of the mixtures were 

produced by packing only the aggregate portion. One may conclude that the optimization of the 

whole matrix is a key factor for concrete sustainability. Besides, it was proven that when more recent 



162 

PPMs are selected (i.e., modified Andreasen and Compressive Packing Model), the bi index is on 

average lower than the other methods.  

6.3 Scope of the work 

The main objective of this work is to comprehend the hardened state properties of highly packed 

eco-efficient concrete mixtures designed with limestone fillers. A total of 12 concrete mixtures were 

developed using a coupled PPM-MP approach, containing distinct ranges of cement content (e.g., 

320, 250, 200, 150 kg/m3) and incorporating two types of limestone fillers (i.e., performance filler 

to decrease the matrix porosity and replacement filler to target decrease in the cement content). 

Moreover, three ranges of fresh-state performance were investigated (i.e., slump of 180, 90, and 20 

+/- 20 mm) which are the most common values associated with distinct applications as per ACI 211-

1 [58] and CSA A23.1 [59]. Preliminary fresh state tests, including slump, air content, temperature, 

pH, and rheological profile were performed to fully appraise the mixtures developed. Then, their 

hardened state properties were investigated through compressive strength, modulus of elasticity, 

surface electrical resistivity, and apparent porosity. Meanwhile, the eco-efficiency of all mixtures 

was measured with the binder intensity (bi) index [57] to confirm their sustainability aspects. Two 

conventional methods (Abrams law and Eurocode 2) were selected to predict the compressive 

strength of those mixtures and different parameters are proposed to existing models to increase their 

suitability in predicting behaviour of eco-efficient mixtures. Finally, a new approach is proposed in 

this study aiming to facilitate the formulation of eco-efficient mixtures that meet compressive 

strength and cement content criteria. 
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6.4 Materials and methods 

6.4.1 Raw materials characterization 

The concrete mixtures investigated in this study were developed with natural sand and a granite 

coarse aggregate with a nominal maximum size of 19 mm. Two types of limestone fillers were used 

in the mixtures: 1) a performance filler (P) and 2) a replacement filler (R), having a PSD smaller 

than and similar to that of OPC, respectively. The PSD of the aggregates was determined through 

sieve analyses as per ASTM C136 [60], whereas for determining the PSD of the limestone fillers 

and OPC, a laser diffraction analysis was performed (Figure 6.1).  

Figure 6.1. Particle size distribution of raw materials. 

The materials' specific gravity and specific surface area analyses, through Brunauer-Emmett-Teller 

- BET method, is presented in Table 6.1. Moreover, the chemical composition of the general use

(GU) Portland cement obtained by X-ray fluorescence (XRF) and the mineralogical phases 

calculated through Bogue [61] are presented in Table 6.2. A polycarboxylate-based high-range water 
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reducer and a lignosulfonate-based mid-range plasticizer were selected to improve the flowability 

of the concrete mixture when needed. 

Table 6.1. Physical properties characterization. 

Material 

Specific 

gravity 

(g/cm3) 

Specific Surface Area - 

SSA (m2/g) 

GU cement 3.17 1.17 

Filler - R 2.66 1.60 

Filler - P 2.60 3.70 

Fine 

Aggregate 
2.74 0.92 

Coarse 

Aggregate 
2.81 0.11 

Table 6.2. Chemical composition and mineralogical phases of GU cement. 

GU cement CaO SiO2 Al2O3 Fe2O3 SO3 MgO Na2O LOI 

Composition 

(%) 
61.5 19.4 4.9 3.7 3.9 2.4 0.95 1.9 

Mineralogical 

phases 

C3S C2S C3A C4AF 

53.5 15.5 6.7 11.2 

6.4.2 Mix-design procedure – PPM-MP approach 

The eco-efficient concrete mixtures developed in this study (Table 6.3) were designed through a 

modified Alfred model combined with mobility parameters targeting three ranges of slump values 

(i.e., slump of 180, 90, and 20 ± 20mm); these values were associated to distinct applications as per 

ACI 211-1 [58] and CSA A23.1 [59]. As presented in the literature review section, a high 

distribution factor (i.e., q-factor) of 0.37 decreases the OPC usage in concrete, improving the eco-

efficiency of the mixtures and decreasing the porosity of the system (2.8% for a q-factor of 0.37), 

as highlighted in Figure 6.2a and b, respectively.  

De Grazia et al. [7] verified issues related to fresh state when selecting a q-factor of 0.37, including 

low flowability and slump. To enhance the fresh state behaviour of the highly packed mixtures, the 
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authors proposed to “break” Alfred’s PSD curve into two parts: powder (or fines) portion (with q-

factor of 0.21) and aggregates portion (with q-factor of 0.37). Yet, results suggested that the slump 

only improved when the cement content of concrete was raised. 

Table 6.3. Mix-design of 12 eco-efficient concrete mixtures. 

Mixture 

kg/m³ 

Powder Fine Aggregate Coarse Aggregate 

Water SP MR 
OPC 

Filler Filler 150-

300 

mm 

300-

600 

mm 

600-

1180 

mm 

1180-

2360 

mm 

2360-

4750 

mm 

4750-

9500 

mm 

9500-

12500 

mm 

12500-

19000 

mm 
P R 

1H-311-0.68 311 0 0 126 157 189 239 300 378 174 295 212 0.0 0.0 

1M-319-0.60 320 0 0 130 161 194 246 307 388 178 303 192 0.0 0.0 

1L-328-0.52 328 0 0 133 165 199 252 316 398 183 311 171 0.0 0.0 

2H-250-0.68 250 39 25 133 165 199 252 316 398 183 311 170 1.9 1.9 

2M-250-0.60 250 40 31 136 169 204 259 324 408 187 319 150 3.9 3.2 

2L-250-0.52 250 41 37 140 173 209 265 332 418 192 326 130 3.9 3.9 

3H-200-0.83 200 40 69 134 166 200 254 318 401 184 313 165 1.9 1.9 

3M-200-0.74 200 41 74 137 169 204 259 324 409 188 319 148 3.8 3.1 

3L-200-0.64 200 41 79 140 174 210 266 333 419 193 327 129 3.9 3.9 

4H-150-1.09 150 40 111 138 170 204 256 319 399 182 309 163 2.4 1.2 

4M-150-0.97 150 41 117 141 174 208 262 326 408 187 316 145 4.3 2.5 

4L-150-0.84 150 42 122 144 178 213 268 333 417 191 323 126 3.9 3.9 

Note: The labels depict the group per cement content, mobility parameter, cement content, w/c. 

a) b) 

Figure 6.2. a) Difference between system PSD for mixtures developed with q-factors of 0.37 

and 0.22 and b) Comparison of porosity with different q-factors. 

Based on the study above, it has been verified that the selection of q-factors for both portions of 

Alfred’s model (i.e., powder and aggregates fractions) was a key factor to define the behaviour of 

concrete mixtures in the fresh state. Moreover, this parameter could be better understood whether 
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the distance amongst the granular particles was computed; the above discussion gave origin to the 

PPM-MP approach proposed in this work. First, Equation 6.1 was applied for the powder portion 

(from Ds to 80 μm) and aggregates portion (from 0.15 mm to DL). It is worth noting that 80 μm 

represents the largest diameter available within the powders selected (i.e., Portland cement, 

replacement and performance fillers) and 0.15 mm represents the smallest diameter of fine 

aggregate. To achieve the lowest system’s porosity through Alfred’s model, q-factors of 0.34 and 

0.31 ±0.1 in the powder and aggregate portion, respectively, were selected, yielding a final system 

with dry porosity of 3.0% ±0.1 (calculated through Equation 6.6).  

Therefore, the 12 concrete mixtures were developed using Equation 6.8 for the powder portion and 

Equation 6.9 for the aggregate portion. 

Powder portion 

(from Ds to 80 μm) 
𝐶𝑃𝐹𝑇 = 100 ∗ (

𝐷𝑃
0.34 − 𝐷𝑆

0.34

0.80.34 − 𝐷𝑆
0.34) 

Equation 6.8 

Aggregates portion 

(from 0.15 mm to DL) 
𝐶𝑃𝐹𝑇 = 100 ∗ (

𝐷𝑃
0.31 − 0.150.31

𝐷𝐿
0.31 − 0.150.31

) 
Equation 6.9 

Three control mixtures were developed with 0% of limestone fillers, whereas nine mixtures were 

fabricated with the optimum amount of performance filler (~ 1.9% of total concrete dry volume) 

and three distinct amounts of replacement filler (~ 1.2, 3.2, and 5.1% of total concrete dry volume). 

The least square method was employed to calculate the optimum amount of performance filler (P) 

to be incorporated, based on the 0.34 q-factor curve of the powder portion. Due to the similar PSD 

between OPC and replacement filler (R), the amount of replacement filler was increased to achieve 

the target OPC contents (250, 200, and 150 kg/m3, respectively).   
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To select the w/c, commonly used compressive strengths in the concrete industry (20, 25, 30 MPa) 

were considered; thus, three distinct water-to-cement ratios (w/c = 0.68, 0.60, 0.52) were selected 

for the control mixtures according to Abrams law to target the respective strengths. When comparing 

control mixtures (developed with 320 kg/m3 of OPC) with mixtures containing 250 kg/m3 of OPC, 

it was possible to use the same w/c pre-selected (i.e., 0.68, 0.60, 0.52). Yet, this w/c would result in 

a lack of free water for mixtures with 200 and 150 kg/m3. In this case, to ensure similar flowability, 

the same mobility parameters (Table 6.4) were adopted for the nine eco-efficient mixtures 

manufactured with 250, 200, and 150 kg/m3 of cement and different amounts of limestone fillers. It 

is worth highlighting that the fixed mobility parameters also resulted in a similar water-to-powder 

ratio (w/p; water / (cement + fillers)) for mixtures developed with limestone fillers. As such, w/p of 

0.54, 0.47, and 0.40 yielded IPS of 0.60, 0.51, 0.42 ± 0.02 μm, and MPT of 0.41, 0.37, 0.32 ± 0.02 

μm, respectively. Furthermore, all mixtures had the same mortar factor (Equation 6.10) of 61%. 

Mortar factor =  
1 + 𝑎

1 + 𝑚
=

𝑚𝑐 + 𝑚𝑓 + 𝑚𝐹.𝐴.

𝑚𝑐

𝑚𝑐 + 𝑚𝑓 + 𝑚𝐹.𝐴. + 𝑚𝐶.𝐴.

𝑚𝑐

 
Equation 6.10 

where mc is mass of cement, mf is mass of fillers, mF.A. is mass of fine aggregates and mC.A. is mass 

of coarse aggregates 

To facilitate the recognition of the mixtures, they were divided into 4 groups based on their cement 

content; where group 1 (G1) represents the control mixtures (on average 320 kg/m3 of cement), 

while group 4 represents the mixtures with the lowest cement content (150 kg/ m3). Acronyms were 

given to mixtures based on their group number, mobility parameters (e.g., high - H, medium - M, 

low - L), cement content, and w/c. For example, mixture 2M-250-0.60 is from group 2 (G2), has 
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medium water content, 250 kg/m3 of cement, and w/c of 0.60. The mobility parameters were then 

calculated and presented in Table 6.4. 

Table 6.4.  Mobility parameters of designed mixtures. 

Mix-name 

Mobility 

Parameters 
w/c w/p 

Filler 

% 

(m.p.) 
IPS 

(μm) 

MPT 

(μm) 

1H-311-0.68 1.06 0.52 0.68 0.68 0% 

1M-319-0.60 0.92 0.47 0.60 0.60 0% 

1L-328-0.52 0.79 0.42 0.52 0.52 0% 

2H-250-0.68 0.63 0.42 0.68 0.54 21% 

2M-250-0.60 0.53 0.37 0.60 0.47 22% 

2L-250-0.52 0.44 0.33 0.52 0.40 24% 

3H-200-0.83 0.60 0.41 0.83 0.54 35% 

3M-200-0.74 0.51 0.37 0.74 0.47 36% 

3L-200-0.64 0.42 0.32 0.64 0.40 38% 

4H-150-1.09 0.57 0.39 1.09 0.54 50% 

4M-150-0.97 0.49 0.35 0.97 0.47 51% 

4L-150-0.84 0.40 0.31 0.84 0.40 52% 

Note: filler percentage is related to the total mass of powders (m.p.). 

6.4.3 Concrete and specimen fabrication  

Thirty-five litres of concrete were manufactured for each of the twelve mixtures fabricated and 

distinct fresh state tests were performed (i.e., slump, air content, temperature, pH, and rheology). 

Then, sixteen cylinders (100 mm by 200 mm) were fabricated according to ASTM C 39 [62]. The 

specimens were left to moist-cure (i.e., 20°C and 100% RH) for 24 hours, demoulded, ground, and 

moist-cured under the same conditions for and additional 28 days before performing hardened state 

tests.  

6.4.4 Fresh state assessment  

After mixing each of the twelve mixtures appraised, the pH and temperature were measured using 

pH strips and a thermometer with a precision of 0.1°C. The slump, air content and rheological 
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characterization tests were then performed. The latter test used a planetary rheometer called IBB 

rheometer that contains an H-shape impeller (100 mm height and 130 mm length) and a bowl with 

a diameter of 360 mm and 250 mm height [63]. Moreover, this rheometer is recommended to 

appraise concrete mixtures with slumps ranging from 40 mm to 300 mm [64], suitable for 9 out of 

the 12 mixtures evaluated in this study. The IBB rheometer contains a pre-programmed cycle that 

increases the shear rate up to 0.7 s-1 and then decreases it in the same stepwise manner while 

maintaining the rotation for roughly 10 seconds at each step (180 seconds per cycle). A complete 

cycle was applied as a pre-shear regime followed by a second cycle to then plot the flow curves of 

each mixture appraised.  

Although the IBB rheometer has two Bingham output parameters (i.e., G – yield stress in N.m, and 

H – plastic viscosity in N.m.s), it is known that not all concrete mixtures display a Bingham 

behaviour; therefore, to better investigate each mixture’s rheological behaviour, the IBB dataset was 

retrieved and the flow curves were plotted [63,64]. It is worth highlighting that the IBB rheometer 

results are not presented in fundamental units (e.g., yield stress - Pa and plastic viscosity - Pa.s) 

[63,64], hence the results will be used for comparison amongst distinct mixtures rather than 

compared to data obtained in previous studies with the use of other rheometers. However, previous 

studies [63,64] concluded that the IBB outcomes yield good correlation with other rheometers (e.g., 

BML rheometer, Btrheom, Cemagrefing, Two-Point apparatus). 

6.4.5 Hardened state assessment 

The compressive strength, modulus of elasticity, surface electrical resistivity and apparent porosity 

were selected to evaluate the hardened state performance of the eco-efficient concrete mixtures. The 

compressive strength and electrical resistivity were determined at 7, 14, and 28 days. Meanwhile, to 



170 

complete the strength development curve, the compressive strength was also determined at 3 days 

and the modulus of elasticity at 28 days as per ASTM C469-17 [65]. The compressive strength test 

was carried out on three specimens of each of the twelve concrete mixtures as per ASTM C 39 [62]. 

Moreover, the surface electrical resistivity was performed using the four-probe (Wenner-array) 

technique using a commercially available device that automatically displays the surface electrical 

resistivity (i.e., measured through four equidistant probes). 

The apparent porosity was determined at 28 days and is based on Archimedes immersion method 

[46] and used to compare the different concrete mixtures and evaluate their microstructure. and.

After 7, 14, and 28 days of curing, one specimen of each mixture was cut axially into three forming 

slices of approximately 100 mm in diameter and 65 mm in height. The slices were placed in an oven 

at 60°C, avoiding the decomposition of cement hydration products caused by higher temperatures, 

until mass stabilization which occurred after 4 days of drying. Each specimens’ dry mass (md) was 

determined when the difference between two successive weights measured within a 24 hour interval 

was less than 0.3%; previous trials were performed to conclude that 0.3% of mass change results in 

an apparent porosity difference smaller than 10%. The slices were then immersed in water and 

subjected to vacuum ensuring water penetration. After 24 hours of immersion, while maintaining 

vacuum, the immersed (mi) and wet (mw) mass values were determined. The apparent porosity (AP) 

was calculated using Equation 6.11. 

AP (%) =  
𝑚𝑤 − 𝑚𝑖

𝑚𝑤 − 𝑚𝑑
∗ 100% Equation 6.11 

6.5 Results 

6.5.1 Fresh state properties 

Table 6.5 displays the pH, concrete temperature, fresh density and air content of all mixtures. 
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One can notice that the pH of the mixtures decreases with cement content, as expected, and ranged 

from 13 to 11.5. However, the concrete temperature and the fresh density were not affected by the 

decrease in cement content. It is worth noting that these mixtures were designed without air-

entrained admixtures, hence their air content varied from 1.4 to 2.8% with an average of 2.0%, which 

is recommended for standard applications. 

Table 6.5. Summary of fresh state properties of the 12 eco-efficient mixtures. 

Mixture pH 

Concrete 

Temperature 

(°C) 

Fresh 

Density 

(g/cm³) 

Air 

Content 

(%) 

1H-311-0.68 13.0 22.2 2551 1.5 

1M-319-0.60 13.0 23.0 2575 2.3 

1L-328-0.52 13.0 23.6 2617 2.1 

2H-250-0.68 13.0 22.7 2595 2.2 

2M-250-0.60 13.0 24.9 2588 2.8 

2L-250-0.52 12.5 22.9 2625 2.1 

3H-200-0.83 12.0 22.9 2591 2.1 

3M-200-0.74 12.0 22.8 2625 2.1 

3L-200-0.64 12.0 24.1 2596 1.8 

4H-150-1.09 12.0 23.1 2614 2.0 

4M-150-0.97 11.5 23.1 2635 2.0 

4L-150-0.84 11.5 23.3 2626 1.4 

For each mixture group with equal cement content, three target slumps (i.e., 180, 90, 20 +/- 20mm) 

were selected. Figure 6.3 shows the target slump per mixture group based on OPC content, the 

achieved slump values, and the mobility parameters (i.e., IPS and MPT). As observed, the reduction 

of cement content for eco-efficient mixtures resulted in a lower IPS due to the difference in volume 

specific area of the powders, whereas this decrease is less evident for the MPT, as it mainly accounts 

for the aggregates’ physical characteristics and volume. Noticeably, only control mixtures (G1) have 

IPS values higher than 0.8, hence not requiring any admixture to achieve the target slumps. 

Meanwhile, eco-efficient mixtures that have IPS of 0.63, 0.53, and 0.44μm, required a total amount 

of admixture of 1.2, 2.2, and 2.45% (on average), respectively, to achieve the target slump. 
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Furthermore, control mixtures presented a slightly higher (0.10 μm) MPT than all other mixtures. 

This seems to indicate that the IPS, which is governed by water content, is the key factor influencing 

the slump.  

Figure 6.3. The influence of water content and total admixture on slump values. 

To thoroughly appraise the fresh state behaviour of concrete mixtures, their rheological profiles 

were evaluated. It is worth noting that mixtures designed with a low slump (i.e., < 40 mm) could not 

be appraised in the IBB rheometer; hence, the rheological profile of nine mixtures (developed with 

high - H and medium - M  mobility parameters) was evaluated and is presented in Figure 6.4. At a 

rotation of 0.04 s-1, mixtures with high (Figure 6.4a) and medium (Figure 6.4b) mobility parameters 

achieved average torques of 5 N.m and 8 N.m, respectively. Figure 6.4a and b show maximum 

torque ranging from 6.8 to 17.03 N.m and 10.66 to 24.31 N.m, respectively. Regardless of the 

mobility parameters, mixtures with high cement content (1H-311-0.68 and 1M-319-0.60) yielded 

lower maximum torque than the more sustainable mixtures, whereas mixtures developed with 200 

kg/m3 required the highest maximum torque measured at 0.7 s-1. Analyzing the more sustainable 

mixtures, one may notice that mixtures developed with the lowest cement content (150 kg/m3) 
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resulted in the lowest torque, followed by mixtures with 250 kg/m3 and then 200 kg/m3. Although 

mixtures 2H-250-0.68, 3H-200-0.83, and 4H-150-1.09 had the same slump and mobility parameters, 

their rheological behaviours were not consistent. Likewise, the same trend could be observed for 

mixtures 2M-250-0.60, 3M-200-0.74, and 4H-150-0.97. These results indicate that both the cement 

and filler contents affect the rheological behaviour of eco-efficient concrete mixtures. Furthermore, 

all mixtures presented shear-thinning behaviour, that is, the viscosity decreases with the increase of 

applied torque.  

a) b)

Figure 6.4. Rheological behaviour over time of mixture a) mixtures with high (H) mobility 

parameters and b) mixtures with medium (M) mobility parameters. 

6.5.2 Compressive strength 

To better understand the impact of OPC content on compressive strength, Figure 6.5a compares 

results between G1 (average cement content of 320 kg/m3) and G2 (cement content of 250 kg/m3) 

that contain similar w/c. Interestingly, concrete mixtures incorporating 250 kg/m3 achieved on 

average a compressive strength 12% higher than G1; the greatest difference (around 7 MPa) was 

found on mixtures with low w/c (2L-250-0.52 and 1L-328-0.52). This result, which compares 
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mixtures with the same mix-design and w/c, highlights that limestone fillers enhance the system's 

inner quality (i.e., hydration and inner porosity). Regarding strength development, one may notice 

that the filler effect (i.e., enhancement of the cement hydration) occurs especially after 7 days, in 

which all mixtures containing limestone fillers yielded higher compressive strength than mixtures 

developed with pure OPC.   

a) 

b) 

Figure 6.5. Compressive Strength a) G1 and G2, b) G2, G3, G4 (mixtures with filler). 

Evaluating the eco-efficient mixtures, Figure 6.5b presents those containing limestone filler (G2, 

G3, and G4) with distinct w/c and similar w/p. Evidently, the higher the cement content, the lower 

the w/c; hence the better the hardened performance. However, mixtures manufactured with 250, 
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200, and 150 kg/m3 yielded 28-days compressive strength of 45, 31, and 26 MPa, respectively, when 

a low w/c was used. Moreover, mixtures 2H-250-0.68 and 3M-200-0.74 yielded 30.7 MPa at 28-

days, showing that because of the lower OPC content, the 3M-200-0.74 mixture required a higher 

w/c without having any impact on its compressive strength. Similarly, this behaviour was observed 

for the mixtures 3H-200-0.83 and 4L-150-0.84, which achieved 26 MPa at 28-days. Analyzing the 

strength gain over time, one verifies that mixtures 4M-150-0.97 and 4H-150-1.09 yielded extremely 

low 3-day compressive strength (i.e., 4.3 MPa and 8.4 MPa), which might be justified by the low 

amount of cement content and high w/c. The 28-day compressive strength of the mixtures tested 

ranged from 18.3 to 45.3 MPa, confirming the viability of using eco-efficient mixtures in various 

structural and non-structural applications. 

6.5.3 Modulus of elasticity 

The modulus of elasticity for each mixture is presented in  Figure 6.6 where one may observe that 

the higher the cement content, the higher the difference of the 28-day modulus of elasticity within 

the same group. The modulus of elasticity, therefore, ranged from 32 GPa to 24 GPa for G1, whereas 

the range gradually decreased with the decrease in cement content and from 24 to 21 GPa for G4. 

Thus, the influence of the w/c on the modulus of elasticity is less significant for eco-efficient 

developed with lower cement content and containing limestone filler. This may once again be 

attributed to the enhancement of the system matrix through the usage of limestone fillers. Yet, as 

expected, the higher the w/c, the lower the modulus of elasticity regardless of the cement content. 

On the other hand, for mixtures with similar w/c and distinct cement content (i.e., G1 and G2), a 

better performance was achieved for mixtures containing less cement (i.e., G2 with a modulus of 

elasticity from 27.5 to 31.5 GPa) and a sharper increase was observed per w/c.  
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Figure 6.6. Modulus of elasticity of eco-efficient mixtures. 

6.5.4 Surface electrical resistivity 

To further assess the microstructure of the sustainable mixtures, the surface electrical resistivity of 

the twelve mixtures was measured (Figure 6.7). One may notice that surface electrical resistivity 

follows similar trends as observed for the compressive strength. Although from Figure 6.5, mixtures 

developed with 250 kg/m3 (G2) yielded better performance (i.e., compressive strength) than G1 

companion mixtures with equal w/c, the surface electrical resistivity of G1 and G2 are approximately 

the same (Figure 6.7a) ranging from 11.5 kΩ.cm (1L-328-0.52 and 2L-250-0.52) to 6.5 kΩ.cm (1H-

311-0.68 and 2H-250-0.68).  Figure 6.7b shows that mixtures 4H-150-1.09 and 4M-150-0.97

achieved the lowest overall 28-day surface electrical resistivity of 4.2 kΩ.cm. Moreover, mixtures 

with w/c between 0.68 and 0.84 (2H-250-0.68, 3H-200-0.83, 3M-200-0.74, and 4L-150-0.84) 

yielded 28-day surface electrical resistivity of approximately 6.2 kΩ.cm regardless of the cement 

content. Meanwhile, mixtures with a w/c below 0.64 (2m-250-0.60, 2l-250-0.52, 3l-200-0.64) 

achieved 28-day surface electrical resistivity higher than 9.7 kΩ.cm.  
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a) 

b) 

Figure 6.7. Surface electrical resistivity a) G1 and G2, b) G2, G3, G4 (mixtures with filler). 

6.5.5 Apparent porosity 

The apparent porosity of all mixtures at 28 days is displayed in Figure 6.8 which shows that the 

higher the w/c, the higher the porosity of the mixtures containing the same cement content. 

Nevertheless, comparing G1 and G2, which contain the same w/c and distinct OPC contents (i.e., 

320 and 250 kg/m3), the apparent porosity of G1 ranged from 10.4 to 6.2% whereas values of 7.3 to 

5.0% were obtained for G2; the latter presenting the lowest overall porosity. This may be explained 

due to the enhancement of the system matrix and nucleation points created by limestone fillers. 

Moreover, the apparent porosity of the control mixtures (G1) is more affected by the w/c than for 
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mixtures containing limestone fillers and lower cement contents (G2, G3, and G4). Compared to 

G2, G3 contains 50 kg/m3 less cement and on average a 22% higher w/c. Moreover, G3 and G2 

presented similar apparent porosity at 28-days yet, G2 achieved a 28-day compressive strength of 

45, 35, and 30 MPa for low, medium, and high w/c, whereas G3 achieved 31, 30, and 25 MPa.  

Figure 6.8. Apparent porosity of eco-efficient mixtures. 

6.6  Discussion 

6.6.1 Analysis of hardened state properties 

To better comprehend the hardened state results gathered throughout this study, Figure 6.9 presents 

the relationship between the compressive strength (which is directly proportional to the other 

hardened state properties – modulus of elasticity and surface electrical resistivity) and parameters 

correlated to material microstructure (i.e., porosity, w/c, Volume of aggregates (Vaggregates), and 

percentage of fillers). It is worth emphasizing that all mixtures were proportioned with the same dry 

packing density of 96.8% and mortar factor of 61%.  

Analyzing Figure 6.9, it is clear that the w/c is the governing factor of all hardened state properties 

and microstructure characteristics for all mixtures. Yet, the slight increase of aggregate volume of 

mixtures within the same group seems to influence their increased hardened state properties. The 
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apparent porosity, which is one of the main characteristics of concrete microstructure, is therefore 

not mainly governed by the w/c for mixtures containing limestone filler. Mixtures 2H-250-0.68 and 

2M-250-0.60 yield approximately the same porosity even though they were mix-proportioned with 

a w/c difference of 12%.  

Figure 6.9. Comparison between hardened state properties and mix-design characteristics. 

The same trend is seen for mixtures 3H-200-0.83 and 2M-250-0.60. Since mixtures using 250 and 

200 kg/m3 of cement content were mix-proportioned with 22 and 36% of filler (on average), 

respectively, the results show that the limestone fillers may have lessened the overall apparent 

porosity of the mixtures. These results indicate that although a higher amount of filler is used in G3 

(200 kg/m3 of cement content), the fillers contributed to the enhancement of the system’s 

microstructure (i.e., reducing its porosity). However, G3 mixtures did not achieve higher 

compressive strengths due to their higher w/c. This phenomenon is more pronounced for G4 

mixtures, where the apparent porosity is on average 10%, which is higher than G1. Furthermore, 
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regardless of cement content or w/c, the mixtures 2H-250-0.68 and 3M-200-0.74 achieved 

comparable apparent porosity, compressive strength, and ME, suggesting a 36% limestone filler 

threshold when a PPM is used to proportion eco-efficient concrete without compromising short-term 

performance. 

6.6.2 Demonstration of the eco-efficiency of concrete mixtures 

The binder intensity (bi) index is a useful metric used to evaluate the eco-efficiency of concrete 

mixtures. Figure 6.10 compares the results of the current research with the international records 

correlating binder intensity with compressive strength.  

Figure 6.10. Relationship between binder intensity and compressive strength of the twelve 

eco-efficient mixtures compared with international records [57]. 

One may notice that roughly 2% of the concrete mixtures commonly used worldwide have cement 

contents lower than 250 kg/m³ and the majority of the concrete mixtures produced worldwide 

contain cement content around 375 kg/m3 as per standards and guidelines [57,66]. Moreover, 

analyzing mixtures with a compressive strength between 20 and 40 MPa, the bi-index was on 
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average 10 kg/m3. MPa-1 [67]. When PPMs are used only in the aggregate fraction, the bi-index can 

be improved with the use of slag and fly ash. Studies [5,10] show that binder indices range from 6.1 

to 11.4 kg/m3.MPa-1 for mixtures having strengths from 63.9 to 31.5 MPa, respectively. Agreeing 

with previous studies [57,66], mixtures with a compressive strength higher than 40 MPa are 

considered more sustainable than conventional mixtures (<40MPa). Similar to this study, [11] 

selected Alfred model (also known as Modified Andreasen) to develop three eco-efficient mixtures 

using fly ash as a partial replacement of cement which achieved a bi-index of 13.2 kg/m3.MPa-1 for 

mixtures with a 41 MPa compressive strength. Indeed, more sustainable mixtures were achieved by 

using distinct PPM methods combined with fillers thus, obtaining a bi-index ranging from 6.3 to 

10.3 kg/m3.MPa-1 for mixtures of 30 to 49 MPa strengths [6]. Yet, two conventional mixtures (i.e., 

compressive strength of 36 and 37 MPa) reached a bi-index of 8.5 kg/m3.MPa-1, highlighting the 

importance of combining the use of PPM with fillers as a partial replacement of cement. 

Nonetheless, the twelve concrete mixtures investigated in this work were plotted based on their 

group, G1 (black), G2 (orange), G3 (blue), and G4 (green). The first group, G1, which is the only 

group with the Modified-Alfred Model without limestone fillers, achieved the highest bi-index (on 

average 10 kg/m3. MPa-1). One may notice that these values are below most of the concrete produced 

around the world, thus confirming their sustainability. However, mixtures from G2, G3, and G4 

reached a higher level of eco-efficiency. As such, they contain a high limestone filler percentage, 

that is, on average, 22%, 36%, and 51%, respectively, highlighting the positive contributions of this 

inert filler not only in the hardened state but also in terms of sustainability. Within these groups, 

mixtures with high, medium, and low w/c achieved bi-indices of around 8.1, 7.0, and 5.9 kg/m3. 

MPa-1 regardless of the cement content. These results emphasize the importance of using the 

proposed method (Modified-Alfred Model) combined with the usage of limestone fillers to develop 
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eco-efficient concrete mixtures, agreeing with previous results [6]. Moreover, this study is focusing 

on using only GU-cement and limestone filler, hence, the bi-index might have been even lower when 

this approach is combined with SCMs.  

6.6.3 Compressive strength prediction through conventional models 

Based on the Eurocode 2 (EN1992-1-1:2004) calculation (Equation 6.12), concrete compressive 

strength at a given age (t) depends on the cement type coefficient represented (s). Three cement 

coefficients are recommended, s=0.20 for cement of strength Classes CEM 42.5R, CEM 52.5N, and 

CEM 52.5R; s=0.25 for cement of strength Classes CEM 32.5R, CEM 42.5N; and s=0.38 for cement 

of strength Classes CEM 32.5N. 

𝑓𝑐𝑚(𝑡) = 𝑒
{𝑠[1−(

28
𝑡

)

1
2

]} Equation 6.12 

where fcm(t) is the mean concrete compressive strength at a given age t, t is the age of concrete in 

days, and s is the coefficient of cement type.  

Considering the concrete mixtures investigated in this work and plotting them against their 

compressive strength development using EN1992-1 (Table 6.6 and Figure 6.11), one can see that 

the prediction of compressive strength is very precise, especially at ages greater than 7 days.  

Figure 6.11c and d show the misprediction of 3-day compressive strength of mixtures 3L-200-0.64 

and 4M-150-0.97. Moreover, analyzing Table 6.6, the s-parameter required to achieve the minimum 

square error (MSE) aligns with the EN1992-1 recommendation which ranges from 0.20 to 0.38, 

except for 1L-328-0.52 and 4M-150-0.97 that achieved s-parameters of 0.16 and 0.39, respectively. 

However, since only one type of cement was used, only one cement coefficient ought to be selected. 
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Despite this anomaly, one can notice that for mixtures with 320 kg/ m3 of cement (G1) – where no 

fillers are used, the higher the w/c the lower the cement coefficient, whereas sustainable mixtures 

incorporating limestone fillers presented an inverse relationship between the coefficient parameter. 

a) b) 

c) d) 

Figure 6.11. 28-day Compressive Strength development using EN1992-1 for a) 1-320 kg/m3, 

b) 2-250 kg/m3, 3-200 kg/m3, 4-150 kg/m3 

Another conventional method used to predict compressive strength of concrete is Abrams law 

(Figure 6.12), created in 1918, which states that the mechanical performance of concrete is inversely 

proportional to its porosity, which is in turn set by the w/c [68,69]. Additionally, two empirical 

constants (A and B) are conventionally selected based on raw material features (cement and 
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aggregate type and amounts). Although A and B are adopted and only valid for the mix-design being 

appraised, conventional values of A ranging from 96 to 100 N/mm2 and B ranging from 7 to 10 can 

be selected for predicting the 28-day compressive strength of concrete [48].  

𝑓′𝑐 =
𝐴

B𝑤/𝑐 Equation 6.13 

where f’c is the concrete compressive strength at 28-days, w/c is the water to cement ratio, and A 

and B are empirical constants. 

Table 6.6. EN1992-1 parameters of highly packed concrete mixtures. 

Mixtures s MSE 

1H-311-0.68 0.27 1.53 

1M-319-0.60 0.21 0.47 

1L-328-0.52 0.16 2.48 

2H-250-0.68 0.22 1.91 

2M-250-0.60 0.38 0.12 

2L-250-0.52 0.27 6.69 

3H-200-0.83 0.25 1.56 

3M-200-0.74 0.27 0.51 

3L-200-0.64 0.37 7.82 

4H-150-1.09 0.37 0.35 

4M-150-0.97 0.39 1.73 

4L-150-0.84 0.29 4.54 

To appraise the impact of PPMs on Abrams law, Figure 6.12 was developed comparing the studied 

mixtures based on their cement content and different w/c. Mixtures with 320 kg/m3 of cement 

content (G1) showed a compressive strength trend similar to the Abrams law, whereas PPM mixtures 

without limestone fillers achieved on average 28% higher compressive strength than conventional 

mixtures. However, PPM mixtures developed with limestone fillers presented a higher trend than 
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G1 mixtures. One may notice that G2, G3, and G4 may be considered to have a single relationship 

to w/c regardless of its cement content. However, their percentage increase when compared to 

conventional mixtures are distinct, being 44%, 60%, and 100% for G2, G3, and G4, respectively. 

Therefore, one verifies that whenever PPM is used to improve the system packing density, the w/c 

is not the only parameter affecting the compressive strength and thus, new parameters are needed to 

fully explain the hardened properties of these systems, which is in agreement with previous studies 

[7,40,50].  

Figure 6.12. 28-day Compressive Strength Correlation with w/c and Conventional Abrams 

law. 

When the Abrams law’s parameters (A and B) are adjusted for the analyzed group, a good prediction 

of the compressive strength can be made through the w/c. Table 6.7, therefore, presents the 

suggested Abrams law’s parameters used for each group using the minimum square error (MSE) 

method. One can see that A and B parameters are directly affected by the mixture’s cement content. 

Hence, one of the main disadvantages of this method is that previous experimental work of three 

mixtures with the same mix-design but varying the w/c must be performed to determine Abrams 
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law’s parameters. Furthermore, the same analysis was performed with w/p rather than w/c, as 

previously proposed by [50]; Table 6.7 are also presented the Abrams law’s parameters for this 

analysis. Although compressive strength can be predicted through w/p with MSE of 0.07, 4.98, 5.46, 

and 0.51 for G1, G2, G3, and G4, respectively, no direct trend between Abrams law’s parameters 

and cement content is observed. 

Table 6.7. Suggested Abrams law parameters of highly packed concrete mixtures. 

w/c 

Group 1-320 kg/m3 2-250 kg/m3 3-200 kg/m3 4-150 kg/m3

A= 117.1 173.9 60.0 89.3 

B= 8.6 13.7 2.7 4.3 

w/p 

Group 1-320 kg/m3 2-250 kg/m3 3-200 kg/m3 4-150 kg/m3

A= 117.1 140.8 55.8 73.9 

B= 8.6 18.3 4.0 13.6 

Figure 6.13 presents a summary of the predicted compressive strength based on the three 

abovementioned methods. Notwithstanding the flaws presented in these methods to predict eco-

friendly concrete mixtures, one may notice that Eurocode 2 is the best method to predict these 

mixtures' compressive strength above 7-days. The second-best method is the Abrams law mixtures 

using w/p, followed by Abrams law mixtures using w/c.  

6.6.4 A proposed method to predict compressive strength of eco-efficient concrete mixtures 

The discussion in section 8.6.2 highlights the importance of creating a new prediction method to 

evaluate highly packed systems developed with inert fillers. As the section above illustrated, the 

sole use of the conventional Abrams law (incorporating the w/c parameter) is not enough to fully 

understand the behaviour of mixtures proportioned with inert fillers that, although do not hydrate, 

the filler contribute to compressive strength for two main reasons: 1) more space for hydration 
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products of cement and 2) more specific surface area for enhancing nucleation sites the filler effect 

[70]. On the other hand, this study shows that mixtures with the same w/p can achieve distinct 

compressive strengths, agreeing with previous results [7]. Therefore, to account for both factors (i.e., 

w/c and w/p), a modified version of Abrams law is proposed in Equation 6.14. One may notice that 

a k-factor, which is directly proportional to w/p (Equation 6.15) is incorporated into the proposed 

method to account for the amount of powder in the granular system.  

Figure 6.13. Summary compressive strength prediction based on distinct methods. 

𝑓′𝑐 =
78.2

3.8
(

𝑤
𝑐

∗𝑘)
∗ 𝛼 Equation 6.14 

where w/c is the water-to-cement ratio, k is w/p coefficient, α is hydration coefficient (1 = 100% 

hydrated – 28 days results). 

𝑘 = (2.1 ∗
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0.5
Equation 6.15 

where w/p is the water-to-powder ratio, k is w/p coefficient 
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Figure 6.14 presented the good correlations between the predicted and the experimental compressive 

strength. Considering all the mixtures, a total sum of squares error of 152.7, 70.5, 35.7, and 46.9 

was obtained for 3, 7, 14, and 28-day results. Based on the cement type used (GU), the hydration 

coefficient (α) was calculated as 0.60, 0.78, 0.87, and 1 for results at 3, 7, 14, and 28 days, 

respectively. This model (Equation 6.14) can be applied for distinct cement types by adjusting the 

α-parameter to account for the cement kinetics. 

Figure 6.14. Summary of compressive strength prediction based on the proposed method. 
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represented by a squared marker. Nonetheless, mixtures 1L-328-0.52, 3M-200-0.74, and 4M-150-

0.97 account for 80% of total sum of squares error, with the latter having the worst correlation 
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of hydration (14 and 28-day results), all correlations are within the 15% margin. This, therefore, 

confirms the improvement achieved by the proposed model, while proving the mixtures with low 

w/c may be near their threshold. Figure 14 results indicate that w/c remains the main factor 

influencing the compressive strength gain of highly packed, eco-efficient mixtures; however, the 

use of the proposed method may significantly improve the prediction of the compressive strength at 

any given age of those sustainable mixtures. 

6.7 Conclusions 

The current work appraised the feasibility of producing eco-efficient concrete mixtures for distinct 

fresh state applications (i.e., slumps of 180, 90, and 20 +/- 20 mm) and hardened state requirements 

(ranging from 18 to 38 MPa) through the proposed Modified-Alfred Model. Based on the results 

presented in this paper, the main conclusions are: 

• The proposed PPM-MP approach is a promising technique to be used to improve the

sustainability of concrete mixtures for any required project. Yet, only limestone fillers were

used, and further improvements may be achieved with the use of other industry by-products

such as SCMs.

• The apparent porosity was a useful tool to evaluate the microstructure of the eco-efficient

mixtures. Mixtures 2H-250-0.68, 2M-250-0.60, 3H-200-0.83 and 2M-250-0.60 achieved

similar apparent porosity regardless of the cement content and percentage of limestone

fillers, hence, it might suggest a threshold value of limestone fillers of 36% when PPM is

used.
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• The strength predictions for the eco-efficient mixtures achieved better results when adjusting

the EN1992-1 and Abrams’ law parameters; the former was able to better predict the

compressive strength of the eco-friendly mixtures analyzed.

• A new method to predict compressive strength of eco-efficient mixtures is proposed. In

general, the w/c direct affects mixtures' microstructure and hardened state properties. Yet,

when analyzing highly packed mixtures with high limestone filler content, w/p must be also

accounted to better predict compressive strength to improve precision.

• The binder intensity (bi) index was used to evaluate the eco-efficiency of the proposed

concrete mixtures used in this study. The use of limestone fillers significantly contributed to

the concrete’s eco-efficiency, as mixtures with high, medium, and low w/c achieved bi-

indices of less than 10 kg/m3. MPa-1, with the lowest achieved bi-index of

5.9 kg/m3. MPa-1.
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7. Chapter Seven: Performance appraisal of eco-efficient low-alkali

concrete to develop alkali-aggregate reaction (AAR) in the 

laboratory 
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Abstract 

Although eco-efficient mixtures proportioned through a coupled particle packing models (PPMs) – 

mobility parameters (MP) approach demonstrated suitable performance in the fresh and short-term 

hardened state, further studies are still required to assess their durability and long-term aspects. This 

work evaluates the performance of four eco-efficient mixtures proportioned with varying cement 

contents (325, 250, 200, and 150 kg/m3) against one of the leading causes of premature deterioration 

of concrete infrastructure worldwide: alkali-silica reaction (ASR). Specimens from the above 

mixtures along with a control mixture containing 420 kg/m3 were manufactured incorporating two 

distinct types of highly reactive aggregates (Springhill coarse aggregate and Texas sand) and stored 

in conditions enabling ASR-induced development (38°C and 100% R.H.); the specimens were 

monitored over time and microscopic analysis was performed to better understand ASR-induced 

deterioration in these mixtures. Results show the potential to reduce ASR-expansion with the use of 

PPM-MP approach.   

Keywords: Eco-efficient concrete, low cement content, particle packing models, alkali-aggregate 

reaction (ASR), microscopic characterization, crack propagation, damage rating index (DRI).  
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7.1 INTRODUCTION 

The global cement and concrete industries’ goal to achieve Concrete Net Zero by 2050 has prompted 

sustainability commitments to aim for a minimum reduction of 15MTs in greenhouse gases (GHG) 

by 2030 [1,2]. Thus, the construction industry has shifted its main emphasis to reducing CO2

emissions during concrete production while maintaining its fresh and hardened state performance. 

Considering that cement is responsible for 92% of the total CO2 emitted during concrete production, 

it is evident that efforts to reduce its overall use in concrete will reduce GHG [3–6]. As such, past 

investigations confirmed that eco-efficient mixtures may be produced through the use of Portland 

cement replacements, such as supplementary cementitious materials (SCMs) or inert fillers [4,7–

12]; likewise, other researchers demonstrated the possibility of decreasing cement content by using 

advanced mix-design techniques, such as particle packing models (PPMs) [6,9,13–18]. Besides the 

sustainability benefits of reducing cement and using industry by-products (i.e., SCMs and inert 

fillers) through PPMs, optimizing concrete’s mix-design may also improve its durability and long-

term performance, which in turn reduces the potential of a shortened service life. Such 

improvements correspond to the enhancement of the system’s granular skeleton by reducing 

concrete’s porosity [19,20]. Although such improvement may enhance concrete performance against 

distinct deterioration mechanisms (i.e., carbonation, corrosion, freezing and thawing, etc.), the 

durability behavior of eco-efficient concrete is not yet fully investigated. Reducing the cement 

content of concrete to improve its sustainability decreases the system’s pH, which may diminish its 

ability to control corrosion of steel reinforcement with the protective layer formed at high pH levels. 

On the other hand, the low porosity levels of eco-efficient mixtures developed with PPM may 

actually improve concrete's resistance to carbonation. Decreasing cement (and thus alkalis) content 

can also be advantageous when the concrete bears reactive aggregates against the development of 
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alkali-silica reaction (ASR). ASR, one of the most harmful deterioration mechanisms affecting 

concrete structures around the globe, is a chemical reaction between the alkalis from the concrete’s 

pore solution (Na+, K+ and OH-) and some unstable mineral phases found within the aggregates; this 

reaction generates a secondary product (i.e., alkali silica gel) which swells upon moisture uptake, 

leading to induced expansion and cracking of the affected concrete. ASR-induced cracks are 

primarily formed within the reactive aggregates particles and then run to the cement paste, linking 

to one another, and negatively impacting the mechanical properties and physical integrity of affected 

concrete [21–26]. Despite the fact that several studies show that ASR can be prevented or at least 

partially mitigated with the use of SCMs [23,27–29], only a few studies focus on the mitigation of 

ASR-induced development through the alkali control in the system [30–33]. This work aims to 

evaluate the performance of eco-efficient low-alkali concrete, proportioned through PPMs and 

incorporating inert fillers, against alkali-aggregate reaction (AAR) induced development in 

laboratory conditions. 

7.2 BACKGROUND 

7.2.1 Eco-efficient concrete 

The concrete industry’s shift towards lowering GHG has added sustainability as a target criteria 

which can be measured by Global Warming Potential [34–38], Binder Intensity Index [39], and Low 

Carbon Concrete Classes [40]; the first being the most commonly used in the industry. As such, 

conventional concrete mixtures, designed for 25-40 MPa compressive strength,  are usually 

produced with cement contents ranging from 250 kg/m3 to 500 kg/m3 [39,41], resulting in a GWP 

higher than 300 kg CO2eq per cubic metric of concrete produced  [36] (i.e., cement content of 300 

kg/m3) thus, considered unsustainable. Yet, less than 5% of the regularly used concrete mixtures 

globally have cement contents lower than 250 kg/m3 [39]. Previous studies, therefore, support the 
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effectiveness of employing a Particle Packing Model (PPM) to create more sustainable concrete 

[9,14,15,18,42]. However, conventional mix-design methods still rely on empirical models despite 

the fact that particle packing science and the corresponding development of such mathematical 

models began in the late 1800s. Naturally, PPM has advanced over time [19,20,42–45], with the 

most recent models being the modified Andreasen (also known as Alfred model) and the 

Compressive Packing Model which have been observed to perform better in terms of system 

durability and sustainability [34,35] compared to conventional concrete and previous PPMs. The 

modified Andreasen or Alfred model is a continuous PPM where all particle sizes are considered 

without any gaps throughout the particle size distribution and can be calculated using Equation 7.1. 

𝐶𝑃𝐹𝑇 = 100 ∗ (
𝐷𝑃

𝑞 − 𝐷𝑆
𝑞

𝐷𝐿
𝑞 − 𝐷𝑆

𝑞 ) 
Equation 7.1 

where DP is the particle size in question, CFPT is the cumulative percent finer than DP, DL and DS 

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

factor).  

Alternatively, the Compressive Packing Model is a discrete PPM that considers distinct particle size 

classes and can be applied using software such as Betonlabpro and RENE LCPC [46].  

The primary objectives of PPMs, regardless of the type selected, are to enhance the system’s packing 

density thus, decrease its porosity by reducing the voids between the fine and coarse aggregate which 

are filled with water and powders (i.e., fillers and binders). Along with the eco-efficient 

characteristic of concrete mixtures proportioned through PPMs, the porosity reduction leads to 

increase in the material’s durability [19,47]. Indeed, further improvements in the material’s eco-
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efficiency and porosity can be achieved by partially replacing Portland cement with other powders, 

such as supplementary cementitious materials (SCMs) or limestone fillers [4,7–12,48].  

7.2.2 Assessing AAR-induced expansion and deterioration in the laboratory 

A number of test procedures have been developed, studied, and standardized over the last decades 

to appraise the potential reactivity performance of aggregates in the laboratory; amongst those, one 

may say that the accelerated mortar bar test - AMBT (ASTM C1260) and the concrete prism test - 

CPT (ASTM C1293) are currently the most used worldwide. Both have advantages and 

disadvantages; the AMBT test appraises the potential reactivity of aggregates and the efficiency of 

preventive measures against ASR-induced development in the laboratory. It is a fast test procedure, 

taking only 16 days for analysis. However, it has been found that false negatives and or positives 

may be encountered in this test due to its extremely aggressive environment (1M NaOH at 80 ºC) 

and or process (aggregates crushing to sand fractions) [49]. Otherwise, the CPT is the most reliable 

test procedure currently used to appraise the reactivity of aggregates and assess the efficiency of 

preventive measures against ASR. It is considered a reliable procedure since concrete specimens are 

manufactured and stored under conditions closer to the field (100% RH and 38oC) [50]. However, 

it is a time-consuming procedure taking 1 year for assessing the reactivity of aggregates and 2 years 

to appraise the efficiency of preventive measures. Moreover, it has been found that induced 

expansion results obtained through this the CPT in the laboratory are often lower to similar concrete 

mixtures exposed to field conditions due to the important amount of leaching happening over the 

test [31,33,50]. To minimize leaching, concrete mixtures fabricated and tested in the CPT must be 

boosted to 40% of the cement alkalis, which is often the amount of leaching observed during a 1-

year test [33,51–54]. For instance, when a cement with Na2Oeq of 0.90% is selected, the concrete 

mixtures must be boosted to 1.25% Na2Oeq to meet the additional 40% of alkalis. Although this 
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action can overcome leaching issues on conventional concrete, this measure poses problems to 

assess the performance of eco-efficient low-alkali systems in the laboratory [33,54]. 

7.2.3 Preventing alkali-silica reaction (ASR) 

One alternative to preventing ASR-development is through the reduction of concrete alkali loading 

by decreasing the cement content or using SCMs that reduce the system’s total alkali content. 

Reactive aggregates may be used in conjunction with this strategy, according to standards such as 

CSA A23.2-27A, where a minimum percentage of SCMs (by mass of total cementitious materials) 

is recommended, based on the total alkali content (Na2Oeq) of the system (PC + SCMs) and the 

required prevention level [28–31,50,51]. According to CSA A23.2-27A recommendations (Table 

7.1), deleterious ASR can be mitigated when the system’s total alkali content contributed by the 

Portland cement is less than 3.0 kg/m3, 2.4 kg/m3, 1.8 kg/m3, and 1.2 kg/m3 for the prevention levels 

of W (mild), X (moderate), Y (strong), and Z (very strong), respectively.  

Fournier et al.  [55] evaluated ASR-induced development of concrete mixtures incorporating a 

variety of reactive fine and coarse aggregates and two alkali loadings (boosted - total alkali content 

of 5.25 kg/m3 and unboosted - total alkali content of 3.78 kg/m3). Regardless of the aggregate 

reactivity, the boosted mixtures resulted in greater expansions over time due to the higher alkali 

content of the system. Yet, the aggregate type and nature presented a significant impact on the 

expansion development of concrete containing various amounts of alkalis. When incorporating ultra 

high/very high, high, and moderate/marginal reactive aggregates, mixtures developed with an alkali 

content of 3.78 kg/m3 (unboosted) achieved on average 18%, 27%, and 43% lower expansion than 

conventional CPT mixtures (boosted mixtures) [55]. 
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Table 7.1. ASR-expansion levels classification [26]. 

Degree of 

damage [26] 

Range of expansion 

level (% at one year) 

[26] 

Prevention level 

(CSA A23.2-27A) 

System’s total alkali content 

(kg/m3) contributed by the 

Portland cement 

(CSA A23.2-27A) 

Negligible 0.00 to 0.03 - - 

Marginal 0.05 to 0.10 Mild – W 3.0 

Moderate 0.11 to 0.19 Moderate – X 2.4 

High 0.20 to 0.29 Strong – Y 1.8 

Very high 0.30 to 0.50 
Very Strong -Z 1.2 

Ultra high ≥ 0.50 

Einarsdottir and Hooton [33] also tested low-alkali concrete mixtures under conventional and 

modified CPT conditions to reduce leaching. After two years of testing, mixtures developed with 

100% Portland cement (alkali content ranging from 3.35 to 6.06 kg/m3) leached 25-50% of alkalis, 

whereas low-, medium- and high-alkali mixtures made with 15% to 50% SCMs leached between 

18% and 32%. Thus, it was recommended to keep adding 40% of alkalis to CPT mixtures, 

particularly for low-alkali systems, to counteract leaching effects and thus low induction expansion 

in the laboratory.  

7.2.4 Microscopic tools used to assess damage in damaged concrete 

ASR-damage is frequently associated with the presence of cracks in concrete [21,25]. The Damage 

Rating Index (DRI) is a semi-quantitative (and qualitative by nature) microscopic tool developed to 

assess the type of damage and its extent in conventional concrete using a stereomicroscope 

(approximately 15-16x magnification) [25,26]. Petrographic distress features, such as cracks in the 

aggregate and cement paste, are counted in 1 cm2 squares at the surface of a polished concrete 

section. Weighting factors, further modified by Villeneuve and Fournier [56] (shown in Table 7.2), 

are applied to the crack counts to balance the importance of each type of crack based on the observed 

distress mechanism. Closed cracks in aggregate (CCA) are given the lowest weighting factor (i.e., 
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0.25) since such cracks may be a result of rock formation/weathering and/or aggregate processing. 

While less likely to be associated with ASR, CCA may become opened due to ASR as they can 

serve as ‘fast-track channels’ to the reactive minerals. As such, open cracks in the aggregate without 

and with gel (OCA and OCAG, respectively) present a higher degree of damage and have a weighing 

factor of 2. At higher ASR expansion/damage levels, the cracks extend from the aggregates to the 

cement paste, hence, these petrographic distress features are classified with a higher weighting factor 

of 3, representing the severity of such cracks which are not limited to ASR [57–59]. For comparison 

purposes, the final DRI number is the sum of the weighted counts normalized to 100 cm2. In 

summary, the higher the expansion, the greater the DRI number following an almost linear 

correlation. Moreover, studies [21,60] have proposed using an extended version of the DRI (i.e., 

without applying weighting factors) to evaluate crack propagation and distribution within an 

affected concrete. 

Table 7.2. DRI weighing factors for ASR-affected concrete [56]. 

Petrographic Features Weighing Factor 

Closed Cracks in Aggregate (CCA) 0.25 

Opened Cracks in Aggregates (OCA) 2 

Crack With Reaction Product in Coarse Aggregate (OCAG) 2 

Coarse Aggregate Debonded (CAD) 3 

Disaggregate/Corroded Aggregate Particle (DAP) 2 

Cracks in Cement Paste (CCP) 3 

Cracks with Reaction Product in Cement Paste (CCPG) 3 

The level of concrete expansion is an important parameter to consider when analyzing ASR-affected 

specimens as it is frequently associated with concrete degree of damage. Sanchez et al. [25] proposed 

a general qualitative model of crack propagation for conventional ASR-affected concrete based on 

distinct expansion levels. The cracks can be classified based on two patterns either sharp type cracks 
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(A) and/or onion skin type cracks (B) as illustrated in Figure 7.1. The increase in concrete expansion

may indicate the stage of ASR-development, where at higher stages, the crack within the aggregates 

begins to propagate and reach the cement paste, thus lowering of mechanical properties of the 

concrete [48,58,61].  

Figure 7.1. Qualitative model of ASR crack propagation over distinct expansions level [25]. 

Although Sanchez et al. [58] have extensively evaluated a wide range of aggregate types through 

the DRI, all mixtures exhibit the same alkali loadings (boosted with alkalis) as per ASTM C1293 

[50], where the amount of equivalent alkalis in the cement (Na2Oeq) was increased to 1.25 kg/m3 

(i.e. 5.25 kg/m3 of alkalis in the concrete mix) by adding NaOH to the mixing water. Therefore, the 

development of the ASR-induced cracks in more sustainable low alkali systems was neither 

investigated nor correlated with expansion over previous works. 

7.3 SCOPE OF THE WORK 

Some authors investigated the effect of ASR-induced expansion and damage on low cement (and 

alkali) mixtures [23,27–29]; however, there are very few results (if any) in the literature on mixtures 

proportioned with PPMs incorporating inert fillers and highly reactive coarse and or fine aggregates. 

Moreover, very few studies can be found in the literature that evaluate low alkali systems without 
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the use of SCMs [30–33]. Therefore, this study aims to appraise the performance of eco-efficient 

low alkali concrete proportioned through PPMs and incorporating inert fillers against ASR-induced 

development in the laboratory. Two highly reactive aggregates, a coarse (i.e., Springhill – 

greywacke) and fine (i.e., Texas – natural sand) were selected for the study. Four distinct types of 

eco-efficient mixtures were developed using the reactive Springhill coarse aggregate containing 

distinct cement content ranges (i.e., 325, 250, 200, 150 kg/m3), while two sustainable mixtures (i.e., 

325 and 250 kg/m3) incorporating the reactive Texas sand, both of which were proportioned using 

the proposed modified-Alfred-model. Moreover, two types of limestone fillers (performance filler, 

with a lower PSD than OPC, used to reduce the paste porosity and replacement filler, with a similar 

PSD than OPC, to reduce cement content) were incorporated into the mixtures to further enhance 

their eco-efficiency. Specimens were fabricated from all the above mixtures and were then subjected 

to conditions enabling ASR (i.e., 38°C and 100% R.H. as per ASTM C1293 [50]) and compared to 

control mixtures developed with 420 kg/m3, as per ASTM C1293 [50]. Evaluation of induced 

expansion and mass change over time was performed, along with a thorough assessment of crack 

generation and propagation through the Damage Rating Index (DRI) conducted on samples from all 

mixtures. Finally, analysis of the surface electrical resistivity and porosity are also performed and 

used to further evaluate the microstructure of the mixtures and damage induced by ASR. 

7.4 MATERIALS AND METHODS 

7.4.1 Raw materials characterization 

The concrete mixtures investigated in this study were developed with two distinct types of reactive 

aggregates: 1) a highly reactive coarse aggregate – Springhill and 2) a highly reactive fine aggregate 

– Texas, combined with non-reactive natural sand and a granite coarse aggregate with a maximum

nominal size of 19 mm, respectively. To improve the mixtures sustainability, two types of limestone 
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fillers were also used in the mixtures: 1) a performance (P) filler and 2) a replacement filler (R) 

having a particle size distribution smaller than and similar to that of the Portland cement used in this 

study, respectively. The particle size distribution of the aggregates was determined through sieve 

analyses as per ASTM C136 [62], whereas for the limestone filler and Portland cement, a laser 

diffraction analysis was performed (Figure 7.2). The materials' specific gravity and absorptions are 

presented in Table 7.3.  

Figure 7.2. Particle size distribution of raw materials. 

To improve the flowability of the sustainable concrete mixtures, a polycarboxylate-based high-range 

water reducer and a lignosulfonate-based mid-range plasticizer were used when necessary. 

Inductively Coupled Plasma (ICP) analysis was performed and the Na2Oeq of the admixtures were 

found to be 0.19% and 0.88%, respectively, which can be considered a low alkali content 

contributing to 2 and 11 g, respectively, per cubic meter of concrete and thus causing not much 

impact to ASR development, as previously investigated by Leemann et al. [63] on concrete mixtures 

incorporating polycarboxylate-based superplasticizer that contributes to 17 g/m3 of concrete.   
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Table 7.3. Physical properties characterization. 

Material Location Rock type 

Specific 

gravity 

(g/cm3) 

Absorption 

(%) 

CPT- 365 days, 

expansion 

 (%) 

General Use 

(GU) cement 

Saint-Basile, 

Quebec 

(Canada) 

- 3.17 - 

Filler - R 
Ottawa, Ontario 

(Canada) 
Limestone 2.66 - 

Filler - P 
Ottawa, Ontario 

(Canada) 
Limestone 2.60 - 

Non-reactive 

Fine Aggregate 

Bracebridge, 

Ontario 

(Canada) 

Orthoclase, Quartz, 

Cristoballite, Albite, 

Bytowmite, Cordierite, 

Illite, Muscovite, 

Larnite 

2.74 0.37 0.0177 

Fine Reactive 

Aggregate 

(Texas -T) 

El Paso, Texas 

(USA) 

Polymictic sand 

(granites, mixed 

volcanic, quartzite, 

chert, quartz) [25] 

2.59 0.78 

Non-Reactive 

Coarse 

Aggregate 

Bracebridge, 

Ontario 

(Canada) 

Granite 2.81 0.71 0.0189 

Coarse Reactive 

Aggregate 

(Springhill - S) 

Fredericton, 

New Brunswick 

(Canada) 

Greywacke 2.68 0.89 

7.4.2 Mix-design procedure – modified-Alfred model 

The eco-efficient concrete mixtures developed in this study were designed through a proposed 

modified Alfred model selected as per previous studies [64,65]. A high distribution factor (i.e., q-

factor) of 0.37 was selected since it provides eco-efficient mixtures with the lowest dry-porosity 

(2.8% for a q-factor of 0.37). Yet, to overcome issues in the fresh state when selecting such q-factor, 

the Alfred model particle size distribution range was divided (or broken) into two parts: powder 

portion (from Ds to 80 μm) and aggregate portion (from 80 μm to Dl) as per [15]. It is worth noting 

that 80 μm represents the largest diameter available within the powders selected (i.e., Portland 

cement, replacement and performance limestone fillers). Moreover, to achieve the lowest system 

porosity with a broken Alfred model, q-factors of 0.34 and 0.31 ±0.1 in the powder and aggregate 

portion, respectively, were selected, yielding a system with a dry porosity of 3.0% ±0.1 (calculated 
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through Westman and Hugill algorithm). The least square method was then applied to calculate the 

optimum amount of performance filler (P) based on the 0.34 q-factor curve of the powder.  

Table 7.4 presents the four sustainable mixtures developed with the PPM-method (i.e., 2C-325P, 

3C-250P, 4C-200P, and 5C-150P). Additionally, a control mixture was developed with a cement 

content of 420 kg/m3, as per ASTM C1293 [50]). All mixtures used a Portland cement (CSA Type 

GU, ASTM Type 1) with a high alkali content (i.e., 0.86% Na2Oeq.) and the total alkali content was 

boosted by 40% raising the system’s Na2Oeq.using reagent grade sodium hydroxide pellets to 

accelerate ASR development. The superplasticizer and mid-range admixture alkali contents were 

considered negligible, due to their average Na2Oeq.contribution of 0.002 kg/m3 and 0.011 kg/m3, 

respectively, when compared to the total alkali content contribution from the cement and added 

sodium hydroxide. It is also worth noting that 2C-325P is the only PPM mixture without limestone 

fillers, whereas the other three mixtures were developed with the optimum amount of performance 

fillers (~ 1.9% of total concrete dry volume) and three distinct amounts of replacement filler (~ 1.2, 

3.2, and 5.1% of total concrete dry volume) to achieve cement contents of 250, 200, and 150 kg/m3, 

respectively.  

Furthermore, all mixtures had the same mortar factor of 61%. The concrete mixtures were named 

based on the amount of cement and mix-design (i.e., A: ACI method and P: PPM method), with the 

label 1C containing more cement and the label 5C containing less cement (e.g., 1C-420-A and 5C-

150-P)To represent the Springhill and Texas reactive aggregate incorporated into the mixtures,

letters S or T, respectively, are added to the mixture's name in the results and discussion sections. A 

summary of the CPT mixtures’ alkali contents are shown in Table 7.5 
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Table 7.4. Mix-design of eco-efficient concrete mixtures selected to be evaluated for long-

term performance. 

Mix-

name 

kg/m³ 

Powder Fine Aggregate Coarse Aggregate 

Water SP MR 
OPC 

Filler Filler 150-

300 

mm 

300-

600 

mm 

600-

1180 

mm 

1180-

2360 

mm 

2360-

4750 

mm 

4750-

9500 

mm 

9500-

12500 

mm 

12500-

19000 

mm 
P R 

1C-420A 420 0 0 860 0 0 0 0 311 302 302 189 0 0 

2C-325P 325 0 0 132 163 197 250 313 376 173 293 179 1.9 1.9 

3C-250P 250 41 33 137 170 205 260 326 392 180 306 145 3.9 3.2 

4C-200P 200 42 81 141 174 210 267 334 402 184 313 124 0 0 

5C-150P 150 42 122 144 177 213 268 333 397 182 308 126 0 0 

Note: labels #C represents the cement content of the mixture, A represents the ACI mix-design method, P represents the 

PPM mix-design method, OPC stands for ordinary Portland cement, SP stands for Superplasticizer and MR stands for 

mid-range admixture. 

Table 7.5. Total, initial and added alkalis of CPT-mixtures with 40% boosting of alkalis. 

Mixture 
Concrete total alkali 

content (kg/m3) 

Cement alkali content 

(kg/m3) 

Amount of alkali added 

for boosting (kg/m3) 

1X-420A-Y-Z 5.06 3.61 1.44 

2X-325P-Y-Z 3.91 2.79 1.12 

3X-250P-Y-Z 3.01 2.15 0.86 

4X-200P-Y-Z 2.41 1.72 0.69 

5X-150P-Y-Z 1.81 1.29 0.52 

7.4.3 Fabrication of concrete specimens 

A total of 120 cylinders (100 mm diameter x 200 mm length) were fabricated in the laboratory to 

test concrete made with a reactive coarse aggregate, whereas 72 cylinders were manufactured to 

assess the ASR development of a reactive fine aggregate. The specimens were then left to moist-

cure (i.e., 20°C and 100% RH) for 24 hours, demoulded and moist-cured under the same conditions 

for an additional 24 hours after which small holes of 8.5 mm in diameter and 19 mm in length were 

drilled into both ends of the cylinders in preparation for stainless steel stud installation used for 

longitudinal expansion measurements. The studs were glued to each end of the cylinder with a fast-

setting cement paste slurry, and left to moist-cure under the same aforementioned conditions for 24 

hours. Initial measurements (i.e., “0” readings) were performed between 24 and 48 hours after the 

studs were installed. Then, the specimens were stored in conditions to accelerate ASR induced 
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expansion (i.e., 38°C and 100% RH) as per ASTM C1293 [50] and monitored over time (i.e., mass 

change and longitudinal expansion measurements).  

7.4.4 Experimental procedures 

7.4.4.1 Surface electrical resistivity and apparent porosity 

In addition to the mass change and longitudinal expansion measurements, the surface electrical 

resistivity was used to evaluate the inner quality [66] and durability performance  [67] of eco-

efficient concrete mixtures subjected to ASR over the course of a year. The electrical resistivity was 

therefore performed using the four-probe (Wenner-array) technique with a commercially available 

device that automatically displays the surface electrical resistivity (i.e., measured through four 

equipment probes).  

The apparent porosity was performed based on Archimedes immersion method [68] to initially 

evaluate the inner quality of the concrete mixtures followed by the influence of ASR over time. The 

initial apparent porosity was determined at 28 days (i.e., stored in conditions without enabling ASR 

as per [58] while all other apparent porosity measurements were performed every four months until 

one year was reached. One specimen of each mixture was cut axially into three, forming slices of 

approximately 100 mm in diameter and 65 mm in height. The slices were placed in an oven at 60°C, 

avoiding the decomposition of cement hydration products caused by excessive temperature, until 

mass stabilization which occurred after 4 days of drying. The specimens' dry mass (md) was 

determined when the difference between two successive weights was less than 0.3; previous trials 

were performed to conclude that 0.3% of mass change results in an apparent porosity difference 

smaller than 10%. The slices were then immersed in water and subjected to vacuum ensuring water 
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penetration. After 24 hours of immersion, while maintaining vacuum, the immersed (mi) and wet 

(mw) mass values were determined. The apparent porosity (AP) was calculated using Equation 7.2. 

AP (%) =  
𝑚𝑤 − 𝑚𝑖

𝑚𝑤 − 𝑚𝑑
∗ 100% Equation 7.2 

7.4.4.2  The damage rating index (DRI) 

The Damage Rating Index (DRI) is a semi-quantitative, and qualitative in nature, a microscopic tool 

developed to assess the cause and extent of ASR damage in conventional concrete [25,26]. Concrete 

cylinders were cut axially in half using a masonry saw equipped with a notched diamond blade 

followed by successive grinding and polishing using a mechanical rotating steel wheel upon which 

magnetic grinding and polishing disks are attached whose grits are 30, 60, 140, 280 (80-100 µm), 

600 (20-40 µm), 1200 (10-20 µm) and 3000 (4-8 µm). Once a flat and reflective surface was 

achieved, the DRI was performed using a stereomicroscope at 16x magnification and distress 

features (i.e., cracks) associated with ASR damage were counted in a grid of 1 cm2 squares placed 

on the surface of the polished concrete section. Weighting factors are then applied to the observed 

distress features to balance their importance based on the distress mechanism appraised [56]. The 

final DRI number is thus the sum of the weighted values normalized to 100 cm2 for comparative 

purposes. Moreover, the extended version of the DRI as per Sanchez et al. was used to further 

investigate the crack distribution and characteristics for each mixture affected by ASR through the 

microscopic features as counts per 100 cm2 and their proportions (%) as well as the crack density 

(i.e., the sum of open cracks in the aggregate and cement paste without and with gel per 1 cm2). 
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7.5 RESULTS 

7.5.1 ASR kinetics in eco-efficient concrete mixtures 

The average mass gain over the course of one year (i.e., average mass gain at a given age) of all 

concrete mixtures incorporating coarse reactive aggregate (Springhill – S) and fine reactive 

aggregate (Texas – T) are illustrated in Figure 7.3a and b, respectively, including the data range 

bars. The standard deviation in order of decreasing cement content (i.e., from 420 to 150 kg/m3) for 

each mixture incorporating the coarse reactive aggregate is as follows: 0.04 – 0.07%, 0.08 – 0.13%, 

0.14 – 0.23%, 0.05 – 0.10%, and 0.14 – 0.22%. Likewise, the standard deviation for the mixtures 

incorporating the fine reactive aggregate in order of decreasing cement content is: 0.06 – 0.11%, 

0.04 – 0.10%, and 0.05 – 0.09%. Overall, the mass gain over time seems more gradual for the 

Springhill mixtures when compared to the Texas mixtures, regardless of the cement content, 

capturing the influence of the reactive aggregate type (i.e., coarse vs fine). The mixture made with 

Springhill and 420 kg/m3 of cement content presents a higher mass gain after 366 days at 1.34% 

followed by a total mass gain of 1.13% for both mixtures with 325 kg/m3 and 250 kg/m3 and 0.21% 

and 0.46% for mixtures with 200 kg/m3 and 150 kg/m3 of cement content, respectively.

Interestingly, the Springhill mixture with a cement content of 250 kg/m3 shows a higher mass gain 

when compared to that of 325 kg/m3 until 273 days (i.e., 1.01%) after which their mass gains are 

very similar; the former following a similar mass gain as the mixture with a cement content of 420 

kg/m3 until 95 days (i.e., 0.81%). The Texas mixtures, on the other hand, reached a mass gain plateau 

after 276 days, following the trend of decreasing cement content (i.e., 1.57% for 420 kg/m3, 1.35% 

for 325 kg/m3, and 1.16% for 250 kg/m3). Similarly to Springhill mixtures, 2C-325P-T and 3C-

250P-T show comparable mass gain over time, yet after 155 days, the former one spiked reaching a 

mass gain 16% higher until the end of the test. 
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a) b) 

Figure 7.3. Mass as a function of time for a) Springhill and b) Texas mixtures. 

The average expansion as a function of time (i.e., average measured expansion at a given age) for 

Springhill and Texas mixtures are presented in Figure 7.4a and b, respectively, including the data 

range bars. The standard deviation in order of decreasing cement content (i.e., from 420 to 150 

kg/m3) for each mixture incorporating the coarse reactive aggregate is as follows: 0.01 – 0.07%, 

0.02 – 0.13%, 0.01 – 0.03%, 0.01 – 0.03%, and 0.00 – 0.03%. Similarly, the standard deviation for 

the mixtures incorporating the fine reactive aggregate in order of decreasing cement content is: 0.03 

– 0.07%, 0.02 – 0.06%, and 0.01 – 0.05%. Analyzing Figure 7.4 one may observe that the expansion

over time is significantly affected by the aggregate type where the Texas mixtures achieve higher 

expansion levels at any given time, presenting a sharper increase.  

The overall expansion levels achieved after one year by both mixtures follow the same trend per 

cement content where the highest expansion is achieved by the 420 kg/m3 (i.e., 0.56% and 0.78% 

for the Springhill and Texas mixtures, respectively) and the lowest overall expansion corresponds 

to the lowest cement content per reactive aggregate type. The expansion after one year for the eco-
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efficient Springhill mixtures with a cement content of 325 kg/m3 is 0.47% while a significant 

decrease in the overall expansion is observed for mixtures incorporating limestone fillers. Although 

the mixture with 250 kg/m3 of cement had a significant mass gain compared to the other eco-efficient 

mixtures, its expansion after one year of 0.18% is more comparable to mixtures developed with low 

cement (i.e., 200 and 150 kg/m3) at 0.09% for the 200 and 150 kg/m3 of cement mixtures. 

Meanwhile, all mixtures made with Texas sand achieve expansion levels above those observed for 

the Springhill mixtures after one year at 0.65% and 0.61% for the sustainable mixtures with cement 

contents of 325 and 250 kg/m3. 

a) b) 

Figure 7.4. Expansion as a function of time for a) Springhill and b) Texas mixtures. 

7.5.2 Surface electrical resistivity 

Periodical surface electrical resistivity tests were performed to assess the inner quality of the 

concrete as ASR progressed and the average values at a given age are present in Figure 7.5, including 

data range bars. The overall standard deviation is between 0.3 and 1.7 kΩ.cm for Springhill mixtures, 

and from 0.31 to 1.81 kΩ.cm for Texas mixtures.  
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a) b) 

Figure 7.5. Surface electrical resistivity development for a) Springhill and b) Texas mixtures. 

Regardless of the reactive aggregate selected, mixtures presented similar trends when comparing 

the surface electrical resistivity over time, where values sharply increase up to a peak at 

approximately 30 days, followed by a slightly descending period up to 95-150 days, and presenting 

an almost steady output until reaching the one-year testing period with the exception of the 200 

kg/m3 of cement Springhill mixture where the surface electrical resistivity seems to be in continuous 

increase. No apparent trend is observed among all of the mixtures. Electrical resistivities ranging 

from 10 to 15 kΩ.cm were obtained after one year for all Springhill mixtures except for the 200 

kg/m3 mixture producing higher electrical resistivities (20.8 kΩ.cm). Likewise, after one-year 

testing, Texas mixtures showed electrical resistivity values ranging from 18.4 to 21.8 kΩ.cm 

7.5.3 Apparent porosity 
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mixtures (i.e., 5C-150-P-S and 4C-200P-S) having the lowest and highest porosity, respectively, and 

in a similar trend, the apparent porosity ranged from 8.6 to 9.8% for the Texas mixtures (Figure 

7.6b).  

a) b) 

Figure 7.6. Apparent porosity variation for a) Springhill and b) Texas mixtures. 
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325kg/m3 and 150 kg/m3 followed a distinct trend. Mixture 1C-420A-S, having the highest cement 
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and 5C-150P-S increased until 12 months (i.e., from 9.4% and 8.1% to 11.0% and 10.0%, 

respectively) whereas the porosity of mixture 4C-200P-S decreased from 10.1 to 8.2%.  

7.5.4 Damage rating index (DRI) 

The DRI number was used to evaluate the progression of ASR damage over one year. Figure 7.7a, 

therefore, shows the increase in DRI number as a function of the concrete’s expansion level for all 

mixtures. Regardless of the reactive aggregate type, at 0% of expansion, all concrete mixtures 

present a DRI number lower than 150, followed by an upward parallel trend up to 0.20% expansion, 

where the DRI number ranged between 550 and 700.  It should be noted that Springhill mixtures 

developed a with cement content of 250 kg/m3 or lower achieved a maximum expansion level of 

only 0.18% after one year of testing and therefore present the lowest overall DRI numbers (i.e., 426, 

357, 334 for the 250, 200 and 150 kg/m3 of cement, respectively).  

a) b) 

Figure 7.7.  a) DRI number and b) crack density as a function of expansion. 
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followed by levelling off trend with a DRI number of 1508 at 0.70% of expansion. Regarding PPM 

mixtures, the slope of the curve begins to flatten for the 2C-325P-S mixture after 0.29% (with a DRI 

number of 988) expansion, whereas Texas-PPM mixtures exhibit the same trend only after 0.40% 

of expansion (with DRI of 1049 and 953 in order of decreasing cement content). Overall, control 

mixtures achieved similar ultimate DRI numbers of 1475 and 1482, for Springhill and Texas 

mixtures, respectively, while PPM mixtures developed without limestone fillers (i.e., 2C-325P-S 

and 2C-325P-T) achieved DRI numbers of 1137 and 1246 after one year, respectively. In addition, 

the mixtures developed with cement contents of 250 kg/m3or less produced less damage as captured 

by the DRI number yet, 3C-250P-T obtained a DRI number of 1133 illustrating the distinct 

behaviour of the highly reactive Texas sand. 

To further assess the effect of ASR damage through its ASR features and ASR crack propagation, 

the crack density was plotted as a function of time for all mixtures (Figure 7.7b). The crack density 

sums the total amount of open cracks in the aggregate and cement paste (i.e., with and without gel) 

and normalizes those counts per square centimetre. The sound concrete mixtures (shown as 0-month 

results) achieved a crack density lower than 0.35 counts/cm2. Control mixture developed with 

Springhill reactive aggregate (1C-420A-S) had a linear increase in crack density until 8 months of 

exposure, whereas mixtures 2C-325P-S had a sudden increase in crack density after 4 months. 

Between 8 and 12 months of testing, these two mixtures presented similar behaviour, with the crack 

density of 2C-325P-S being approximately 25% lower than that of 1C-420A-S. In general, Springhill 

mixtures developed with low cement (250, 200, and 150 kg/m3) resulted in a significantly lower 

crack density, highlighting the efficacy of the mix-design proposed. One may note that Springhill 

mixtures did not reach a plateau, after a 12-month test indicating that the amount of reaction has not 

stabilized and that further cracks may form if the test is continued. Conversely, mixtures developed 
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with Texas sand had a crack density increase until reaching a plateau, regardless of the reactive 

aggregate type, cement content, and mix-design selected. These mixtures presented similar crack 

densities at 4 and 8 months, indicating that no further considerable distress occurred due to the ASR-

reaction. Considering the ASR-expansion levels classification as per [26], at low expansion (0.05%) 

levels, CD ranged between 0.3 and about 1.2 cracks/cm2, whereas at higher expansion levels (0.2%), 

CD ranged between 2.2 and about 2.8 cracks/cm2, aggreging with previous findings [21,25]. 

Furthermore, at very high expansion levels (> 0.40%), CD reached 6.4 cracks /cm2. 

7.5.5 Microscopic analysis of ASR distress 

To better understand the generation and propagation of ASR-damage within sustainable concrete 

mixtures, the extended version of the DRI presented by [25], in which the deterioration features 

(cracks in counts/100 cm2 and proportions, as Figure 7.8a and b illustrates, respectively) are 

appraised without the weighing factors are normalized for 100 cm2 surface area, was performed. 

The distinction of gel in the distress feature is omitted thus, the counts are combined (i.e., 

OCA+OCAG and CCP+CCPG). Overall, the number of distress features is directly proportional to 

the increase of expansion over time. However, at high deterioration levels (> 0.35%), the cracks 

start to connect with one another, resulting in a reduction in counts or even a slight reduction in total 

cracks. Moreover, the ultra-high reactive (Texas) mixtures resulted in a greater number of cracks 

than the highly reactive (Springhill) mixtures. Regardless of the reactive aggregate type used, 

mixtures developed with more cement content (420 kg/m3) show the highest counts (approximately 

1000 counts/100cm2 max. count) followed by mixtures with 325 kg/m3 of cement at max. 850 counts 

/ 100cm2 on average. When fillers are added to PPM mixtures (≤ 250 kg/m3), the reactive aggregate 

type starts to influence the number of cracks; as such, 3C-250P-T has the greatest max. count (820 

counts/100 cm2) compared to 3C-250P-S (467 counts/100 cm2). Interestingly, the 4C-200P-S and 
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5C-150P-S both have similar max. counts at less than 400 counts/100 cm2 after 12 months. In terms 

of features over time, 1C-420A-S shows a significant increase in open cracks in aggregate 

(OCA+OCAG) at 4 months (i.e., 235 counts/100 cm2), whereas 2C-325P-S only presents this 

behaviour from 4 to 8 months (i.e., from 85 to 346 counts/100 cm2). Cracks in the cement paste on 

the other hand are less abundant for both mixtures reaching maximum values of 119 and 81 

counts/100 cm2 for the Springhill CC and PPM mixture without filler, respectively.  

PPM mixtures with filler have a significantly lower number of open cracks in the aggregate 

throughout reaching between 134 and 156 counts/100 cm2 while presenting a negligible number of 

cracks in the cement paste (CCP+CCPG) after 12 months. Yet, all Texas mixtures have had a 

significant amount of open cracks in aggregate (OCA+OCAG) and cracks in cement paste 

(CCP+CCPG) since the 4-month mark, regardless of the mix-design type and cement content used. 

Although PPM-Texas mixtures presented a 20% lower amount of features than the control one (1C-

420A-T), the effectiveness of PPM is more pronounced on Springhill mixtures, with up to 57% 

fewer distress features.  

Figure 7.8 highlights the percentage of microscopic features of each mixture investigated. Initially, 

all mixtures presented more than 90% of close cracks in aggregates (CCA), while over time, the 

amount of open cracks in aggregate (OCA+OCAG) and cracks in cement paste (CCP+CCPG) both 

increase. Similarly to Figure 7.8a, after the 4-month analysis, the level of CCA dramatically 

decreased (50%) for mixtures 1C-420A-S and all Texas mixtures, capturing the effect of such cracks 

becoming opened due to ASR. Yet, during the course of 8-month experiments, PPM-Springhill 

mixtures continue to show CCA as the most predominant feature (> 50%), followed by 

OCA+OCAG (< 35%) and CCP+CCPG (< 10%). Moreover, total cracks in the aggregate and cracks 



222 

in the cement paste seem to stabilize in both mixtures with a high cement content (420 kg/m3), with 

CCA ranging from 35% to 50%, OCA+OCAG ranging from 55% to 40%, and CCP+CCPG ranging 

from 10% to 15% while this is not apparent in both PPM mixtures without filler nor the most 

sustainable Texas mixture with 250 kg/m3 of cement.  

a)

b) 

Figure 7.8. Distress features a) absolute value and b) relative value after 0, 4, 8, and 12 

months. 
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7.6 DISCUSSION 

7.6.1 Qualitative and quantitative analysis of eco-efficient mixtures 

For a better understanding of the influence of the mix-design selection, Figure 7.9a and b present 

the mass percentage and volumetric fraction of each component selected for the mix-design 

developed in this study, while Figure 7.9c and d presents a sample for a visual (qualitative) 

comparison between mixtures developed with 420 and 150 kg/m3 of cement. 

In terms of mass (Figure 7.9a), cement content accounts for 18% of the total components selected 

on 1C-420A. Yet, when the selected PPM model is applied, the cement content mass can decrease 

to 14%, or up to 6% when limestone fillers (≤ 7%) are added. This is indeed feasible due to the 

increase of fine aggregates from 36% in the control mixture (1C-420A) to roughly 45% in the PPM-

mixtures.  

The mass of coarse aggregate is maintained constant at approximately 36%, regardless of the mix-

design method Analyzing the volume occupied by each component (Figure 7.9b), cement content 

occupies 13% and 5% of the total volume of 1C-420A and 5C-150P, respectively. The cement paste 

colour of concrete specimens is affected by differences in cement content, as shown in Figure 7.9c 

and 9d, where a darker colour represents more cement. Moreover, the fine aggregates ranged from 

31% to 41%, hence accounting for 10% more volume in PPM-mixtures, which can be visually 

presented in Figure 7.9c and d. Conversely, regardless of mix-design procedure, coarse aggregate 

volume is approximately 33% therefore, the reactive component of the mixtures using the reactive 

coarse aggregate (i.e., Springhill – S) is also kept constant. Considering this information, to avoid 

an increase in reactive fine aggregate on the PPM-Texas mixtures, approximately 10% of the total 
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volume is composed of non-reactive fine aggregate; thus, the volume of fine reactive aggregate on 

all Texas mixtures was kept constant at 31%. 

a) b) 

c) 

d) 

Figure 7.9. a) Mass percentage and b) volumetric fraction of each component incorporated 

in the mix-design; c) representation of 1C-420A and d) representation of 5C-150P. 
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Furthermore, lowering the cement paste through the use of PPM can be beneficial for a variety of 

distress mechanisms, such as freezing and thawing exposure conditions [69]. Although further 

studies are required to confirm the durability aspects of PPM mixtures, the concrete’s electrical 

resistivity is an important parameter that can evaluate the likelihood of corrosion. As per studies 

published [67,70], these mixtures would be considered to have a moderate risk of corrosion of steel 

reinforcement. However, the electrical resistivity of the concrete increased after 12 months despite 

having suffered from ASR damage. No apparent trend is observed between the cement content, 

electrical resistivity, and porosity over time. In addition, the mixture made with 200 kg/m3 of cement 

presented the highest initial and final electrical resistivity values, the highest initial porosity yet, the 

lowest final porosity values. This mixture also presented the lowest mass gain overall and one of the 

two lowest recorded expansion levels throughout and damage captured by the DRI number. This 

could be an indication of the concrete inner quality improving over time, even being subjected to 

ASR deterioration. 

7.6.2 The effect of alkali Content on ASR-induced expansion 

The influence of the cement content changes significantly based on the reactive aggregate type. 

Analyzing Figure 7.10, one may notice that mixtures developed with limestone filler and lower 

cement content (≤ 250 kg/m3) resulted in considerably lower expansion levels when the highly 

reactive coarse aggregate (i.e., Springhill – S) is selected, whereas the influence of cement content 

is not as significant for the ultra-high reactive fine aggregate (Texas -T) mixtures. PPM mixtures 

incorporating fillers show the potential to further mitigate ASR yet, even though additional measures 

or materials such as SCMs may be used, their amounts correspond to a fraction of the cement 

content, which will result in more sustainable use of such materials while being able to use 

aggregates otherwise deemed unusable in concrete. Comparing the Springhill PPM mixtures with 
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control mixtures (Figure 7.10c), one may see that all PPM mixtures delivered an outstanding 

performance at 4 months, presenting an expansion 67.5% lower than the mixture with 420 kg/m3 of 

cement.  

a) b) 

c) d) 

Figure 7.10. The effect of alkali content on expansion over time and expansion ratio to 

control mixture for a) and c) Springhill mixtures (highly reactive); b) and d) Texas mixtures 

(ultra-high reactive). 
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Yet after 8 months, the expansion of the mixture developed with 325 kg/m3 increased, resulting in 

83% of the expansion of the control mixture after 12 months. Meanwhile, the final expansions of 

mixtures 3C-250P-S, 4C-200P-S, and 5C-150P-S represent 32%, 16%, and 16%, respectively, of 

the 1C-420A-S final expansion. The same trend is observed in Figure 7.10d, in which the Texas 

PPM mixtures presented better performance at 4 months. However, 2C-325P-T and 3C-250P-T 

yielded a final expansion of only 15% and 20%, respectively, lower than mixture 1C-420P-T hence, 

capturing the distinct effect of the aggregate type on ASR. 

7.6.3 Distress development of ASR damage in sustainable concrete mixtures 

The DRI is an extremely useful tool, due to both its quantitative and qualitative nature, to evaluate 

the progression of features indicating the development of ASR damage in concrete specimens. 

Figure 7.11 highlights the key differences between the highly reactive coarse aggregate (Springhill 

- S) and ultra-high reactive fine aggregate (Texas - T). After being stored in conditions enabling

ASR (i.e., 38°C and 100% RH) for 12 months, the sustainable concrete mixtures (i.e., those 

produced through PPM) incorporating Springhill yielded a final DRI of up to 1137. Yet, PPM-

Springhill mixtures incorporating limestone filler (≤ 250 kg/m3), reached maximum DRI numbers 

of 426 after the 12-month testing period, highlighting the effectiveness of the proposed mix-design 

to suppress the expansion and damage caused by ASR. Conversely, the control mixture using 420 

kg/m3 of cement and the ultra-high reactive fine aggregate (Texas - T) achieved a 12-month DRI 

number of 1482, which is higher than PPM-Texas mixtures, that is, mixtures improved through the 

optimized mix-design method. The ultimate expansion of an ultra-high reactive fine aggregate 

(0.75%) differs significantly from that of a high-reactive coarse aggregate (0.55%). Hence, the 

ability of PPM-Texas mixtures to develop lower distress features than the control mixture using 420 

kg/m3 of cement and the highly reactive coarse aggregate (Springhill - S), even at higher expansion 



228 

levels, demonstrates the feasibility of using PPM to reduce expansion in concrete subjected to ASR 

damage. In terms of Texas mixtures, the control mixture had a 12-month DRI of 1600, while those 

with 325 and 250 kg/m3 of cement had 21% and 30% lower distress features, respectively. 

Figure 7.11. Relationship between Damage Rating Index and expansion for concrete 

developed with different cement content and reactive aggregate. 

Moreover, when PPM mixtures are used, the amount of cracks in the cement paste is lower, 
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significantly affected by the aggregate type, with Springhill mixtures producing more reaction 

products visible at a magnification of 16x. Images captured through the stereomicroscope for 

mixtures incorporating Texas (8 months test) and Springhill (12 months test) are illustrated in Figure 

7.12. Distinct exposure durations were selected to demonstrate and visually compare the difference 

in distress features due to reactive aggregate type (Texas vs Springhill) when similar cement content 

(e.g., 420 or 325 kg/m3) were selected, which resulted in similar DRI number (around 1500 and 

1150, respectively). 

a) 1C-420A-S

(12 months; 0.55%; DRI:1475)

f) 1C-420A-T

(8 months; 0.70%; DRI: 1508)

b) 2C-325P-S

(12 months; 0.47%; DRI: 1137)

g) 2C-325P-T

(8 months; 0.62%; DRI: 1191)
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c) 3C-250P-S

(12 months; 0.18%; DRI: 426)

h) 3C-250P-T

(8 months; 0.59%; DRI: 1059)

d) 4C-200P-S

(12 months; 0.09%; DRI: 354)

e) 5C-150P-S

(12 months; 0.09%; DRI: 334)

Figure 7.12. Distress features in mixtures incorporating Springhill (a-e) and Texas (f-h) in 

order of decreasing cement content. 

Generally, the DRI numbers obtained with respect to the expansion level correspond to that proposed 

by Sanchez et al. [58]. However, a difference is observed between the DRI numbers achieved at 

different times although the expansion level is very similar and within the same category of damage 

degree. This is most apparent for the 200 and 150 kg/m3 of cement mixtures where an expansion 

level difference of only 0.01% (from 0.08% at 8 to 0.09% at 12-month testing) resulted in an increase 

of up to 56% in DRI numbers. This may therefore highlight the fact that the expansion level may 

not necessarily indicate the level of actual damage, especially in sustainable mixtures which were 

also observed in mixtures using recycled concrete affected by ASR [21]. 
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7.6.4 Behaviour prediction of eco-efficient concrete affected by ASR 

de Grazia et al. [71] have proposed a model (Equation 7.3)  based on Larive’s equation to better 

describe ASR-induced expansion in the laboratory, accounting for five parameters studied, 

including aggregate type and nature/reactivity, temperature, alkali content, and relative humidity. 

𝜀(𝑡, 𝜃) = 𝜉(𝑡)𝜀∞

=
1 − 𝑒

−
𝑡

𝜏𝑐 𝑘𝑐,𝑇 𝑘𝑐,𝑅𝐻 𝑘𝑐,%𝐴𝑘𝑐,𝐸

1 + 𝑒
−

(𝑡−𝜏𝑙 𝑘𝐿,𝑇 𝑘𝐿,𝑅𝐻 𝑘𝐿,%𝐴𝑘𝐿,𝐸)
𝜏𝑐 𝑘𝑐,𝑇 𝑘𝑐,𝑅𝐻 𝑘𝑐,%𝐴𝑘𝑐,𝐸

× (𝑘𝐼𝑛𝑓,𝑇 𝑘𝐼𝑛𝑓,𝑅𝐻 𝑘𝐼𝑛𝑓,𝐸 𝑘𝐼𝑛𝑓,%𝐴)𝜀∞
Equation 7.3 

where t is elapsed time; 𝜀 (𝑡) is the expansion at a given elapsed time; 𝜀∞ is the maximum expansion

at infinity (or ultimate expansion); 𝜏𝑐 is the characteristic time (as a function of the aggregate type 

and nature/reactivity); 𝜏𝑙 is the latency time (as a function of the aggregate type and 

nature/reactivity); 𝑘𝐶,𝑇, 𝑘𝐶,𝑅𝐻, 𝑘𝐶,𝐸 , 𝑘𝐶,,%𝐴 are the temperature, humidity, exposure and alkali content 

coefficients impacting the characteristic time; 𝑘𝐿,𝑇, 𝑘𝐿,𝑅𝐻, 𝑘𝐿,𝐸 , 𝑘𝐿,,%𝐴  is the temperature, humidity, 

exposure and alkali content coefficients impacting the latency time; 𝑘𝑖𝑛𝑓,𝑇, 𝑘𝑖𝑛𝑓,𝑅𝐻 , 𝑘𝑖𝑛𝑓,𝐸, 𝑘𝑖𝑛𝑓,%𝐴 

is the temperature, humidity, exposure and alkali content coefficients influencing the maximum 

expansion.  

These coefficients were proposed based on previous research demonstrating the effects of the 

aforementioned parameters on ASR-kinetics (i.e., latency (τl) and characteristic (τc) times) and final 

expansion (i.e., ε∞, or expansion at infinity). Equation 7.3 can be used in the laboratory to better 

predict ASR-kinetics and unrestrained induced expansion based on the aggregate features and test 

conditions to avoid the need for additional laboratory tests. Using the alkali content coefficients as 
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per [71], and interpolating when required, Equation 7.3 was applied against the current laboratory 

experimental work to validate the modified Larive model. 

In this study, the Springhill mixtures developed with 100% cement content, that is, without using 

limestone fillers (1C-420A-S and 2C-325P-S) displayed an S-shaped curve, characteristic of 

laboratory-made specimens [71] based on Larive model [25]. This curve may therefore be divided 

into four distinct phases: 1) The formation of ASR-secondary products, also known as ASR-gel, and 

their likely accommodation within reactive aggregates and adjacent cement paste with little to no 

expansion; 2) The initial convex shape of the curve represents the expected expansion due to 

moisture uptake from the reaction product, which causes cracking as indicated by the ascending part 

of the expansion curve; 3) After the inflection point of the S-shape curve, deteriorative cracks occur 

within the aggregate particles and adjacent cement paste changing the curve shape changes from 

“convex” to “concave”; hence, decreasing ASR-expansion rate; 4) The consumption of reactants 

(alkalis and/or silica) from the system causing the reaction/expansion development to level off. 

However, ultra-high reactive mixtures made with the Texas sand did not exhibit S-shape curve, 

hence, their performance can be classified through phases 3 and 4 only. It is worth noting that the 

latency (τl) and characteristic (τc) times were retrieved from the aggregate type and nature reactivity 

coefficient table [71].  Yet, the expansions at infinity for the Springhill and Texas mixtures were 

chosen to be 0.40% and 0.87%, respectively. Figure 7.13 shows the comparison between the 

modified Larive model and the current laboratory results. One can see that control mixtures (1C-

420A) presented a good correlation with the model proposed by [71], in which they were able to 

accurately predict the expansion of both reactive aggregates (i.e. Springhill and Texas). Yet, the 

alkali coefficient proposed based on boosted and non-boosted mixtures investigated by Fournier et 

al. [55], did not mimic the ASR-kinetics and final expansion of PPM-mixtures. 
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Based on the gap of the previous study investigating low-cement concrete mixtures developed with 

PPM, new calibration curves were performed. The final results are presented in Figure 7.14, whereas 

the alkali content coefficients are presented in Table 7.6. 

a) b) 

Figure 7.13. Comparison of the present laboratory findings and the modified Larive's model 

a) Springhill Mixtures and b) Texas Mixtures.

a) b) 

Figure 7.14. Calibration of the present laboratory findings and the modified Larive model 

for PPM- a) Springhill Mixtures and b) Texas Mixtures. 
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Based on the results of the experiments, alkali coefficients were proposed for ultra-high reactive 

fine aggregate and high reactive coarse aggregate. Further studies are needed to validate the use of 

these coefficients for different PPM-models and greater variability in aggregate type and nature. For 

concrete mixtures developed with an alkali concentration of 3.90 kg/m3, the ultimate alkali 

expansion coefficients ranged from 0.79 to 1.13, whereas mixtures developed with alkali content of 

3.0 kg/m3 has a constant ultimate alkali expansion coefficients of 0.73. Moreover, for mixtures 

manufactured with alkali contents of 3.9 and 3.0 kg/m3, the latency time alkali coefficient ranged 

from 1.00 to 4.92 and from 1.00 to 2.32, respectively. Both of these coefficients are higher for coarse 

reactive aggregate than fine reactive aggregate. Yet, this trend is not seen for characteristic time 

alkali coefficient for mixtures with alkali content of  3.9 kg/m3, where the coefficient is 1.12 (coarse 

reactive aggregate) compared to 1.33 (fine reactive aggregate). Furthermore, mixtures with an alkali 

content of 3.0 kg/m3 show a significant increase (from 4.47 to 1.42) in the characteristic time alkali 

coefficient modifying ASR development. 

Table 7.6. Alkali content coefficients proposed for sustainable mixtures developed with 

PPM-models [71]. 

PPM mixtures: Alkali Content 

of 3.9 

PPM mixtures:  Alkali Content 

of 3.0 

K%a- 

ԏc 
K%a- ԏl 

K%a- 

exp 

K%a- 

ԏc 
K%a- ԏl 

K%a- 

exp 

ASR  Fine Ultra High 1.33 1.00 0.79 1.42 1.00 0.73 

ASR Coarse High 1.12 4.92 1.14 4.47 2.32 0.73 

7.7 CONCLUSIONS 

The purpose of this study was to investigate the effect of low cement content mixtures proportioned 

through PPM on ASR damage evolution. Six PPM-mixtures were made with two types of reactive 

aggregate (Springhill – coarse aggregate and Texas – fine aggregate) and distinct cement content 
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(325, 250, 200, and 150 kg/m3). Moreover, PPM-mixtures were compared to control mixtures 

containing 420 kg/m3 of cement. The main findings of the current research are presented hereafter: 

• The overall ASR-kinetics is greatly affected by cement content. The addition of limestone

filler, which allowed the reduction of cement content to be equal to or lower than 250 kg/m3

completely modified ASR-expansion development.

• Mixtures incorporating Springhill reactive aggregate show the potential to mitigate ASR

with the sole use of PPM and cement reduction, further improvement can be made using

additional measures or materials such as SCMs.

• After the 12-month testing period, control mixtures (420 kg/m3) containing Springhill

achieved a DRI of 1475, whereas sustainable concrete mixtures (PPM-mixtures) yielded a

final DRI of up to 1137. Moreover, PPM-Springhill mixtures incorporating limestone filler

(≤ 250 kg/m3) achieved maximum DRI numbers of 426, demonstrating the effectiveness of

the proposed mix-design in mitigating ASR expansion and damage. This positive effect is

also seen on Texas-mixtures (i.e., containing ultra- high reactive fine aggregate), where the

control mixture (420 kg/m3 of cement) achieved a 12-month DRI number of 1482, whereas

PPM-Texas mixtures reached DRI lower than 1246.

• Generally, the DRI numbers obtained can be directly correlated with a level of expansion,

yet a difference is observed between the DRI numbers achieved for sustainable mixtures.

Moreover, mixtures made with 200 and 150 kg/m3 of cement mixtures showed similar

expansion of 0.075% and 0.09% after 8 to 12-month testing, respectively, but the DRI

number increased from 241 to 346 on average.

• New alkali coefficients for the Modified Larive model were proposed, allowing it to be

applied to eco-efficient mixtures made with ultra-high reactive fine aggregate and high
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reactive coarse aggregate. Further research is needed to validate the use of these coefficients 

for different PPM-models, as well as greater variation in aggregate type and nature. 
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Abstract 

The concrete prism test (CPT) is considered the most reliable laboratory test procedure for 

determining aggregate reactivity. However, the CPT has some important drawbacks: the amount of 

leaching occurring over the test period, which may jeopardize the test outcomes. To avoid leaching, 

the amount of alkalis in the CPT specimens is boosted by the addition of NaOH into the mixing 

water; this action disables the evaluation of the reactivity of aggregates in low alkali mixtures. This 

work aims to assess the efficiency of three proposed test setups (wrapped, soaked, and encapsulated) 

to appraise ASR-induced expansion and damage development of non-boosted mixtures with low 

amount of alkalis (3.61, 2.79, and 2.15 kg/m3) in the laboratory. Results indicate that, regardless of 

the testing protocol selected, mixtures achieved similar final expansions when the total system alkali 

content is over 3.01 kg/m3; below that, cement alkali content governs the distress features.  

Keywords: alkali-aggregate reaction (ASR), low alkali system, laboratory test methods, particle 

packing models, microscopic characterization, crack propagation, damage rating index (DRI).  
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8.1  Introduction 

The concrete construction industry has been a target for emitting an important amount of greenhouse 

gases globally thus, reducing the overall adverse effects of concrete production has remained the 

focus of several researchers worldwide. As the production of cement emits 7.5% of the global CO2, 

approaches to reduce its content in concrete have been proposed from using alternatives such as 

supplementary cementitious materials (SCM) to optimizing its usage through particle packing 

models (PPM) [1–3]. Although concrete materials with a low cement content present advantages in 

terms of sustainability and have been shown to provide targeted mechanical properties [4–7], 

concrete used in the field will be exposed to numerous environmental conditions and durability-

related issues which may compromise its service life and counteract the sustainability aspect of the 

material. Moreover, lowering the cement content in concrete corresponds to a reduction in the total 

alkalis in the system which leads to a decrease in concrete pH. As a result, the concrete’s natural 

ability to control some durability-related issues such as corrosion of steel reinforcement bars due to 

carbonation may be negatively affected; conversely, this reduction may be extremely beneficial 

when the concrete bears aggregates prone to develop alkali-silica reaction (ASR). ASR is a chemical 

reaction between the alkali hydroxides (Na+, K+ and OH-) from the concrete pore solution and some 

unstable phases from the aggregates used to make concrete. ASR generates a secondary product 

(i.e., silica gel) that swells upon water uptake, leading to induced expansion and cracking. 

Over the last decades, a number of test procedures and recommendations were developed to appraise 

the potential reactivity of aggregates and the efficiency of preventive measures against ASR-induced 

development. Amongst those, the accelerated mortar bar test – AMBT (ASTM C1260 and CSA 

A23.2-25A and the concrete prism test – CPT (ASTM C1293 and CSA A23.2-14A) are by far the 
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most used and accepted worldwide. Both the AMBT and CPT are test procedures conducted to 

evaluate the potential reactivity of aggregates in the laboratory prior to their use. One of the primary 

benefits of the AMBT, which has led to its widespread use around the world, is its short time period 

(16 days) and low cost. Yet, after a number of research programs, it has been found that the AMBT 

presents important drawbacks when assessing the aggregates’ reactivity and preventive measures in 

the laboratory, such as crushing of the aggregates (which may alter the composition and texture of 

the aggregate) and harsh conditions of the test, leading to false positive and false negative results 

[8,9]). Conversely, the CPT was found to be a much more reliable test procedure, simulating with 

more accuracy the expansive behaviour of aggregates and the efficiency of preventive measures in 

concrete. Nevertheless, it is quite long time period (12 months or 24 months, either for aggregates 

or preventive measures appraisal, respectively) along with the excessive leaching of the alkalis [9–

11] observed over the test. To avoid high discrepancies between induced expansion results obtained

through the CPT in the laboratory and those of concrete exposed to field conditions, concrete 

mixtures fabricated and tested in the CPT must be boosted by 40% of the cement alkalis, which is 

frequently the amount of leaching observed during a 1-year test [31,49-52]. Although this action can 

overcome leaching issues in conventional concrete (CC), CPT might present problems for evaluating 

the performance of low alkali systems developed with or without supplementary cementitious 

materials (SCM) [11,12]. In this context, Einarsdottir and Hooton [11] investigated distinct 

modifications to CPT setup to reduce leaching issues and improve the performance of this protocol 

when evaluating low-alkali binder concrete mixtures. Besides the CPT, different non-standard 

laboratory test methods (e.g., alkali-wrapped concrete prism test (AW-CPT), concrete cylinder test 

(CCT), and soaked/immersed) have been suggested in the literature [13–19] as advanced techniques 

to evaluate ASR expansion in concrete without leading to leaching issues. Although these protocols 
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present many advantages over CPT [10,11,16,19–21], further studies are required to confirm the 

best approach to evaluating ASR-developed in low-alkali systems. Therefore, the purpose of this 

work is to compare the development of ASR-expansion in low-alkali mixtures using various test 

setups in comparison to the standard method and to assess the influence of the alkali boost in low-

alkali systems. 

8.2 Background 

8.2.1 Alkali-silica reaction (ASR) in conventional concrete (CC) 

Alkali-Silica Reaction (ASR) continues to be one of the most prominent distress mechanisms in 

concrete leading to pre-mature deterioration. ASR is a chemical reaction that occurs between the 

unstable silica found within the aggregates and the alkalis present in concrete’s pore solution (Na+, 

K+ and OH-). This reaction forms a secondary product (i.e., silica gel) that is hygroscopic and swells 

upon water uptake. The pressure exerted by this swelling causes tensile stresses larger than those 

that the aggregate can resist; hence, cracking the reactive aggregates. With the development of ASR, 

the cracks propagate from the reactive aggregates into the cement paste, in which significant losses 

in mechanical properties have been reported in previous studies [22–27]. Generally, ASR-induced 

deterioration (crack pattern: crack generation and propagation) in CC begins with the generation of 

cracks inside the aggregate particles; those cracks increase in length and width and eventually 

propagate to the cement paste with the increase in expansion, as shown in Figure 8.1, regardless of 

the aggregate nature and crack type (i.e., sharp type cracks -A and onion skin type cracks B).  

The loss in mechanical properties consequently corresponds to the location of the crack and the 

extent of the crack propagation where cracks within the aggregate will influence the modulus of 

elasticity as this property is governed by the aggregate and its bond to the cement paste whereas the 
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compressive strength will be significantly compromised when cracks have extended into the cement 

paste [27–29]. Moreover, the aggregate interlock affecting the shear strength of the concrete is 

diminished at early stages of ASR damage [30,31].   

Figure 8.1. Qualitative model of crack propagation in ASR-affected CC as proposed by 

Sanchez et al. [26].  

Previous studies have reported that such damage can be further understood by combining 

mechanical tests (i.e., modulus of elasticity, compressive strength, Stiffness Damage Test (SDT) 

[29]) with microscopic tests (i.e., damage rating index – DRI [26,32]). The primary advantage of 

incorporating the DRI, a semi-quantitative and qualitative microscopic tool, is its ability to 

understand the cause and extent of damage in concrete while correlating it with the expansion level. 

[26,32]. The DRI is therefore conducted on sawn, ground, and polished concrete sections (200 mm 

x 100 mm) using a stereomicroscope at 15-16x magnification. The distress features (i.e., cracks) are 

then counted in a grid composed of squares of 1 cm2 on the polished reflective surface after which 

weighting factors are applied to the distinct distress features based on their importance towards a 

certain distress mechanism and the weighted sums are normalized to 100 cm2 for comparative 

purposes. The weighting factors were selected based on the severity of the feature [33], where: the 

lowest factor of 0.25 is attributed to closed cracks in the aggregate (CCA) most likely caused by 

weathering or processing as opposed to being associated to ASR damage; a factor of 2 denotes the 
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progression of ASR within the aggregate results in open cracks in the aggregate without or with gel 

(OCA and OCAG, respectively) and; the extension of cracks in the cement paste without or with gel 

(CCP and CCPG, respectively) are captured by a weighting factor of 3. In 2015, Sanchez et al. [26] 

proposed the extended version of the DRI  that evaluates the distress features without the weighting 

factors as counts/100 cm2 and percentages along with the crack density which is the sum of the 

OCA+OCAG and CCP+CCPG as counts/cm2, providing additional insight into understanding the 

propagation of ASR-induced cracks. 

8.2.2 Low alkali concrete affected by Alkali-Silica Reaction (ASR) 

Fournier et al. [34] evaluated the influence of ASR-induced development of concrete mixtures 

incorporating a variety of reactive fine and coarse aggregates and two alkali loadings (boosted and 

non-boosted). Mixtures with boosted alkalis have their equivalent alkalis in the cement (Na2Oe) 

raised to 1.25 kg/m3 (i.e., total alkali content of 5.25 kg/m3) as per the CPT standard (ASTM C 

1293), while non-boosted mixtures contain 0.90% of Na2Oe
 (i.e., total alkali content of 3.78 kg/m3). 

Regardless of the aggregate reactivity, the boosted mixtures resulted in greater expansions over time 

due to the higher alkali content of the system. Yet, the aggregate type and nature have a significant 

impact on the expansion development of concrete containing varying amounts of alkalis. When 

incorporating reactive aggregates with varying reactive potentials (i.e., ultra-high/very high, high, 

and moderate/marginal), mixtures developed with an alkali content of 3.78 kg/m3 (non-boosted) 

achieved on average 18%, 27%, and 43% lower expansions, respectively, than conventional CPT 

mixtures (boosted mixtures) [34]. To complement this study, de Grazia et al. [35] proposed a 

modified version of Larive’s model to evaluate ASR-evolution under laboratory test conditions. It 

was concluded that, in addition to the aggregate type and nature, three other factors, such as 
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temperature, total alkali content, and relative humidity, are major contributors to ASR-development 

and must be considered to describe ASR-induced expansion more precisely in the laboratory. 

Likewise, Einarsdottir and Hooton [11] also evaluated low-alkali binder concrete mixtures and 

proposed different methods to modify the CPT method and reduce leaching issues. After two years 

of testing, mixtures developed with 100% Portland cement (alkali content ranging from 3.35 to 6.06 

kg/m3) leached 25-50% of their alkalis, whereas low-, medium- and high-alkali mixtures (where 

Portland cement was replaced with 15% to 50% SCMs) leached between 18% and 32%. Thus, 

boosting the concrete mixtures is recommended, particularly for low-alkali mixtures, which can 

exhibit a “false” acceptable expansion in laboratory tests due to leaching while deleterious expansion 

in the field could be observed when conditions are favourable to limit leaching. In addition to alkali 

boosting, it is suggested to store each specimen in a plastic bag covering two-thirds of its height 

(from top to bottom) to improve CPT method and minimize leaching on low alkali systems. 

8.2.3 Laboratory test techniques to assess low alkali concrete affected by Alkali-Silica Reaction  

The CPT protocol has been and still remains the most popular method used to evaluate the potential 

reactivity of aggregates in concrete (CSA A23.2-14A or ASTM C 1293). In this test, specimens 

must be stored at 100% relativity humidity (R.H.) and 38oC while their expansion is monitored over 

52 weeks [9]. If the specimens achieve a maximum expansion lower than 0.04% at 52 weeks, the 

aggregate investigated can be considered non-reactive. However, controversy exists regarding this 

method due to excessive leaching of the alkalis [9–11]. To minimize the impact of leaching on 

expansion values, concrete mixtures assessed under CPT conditions must be boosted (i.e., addition 

of alkalis to the concrete mixture) to 40% of the cement alkalis, which is equivalent to the total alkali 
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leaching that will occur during a 1-year test [9,11]. As such, if a cement with Na2Oeq of 0.90% is 

selected, the concrete mixtures must be boosted to 1.25% Na2Oeq to meet the 40% boost requirement. 

Despite the fact that the CPT is currently used worldwide, different non-standard laboratory test 

methods [14–16] have been suggested in the literature as an advanced method to evaluate ASR 

expansion in concrete without leading to leaching issues.  

Lindgård et al. [14,15] evaluated four concrete mixtures using modified versions of the draft RILEM 

aggregate concrete prism tests; AAR-3, 2000 (38 °C, wrapped prisms) [13] tested at 38 °C and 60 

°C then compared to the standard CPT. Basically, the wrapped method consists in wrapping the 

concrete specimens in a  cotton cloth saturated in a basic solution of 1.5M OH- or 0.15M OH- 

solution, which is equivalent to pH of 14.2 and 13.2, respectively. Since the pH of the cloth is higher 

than that of the concrete, specimens show greater expansion at 38oC when compared to the CPT, 

yet, almost no expansion (on average 0.06%) was observed on wrapped specimens when the 

temperature was increased to 60oC. Similarly, Kawabata et al. [16] proposed the Alkali-Wrapped 

Concrete Prism Test (AW-CPT) where concrete specimens are wrapped with a saturated cloth, but 

in this case, the alkali concentration of the solution is calculated using  Equation 8.1, mimicking the 

concrete’s pore solution hydroxide ion concentration. Although the alkali leaching was significantly 

reduced when compared to the CPT method, the alkali content of concrete mixtures was increased 

by 20% due to the transfer of alkalis from the saturated cloth to the concrete pores, likely due to 

uptake during the cement hydration [16]. Moreover, it was concluded that at 60oC along with high 

alkali boosting, the ASR gel was extruded out without significantly expanding the specimen. 

Temperatures below 40oC were therefore recommended for ASR gel to exert the required tensile 

pressure within the concrete matrix to cause cracking.  



251 

[𝑂𝐻−] =
0386 𝑥 𝑁𝑎2𝑂𝑒𝑞

𝑤/𝑐
Equation 8.1 

Another method proposed by several authors is the soaked method, where concrete specimens are 

submerged into a NaOH solution at 38oC and 80 oC. Yet, concerns were raised about the amount of 

alkali released by the aggregates when specimens are soaked in different types of solutions (e.g. 

immersed in 1M NaOH, 1M NaCl or water) [36]. During the first 6 months, specimens soaked in a 

NaOH solution produced higher expansions compared to those soaked in a NaCl solution, even 

though the solutions presented the same amounts of alkalis, which might be attributed to the 

replacement of the OH- ions released by portlandite and Cl- ions entering in the pore solution. Then, 

after one year at 38oC, mixtures soaked in NaOH expanded less (0.30%) than specimens soaked in 

NaCl (0.44%). Both soaked conditions, however, resulted in greater expansion than mixtures 

exposed to standard CPT test conditions (0.20%) [36]. Likewise, Gao et al. [17] studied the soaked 

method with three different storage concentrations (i.e., 0.77, 1.00, and 1.25 mol/l). It is worth noting 

that the mixtures’ alkali contents were also boosted with NaOH to match the pore solution of the 

storage solution concentration. It was concluded that when specimens are stored with an abundance 

of alkalis, the alkali concentration does not affect the expansion. Moreover, it was recommended to 

use smaller specimens to accelerate the test procedure and achieve the final expansion in a shorter 

time. [36].  

Furthermore, the concrete cylinder test (CCT) was proposed by Naranjo in 2012 [18] and further 

evaluated [16,19], where a cylindrical mould is used to insulate the concrete specimen from alkali 

leaching. The specimens are cast shorter than the height of the moulds which are lined with filter 

paper to transfer water that is ponded on the surface to the concrete’s lateral surface. It was therefore 
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concluded that the CCT provided higher overall expansions after two years. Nonetheless, these three 

test setups presented promising performance yet, further developments are required to validate their 

applicability regardless of the system’s alkali content and the solution’s concentration as well as 

their ability to be compared to field concrete.  

8.3 Scope of the work 

Many authors investigated the efficiency of different laboratory tests to appraise ASR-induced 

expansion and damage in conventional concrete [10,11,16,19–21]; however, concerns remain when 

using those laboratory tests for low-alkali systems especially due to the addition of alkalis to the 

concrete mixture to compensate for alkali leaching for one year. Therefore, this study assesses the 

effectiveness of three different laboratory test setups (i.e., wrapped – W, soaked – S, and 

encapsulated – E) without the addition of alkalis into the concrete mixtures to evaluate ASR-

development of low-alkali systems in comparison to the standardized CPT procedure (i.e., with the 

addition of alkalis to the concrete mixture). Three mixtures proportioned through an advanced mix-

design technique (i.e., particle packing model – PPM and limestone fillers as the primary Portland 

cement replacement) were developed with systems’ alkali contents of 3.61, 2.79, and 2.15 kg/m3 

and one type of highly reactive coarse aggregate (Springhill – Greywacke). Conclusions are then 

drawn based on results obtained throughout this study: surface electrical resistivity and porosity 

were measured to assess the impact of the test setup on ASR development in low-alkali and 

sustainable mixtures. Finally, the damage rating index (DRI) along with its extended version was 

used to evaluate the overall damage and its extent with respect to expansion achieved per test setup 

at intervals of 4 months (i.e., 0, 4, 8, 12 months).  
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8.4 Materials and methods 

8.4.1 Materials and mixture proportions 

All concrete mixtures used Portland cement (CSA Type GU, ASTM Type 1) with a high alkali 

content (i.e., 0.86% Na2Oeq.). Three initial concrete mixtures were selected to vary the alkali content 

(i.e., 3.61, 2.79, and 2.15 kg/m3) by adjusting the cement content (i.e., 420, 325, 250 kg/m3, 

respectively) while incorporating a highly reactive coarse aggregate (Springhill – Greywacke) or a 

highly reactive fine aggregate (Texas – Polymictic sand) to induce ASR expansion and damage in 

the concrete. Moreover, to further reduce the alkali content of mixtures made with Springhill, cement 

contents of 200 and 150 kg/m3 were designed to provide alkali contents of 1.72 and 1.29 kg/m3. The 

total alkali content was boosted (when required as per ASTM C1293 and CSA A23.2-14A) by 40%, 

raising the system’s Na2Oeq., using reagent-grade sodium hydroxide pellets added in mix water to 

accelerate ASR development. A superplasticizer and mid-range water reducer admixture were 

required and used for mixtures containing 325 and 250 kg/m3 and the alkali content was measured 

through the Inductively Coupled Plasma (ICP) analysis, which was considered negligible, due to 

their average Na2Oeq.contribution of 0.002 kg/m3 and 0.011 kg/m3, respectively, when compared to 

the total alkali content contribution from the cement and added sodium hydroxide [37]. Inert 

limestone fillers (i.e., a performance (P) filler and a replacement filler (R) having a particle size 

distribution smaller than and similar to that of the Portland cement used in this study, respectively) 

were used to reduce the cement content in mixtures containing 250, 200, and 150 kg/m3 of cement. 

The particle size distribution of the aggregates was determined through sieve analyses as per ASTM 

C136/CSA A23.2-2A [38,39], whereas for the limestone filler and Portland cement, a laser 

diffraction analysis was performed (Figure 8.2). Additional physical properties of the raw material, 
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including specific gravity, absorptions, and 365 days-expansion measured through CPT test, are 

presented in Table 8.1.  

Figure 8.2. Particle size distribution of raw materials. 

This study selected four eco-efficient mixtures developed with 325, 250, 200, and 150 kg/m3 of 

cement content based on a previous study conducted by the author, in which twelve eco-efficient 

concrete mixtures were developed through a modified Alfred model combined with mobility 

parameters (i.e., PPM-MP approach). The modified Andreasen (also known as Alfred model) is one 

of the most recent continuous PPM [40–45] that takes into account all particle sizes without gaps 

throughout the particle size distribution, whereas mobility parameters were applied to achieve 

desirable flowability.  
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Table 8.1. Physical properties characterization. 

Material Location Rock type 

Specific 

gravity 

(g/cm3) 

Absorption 

(%) 

CPT- 365 days, 

expansion 

 (%) 

General Use 

(GU) cement 

Saint-Basile, 

Quebec (Canada) 
- 3.17 - 

Filler - R 
Ottawa, Ontario 

(Canada) 
Limestone 2.66 - 

Filler - P 
Ottawa, Ontario 

(Canada) 
Limestone 2.60 - 

Non-reactive 

Fine Aggregate 

Bracebridge, 

Ontario (Canada) 

Orthoclase, Quartz, 

Cristoballite, Albite, 

Bytowmite, Cordierite, 

Illite, Muscovite, Larnite 

2.74 0.37 0.0177 

Fine Reactive 

Aggregate 

(Texas -T) 

El Paso, Texas 

(USA) 

Polymictic sand 

(granites, mixed 

volcanic, quartzite, chert, 

quartz) [26] 

2.59 0.78 

Non-Reactive 

Coarse 

Aggregate 

Bracebridge, 

Ontario (Canada) 
Granite 2.81 0.71 0.0189 

Coarse Reactive 

Aggregate 

(Springhill - S) 

Fredericton, New 

Brunswick 

(Canada) 

Greywacke 2.68 0.89 

The mixtures were proportioned to achieve the lowest system’s porosity through the Alfred model, 

where q-factors of 0.34 and 0.31 ±0.1 in the powder (Equation 8.2)  and aggregate (Equation 8.3) 

portion, respectively, were selected, yielding a final system with dry porosity of 3.0% ±0.1 

(calculated with the modified Westman and Hugill algorithm [43].) 

Powder portion 

(from Ds to 80 μm) 

𝐶𝑃𝐹𝑇 = 100 ∗ (
𝐷𝑃

0.34 − 𝐷𝑆
0.34

0.80.34 − 𝐷𝑆
0.34) 

Equation 8.2 

Aggregates portion 

(from 0.15 mm to DL) 

𝐶𝑃𝐹𝑇 = 100 ∗ (
𝐷𝑃

0.31 − 0.150.31

𝐷𝐿
0.31 − 0.150.31

) 
Equation 8.3 
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where DP is the particle size in question, CFPT is the cumulative percent finer than DP, DL and DS 

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

factor). 

Furthermore, all mixtures present the same mortar factor of 61%, which maintains the same amount 

of aggregate consistent within the low alkali mixtures. Additionally, a control mixture was 

developed with a cement content of 420 kg/m3, as per ASTM C1293/CSA A23.2-14A [9]). The 

summary of the five mixtures selected in this study is presented in Figure 8.3 and Table 8.2. 

Figure 8.3. Summary characteristics of the mixtures evaluated. 

The concrete mixtures were named based on their level of cement content (Number 1 means the 

concrete with the most cement, while number 5 means that with less cement.), test protocol (C–T - 

C, Wrapped - W, Soaked - S, and Encapsulated – E), cement content, mix-design selected (i.e., A: 

ACI method and P: PPM method), reactive aggregate incorporated (Springhill - S and Texas -T), 

and boosting conditions (BST – boosted mixtures and NBST – non boosted mixtures). For example, 

mixture 1C-420A-S: (1) has the highest amount of cement content; (C) is tested using the CPT test 

setup; (420) contains 420 kg/m3 of cement content, (A) is developed with ACI mix-design method, 

and (S) contains Springhill as reactive aggregate. It is worth noting that Table 8.2 replaces the test 

protocol letters (C, W, S, or E) with X reactive aggregate letters (S or T) with Y, and boosting 
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conditions (concrete mixture boosted with alkalis - BST or non-boosted - NBST) with Z, as these 

parameters have no effect on the mix-proportions. 

Table 8.2. Mix-design of eco-efficient concrete mixtures selected to be evaluated for long-

term performance. 

Mix-name 

kg/m³ 

Powder Fine Aggregate Coarse Aggregate 

Water SP MR 
OPC 

Filler Filler 150-

300 

300-

600 

600-

1180 

1180-

2360 

2360-

4750 

4750-

9500 

9500-

12500 

12500-

19000 P R 

1X-420A-Y-Z 420 0 0 860 0 0 0 0 311 302 302 189 0 0 

2X-325P-Y-Z 325 0 0 132 163 197 250 313 376 173 293 179 1.9 1.9 

3X-250P-Y-Z 250 41 33 137 170 205 260 326 392 180 306 145 3.9 3.2 

4X-200P-Y-Z 200 42 81 141 174 210 267 334 402 184 313 124 0 0 

5X-150P-Y-Z 150 42 122 144 177 213 268 333 397 182 308 126 0 0 

Note: labels #X replace test protocol letters (C, W, S, or E), A represents the ACI mix-design method, P represents the 

PPM mix-design method, #Y replaces reactive aggregate letters (S or T), #Z replaces BST (boosted) or NBST (non-

boosted), OPC stands for ordinary Portland Cement, SP stands for Superplasticizer and MR stands for mid-range 

admixture. 

8.4.2 Fabrication of concrete specimens 

A total of 384 cylinders (100 mm diameter x 200 mm length) were fabricated in the laboratory to 

appraise concrete made with a reactive coarse aggregate, whereas 144 cylinders were manufactured 

to assess the ASR development of a reactive fine aggregate.  

Forty litres of concrete were manufactured for each of the twenty-two mixtures. The specimens were 

left to moist-cure (i.e., 23°C and 100% RH) for 24 hours, demoulded and moist-cured under the 

same conditions for an additional 24 hours after which small holes of 8.5 mm in diameter and 19 

mm in length were drilled into both ends of the cylinders in preparation for stainless steel stud 

installation used for longitudinal expansion measurements. The studs were glued to each end of the 

cylinder with a fast-setting cement paste slurry, and left to moist-cure under the same 

aforementioned conditions for 24 hours. Initial measurements (i.e., “0” readings) were performed 

between 24 and 48 hours after the studs were installed. Then, the specimens were stored based on 

conditions to accelerate ASR-induced expansion through one of the four test protocols and 
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monitored over time. The mass change and longitudinal expansion measurements were performed 

monthly on all cylinders. 

8.4.3 Test setups to evaluate ASR-induced expansion in the laboratory 

Four test protocols (CPT - C, wrapped - W, soaked - S, and encapsulated – E) were selected (Figure 

8.4). It is worth noting that mixtures developed to be tested under CPT conditions have a 40% alkali 

boost, whereas the others are non-boosted mixtures in contact or soaked in a 0.4M solution of NaOH 

which mimics the concrete pore solution molarity [37,46,47] to minimize the leaching effects as 

presented in previous studies [37,46,47]. A summary of the CPT mixtures’ alkali contents is 

therefore shown in Table 10.3 and each protocol is further described in the following sections.  

Table 8.3. Total, initial and added alkalis of CPT-mixtures with 40% boosting of alkalis. 

Mixture 
Concrete total alkali 

content (kg/m3) 

Cement alkali content 

(kg/m3) 

Amount of alkali 

added for boosting 

(kg/m3) 

1X-420A-Y-Z 5.06 3.61 1.44 

2X-325P-Y-Z 3.91 2.79 1.12 

3X-250P-Y-Z 3.01 2.15 0.86 

4X-200P-Y-Z 2.41 1.72 0.69 

5X-150P-Y-Z 1.81 1.29 0.52 

8.4.4 Concrete prism test 

The first test setup is the concrete prism test (CPT) which is a standardized method where specimens 

must be stored at 100% relativity humidity (R.H.) and 38oC [9,48]. Specimens were then stored over 

water using a plastic rack into sealed 22-litre plastic buckets lined with a piece of moisture-wicking 

fabric to ensure 100% R.H. throughout the pail, as shown in Figure 8.5a. However, this method is 

known to be subjected to excessive leaching of the alkalis, thus leading to lower expansion [9–11]. 

To minimize the impact on the expansion values, concrete mixtures fabricated to be tested under 

CPT conditions must be boosted to 40% of the cement alkalis, by adding alkalis to the concrete’s 
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mixing water, which is equivalent to the total alkali leaching that will occur during a 1-year test 

[9,11].  

Figure 8.4. Summary AAR test setup methods and mixtures appraised. 

8.4.4.1 Encapsulated method 

Based on the Concrete Cylinder Test (CCT) method [16,18,19], concrete specimens were then 

placed inside polyethylene-low density plastic bags with 50 ml in 0.4 M NaOH solution and stored 

at 38oC. Air was expelled from the plastic bags, and they were tied with elastic bands to ensure the 

solution was in contact with the specimen as shown in Figure 8.5b.  
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8.4.4.2   Wrapped method 

Similar to the method developed by [14,15], concrete specimens were wrapped in a wet non-woven 

cloth soaked in the 0.4 M NaOH solution and covered with polyethylene-film and exposed to a 

temperature of 38oC (Figure 8.5c).   

a) b) 

c) d) 

Figure 8.5. Testing setups a) CPT, b) Encapsulated, c) Wrapped, and d) Soaked 

8.4.4.3 Soaked method 

Similar to previous studies [17,36], specimens were fully submerged in a 0.4 M NaOH solution in 

sealed 22-litre plastic pails and stored at 38oC. To ensure that all surfaces of the specimens were in 

contact with the solution, plastic racks were placed at the bottom of the buckets (Figure 8.5d). 

8.4.5 Test procedure to appraise ASR-induced deterioration 

8.4.5.1 Surface electrical resistivity and apparent porosity 



261 

The surface electrical resistivity and apparent porosity were performed at 0-, 4-, 8-, and 12-month 

to evaluate the microstructure and the durability performance of concrete mixtures subjected to ASR 

over one year. The surface electrical resistivity was performed using the four-probe (Wenner-array) 

technique with a commercially available device that automatically displays the surface electrical 

resistivity (i.e., measured between four equipment probes). The apparent porosity was performed 

based on Archimedes immersion method [49]. First, the initial apparent porosity was determined at 

28 days (i.e., stored in conditions without enabling ASR as per  [29]) and all subsequent apparent 

porosity measurements were performed every four months of ASR exposure conditions. On the day 

of testing, one specimen of each mixture was divided into three equal slices, each measuring roughly 

100 mm in diameter and 65 mm in height. The slices were placed in an oven at 60°C to avoid cement 

hydration product decomposition caused by elevated temperatures until mass stabilization which 

occurred after 5 days of drying. The specimens’ dry mass (md) was determined when the difference 

between two successive weights was less than 0.3%; previous trials were performed to conclude that 

0.3% of mass changed resulting in an apparent porosity difference smaller than 10%. The slices 

were then immersed in water and vacuumed for 24 hours to ensure water penetration. After that, the 

immersed (mi) and wet (mw) mass values were measured and the apparent porosity (AP) was 

calculated using Equation 8.4. 

AP (%) =  
𝑚𝑤 − 𝑚𝑖

𝑚𝑤 − 𝑚𝑑
∗ 100% Equation 8.4 

8.4.5.2  The damage rating index (DRI) 

The Damage Rating Index (DRI) is a semi-quantitative microscopic tool developed to assess the 

cause and extent of ASR damage in conventional concrete using a stereomicroscope at 15-16x 
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magnification [26,27]. Concrete cylinders, which were cut longitudinally in half, were subjected to 

microscopic examinations at 0-, 4-, 8-, and 12-month following ASR exposure conditions. After 

cutting the cylinders using a masonry saw equipped with a notched diamond blade, the specimens 

were prepared using a mechanical rotating steel wheel to which magnetic grinding and polishing 

disks are attached whose grits are 30, 60, 140, 280 (80-100 µm), 600 (20-40 µm), 1200 (10-20 µm) 

and 3000 (4-8 µm). Once a flat and reflective surface was achieved, the DRI and microscopic 

examinations were performed and distress features (i.e., cracks) associated with ASR damage were 

counted in a grid of one cm2 squares placed on the surface of the polished concrete section. Then, 

weighting factors, based on ASR distress mechanisms, are given to the observed distress features to 

balance their value and the final  DRI number is computed as per the total of the weighted values 

normalized to 100 cm2 for comparative purposes [33]. Further investigation of the crack distribution 

and characteristics for each mixture affected by ASR was conducted using the extended version of 

the DRI described by Sanchez et al. [33]., which includes microscopic features as counts per 100 

cm2, microscopic features as proportions (%), and crack density (i.e., the sum of open cracks in the 

aggregate and cement paste with and without gel per 1 cm2). 

8.5 Results 

8.5.1 ASR kinetics and development in low alkali concrete mixtures 

The mass gain and expansion over time were measured for a period of one year for each concrete 

mixture exposed to the various testing conditions used in this study (Figure 8.6). The following 

figures are displayed per concrete mixture type (i.e., cement content) while the alkali content within 

the mixture varies with the type of setup used. Therefore, the alkali contents displayed in Figure 

8.6a, which presents concrete made with a cement content of 420 kg/m3, are 5.06 kg/m3 for the 

mixture made using the CPT procedure (i.e., boosted – BST) and 3.61 kg/m3 for the three other 
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procedures (i.e., non-boosted – NBST).  Similarly, Figure 8.6b presents mixtures developed with 

325 kg/m3 of cement content and alkali content is 3.91 and 2.79 kg/m3 for BST and NBST mixtures, 

respectively; whereas Figure 8.6c shows mixtures manufactured with 250 kg/m3 of cement in which 

the alkali content is 3.01 (BST) and 2.15 kg/m3 (NBST). Regarding the mass variation results, the 

minimum and maximum standard deviation of the NBST test setups (encapsulated - E, soaked - S, 

and wrapped - W) are as follows: 0.05 – 0.37%, 0.10 – 0.32%, and 0.05 – 0.26%, respectively, while 

for the BST test method (CPT) the standard deviation ranged from 0.04 to 0.23%. Overall, regardless 

of the cement content, mixtures tested under the soaked conditions presented the highest mass 

variations while the CPT presented the smallest mass variation and no clear trend regarding the other 

test setups is observed. After one year of testing, a wider range of values is obtained for the mixtures 

made with 325 kg/m3 (i.e., 1.15% to 2.30%) while the mixtures made with the highest and lowest 

cement contents presented mass variations ranging from 1.34% to 2.04% and 1.11% to 1.78%, 

respectively.  

Up to 200 days, mixtures made with 420 kg/m3 of cement content (Figure 8.6a) and tested under 

soaked conditions presented lower mass gain than mixtures made with 325 and 250 kg/m3 (Figure 

8.6b and c), yet, after one year, the final mass variation, for the mixtures in order of decreasing 

cement content, was 2.04%, 2.3% and 1.78%. However, the other two NBST test setups 

(encapsulated and wrapped) exhibit different behaviour, with a more gradual mass gain over time. 

The mass gain after one year of testing for encapsulated mixtures with 420, 325, and 250 kg/m3 was 

1.70%, 1.67%, and 1.52%, respectively, whereas for wrapped mixtures, 1.63%, 1.73%, and 1.11% 

mass gain was observed.  
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a) 

b) 

c) 

Figure 8.6. Mass and expansion as a function of time for boosted and non-boosted mixtures 

with cement alkali content a) 3.61 kg/m3, b) 2.79 kg/m3, and c) 2.15 kg/m3. 
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Interestingly, for CPT-boosted mixtures, the final mass gain was slightly higher for mixtures 

developed with a higher cement content (1.34%) than for mixtures developed with lower cement 

contents (1.15% and 1.13%). Although the CPT-boosted mixtures showed an overall lower mass 

gain than other test procedures, 250 kg/m3 mixture tested in the wrapped condition presented a 

similar mass gain trend after 200 days. Furthermore, after 300 days of testing, mixtures with a higher 

cement content (420 kg/m3) show similar mass gain in encapsulated and wrapped test conditions. 

The average measured expansion for a year, along with the data range bars, are presented in Figure 

8.6a, b and c for mixtures developed with 420, 325, and 250 kg/m3, respectively. The standard 

deviation intervals for all expansion results ranged from 0.002% to 0.07%. The overall expansion 

over time is significantly affected by the mixture cement content, regardless of the test setup where 

it is highest for the mixture with the most cement (between 0.52% and 0.55%) followed by mixtures 

with 325 kg/m3 of cement content (i.e., from 0.26% to 0.47%, presenting the widest range, especially 

for 2C-325P-S-BST) while the lowest overall expansion was achieved by the mixtures with the 

lowest cement content (i.e., between 0.11% and 0.16%). Although boosted and non-boosted 

mixtures developed with 420 kg/m3 of cement content achieved comparable final expansion, the 

boosted mixtures achieved the highest values when analyzing mixtures with lower cement content. 

Moreover, mixtures developed with 420 kg/m3 of cement content (Figure 8.6a) exhibit a sharper 

increase in expansion, especially after 70 days. Figure 8.6b (325 kg/m3 of cement content) shows a 

smoother increase of expansion, with the sharpest increase occurring after 200 days. However, for 

this cement content, boosted mixtures (tested under CPT conditions) expanded significantly more 

(0.47%) than the NBST test setups (0.35%, 0.28%, and 0.26% for encapsulated, wrapped, and 

soaked, respectively). Furthermore, Figure 3c (250 kg/m3 cement content) shows no sharp increase 

in expansion, that is, it presents a gradual increase over a one-year test. Boosted mixtures (tested 
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under CPT conditions) achieved slightly higher expansion (0.18%) than NBST mixtures, which 

reached 0.14%, 0.11%, and 0.16% for encapsulated, wrapped, and soaked conditions, respectively. 

Although the mixtures under soaked conditions had a significant mass gain compared to the other 

tests procedure, their expansions after one year were comparable to or marginally lower than other 

NBST results. Meanwhile, all mixtures tested under CPT test conditions had the lowest mass gain 

and the highest expansion development after one year of test. 

8.5.2 Surface electrical resistivity 

The surface electrical resistivity was recorded monthly to evaluate the inner quality of the ASR-

affected concrete mixtures tested under different test conditions. The average surface electrical 

resistivity is shown in Figure 8.7 along with data range bars. In general, mixtures developed with a 

higher cement content reached higher surface electrical resistivity over time. 

Regardless of the cement content, CPT-boosted mixtures presented higher electrical resistivity 

values; yet no specific trend is observed when NBST test procedures are used. The overall standard 

deviation ranges from 0.28 to 1.46 kΩ.cm for the boosted mixtures while for the non-boosted 

mixtures, the overall standard deviation is between 0.25-1.49 kΩ.cm, 0.28-1.00 kΩ.cm, and 0.17-

1.04 kΩ.cm for encapsulated, wrapped, and soaked conditions, respectively. 

Maximum values are generally observed at approximately 30 days, with the boosted mixtures 

showing the highest values without presenting a trend with cement content (i.e., 15.8 kΩ.cm for 420 

kg/m3, 9.5 kΩ.cm for 325 kg/m3 and 13.7 kΩ.cm kg/m3). Figure 8.7a (420 kg/m3 cement content 

mixtures) shows that regardless of test setup, the maximum surface electrical resistivity was 

achieved initially at approximately 30 days after which a slightly descending period up to 150 days 
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and presenting an almost steady output until reaching the one-year testing period with the exception 

of the 1C-420A-S-BST, which followed a slight increase in the electrical resistivity.  

a) b) 

c) 

Figure 8.7. Surface electrical resistivity development for boosted and non-boosted mixtures 

with cement alkali content a) 3.61 kg/m3, b) 2.79 kg/m3, and c) 2.15 kg/m3. 
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12.5 kΩ.cm, from 6.1 to 11.1 kΩ.cm, and from 5.8 to 9.3 kΩ.cm, for mixtures tested under 

encapsulated, wrapped, and soaked conditions, respectively. Interestingly, all NBST mixtures with 

325 kg/m3 cement content had roughly the same surface electrical resistivity values after 250 days 

of testing while presenting the lowest overall values. 

8.5.3 Apparent porosity 

The apparent porosity is another technique to evaluate the internal quality of concrete affected by 

ASR (Figure 8.8). For concrete mixtures at 28 days, without being subjected to ASR, one can see 

that all mixtures had similar apparent porosity (ranging from 9.2 to 10.1%). The overall standard 

deviation for CPT-boosted mixes varied from 0.36 to 1.15%, whereas for NBST tests setups are 

between 0.06 and 1.18% cm, 0.11 to 0.66 cm, and 0.08 to 0.98 cm, for Encapsulated, Wrapped, and 

Soaked, respectively. However, when the porosity is compared based on ASR development (i.e., 4, 

8, and 12 months), the apparent porosity highlights significantly different porosity evolution due to 

cement content and ASR development.  

From Figure 8.8a (mixtures with 420 kg/m3 of cement), one may see that CPT-boosted mixtures 

presented an almost constant apparent porosity over time of 9.2 to 8.8%, while NBST mixtures had 

a decrease of porosity at 4 months, reaching their peak at 12 months, except for 1W-420A-S-NBST 

which maintained constant porosity (around 8.10%) after 4 months testing. A similar trend for NBST 

mixtures is seen in Figure 8.8b (mixtures with 325 kg/m3 of cement), but in this case, the apparent 

porosity of 2C-325P-S-BST increased gradually over one year of testing. Conversely, mixtures 

made with 250 kg/m3 of cement (Figure 8.8c) had an overall decrease in porosity with ASR 

development on all testing methods. 
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a) b) 

c) 

Figure 8.8. Apparent porosity variation for boosted and non-boosted mixtures with cement 

alkali content a) 3.61 kg/m3, b) 2.79 kg/m3, and c) 2.15 kg/m3. 

8.5.4 Damage rating index (DRI) 

The DRI numbers as a function of ASR-expansion level are shown in Figure 8.9a. As expected, the 

DRI number increases as a function of expansion, regardless of the test protocol and cement content. 
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a) b) 

Figure 8.9. a) DRI number and b) crack density as a function of expansion. 
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number of 2C-325P-S-BST continued to increase up to 0.30% of expansion reaching 988, after 

which a less pronounced increase is observed up until the final expansion of 0.47% is reached 

representing a DRI number of 1137. Conversely, NBST mixtures made with 325 kg/m3 of cement 

content, reached maximum expansion levels and DRI numbers of 0.35% and 792, 0.29% and 758, 

and 0.26% and 762 for encapsulated, wrapped, and soaked, respectively. 

The crack density (i.e., the unweighted sum of open cracks in the aggregate and cracks in the cement 

paste as counts/cm2) was plotted as a function of time for the three mixtures and the four tests 

protocol investigated in this study to further assess the effect of ASR damage (Figure 8.9b). The 

average crack density was 0.19 counts/cm2 for sound concrete followed by a distinct crack density 

development based on the alkali content (i.e., mixture cement content) and test protocols (i.e., 

boosted vs non-boosted). The control mixture developed with higher cement content (1C-420A-S-

BST) had a linear increase in crack density reaching 5.49 counts/cm2 at 8 months of exposure while 

presenting the highest overall crack density. Although 1E-420A-S-NBST exhibited similar 

behaviour during the same period, the slope of the curve was less steep resulting in a crack density 

of 4.30 counts/cm2 after 8 months. Conversely, the other two non-boosted test setups (wrapped and 

soaked) showed a significantly lower crack density number at 4 months (0.95 counts/cm2 on 

average) than 1E-420A-S-NBST (1.91 counts/cm2). Yet, at 8-month test, 1W-420A-S-NBST 

reached a similar crack density to 1E-420A-S-NBST. Meanwhile, after 12 months all non-boosted 

mixtures developed with 420 kg/m3 of cement reached a similar crack density of 4.4 counts/cm2, 

which is significantly lower than the boosted mixture of 6.38 counts/cm2. Analyzing mixtures 

developed with 325 kg/m3 of cement, one may notice that at 4 months, the boosted mixture (2C-

325P-S-BST) had a similar crack density (0.88 counts/cm2) to NBST mixtures (0.38, 0.56, and 0.38 

for encapsulated, wrapped, and soaked, respectively). However, at 8 months of exposure, non-
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boosted mixtures maintained a low crack density ranging from 1.65 to 0.83 counts/cm2, while 

boosted mixtures peaked achieving crack density of 4.07 counts/cm2. At 12 months, this difference 

decreased as the crack density was 4.86, 3.39, 3.38, and 3.44 for 2C-325P-S-BST, 2E-325P-S-

NBST, 2W-325P-S-NBST, and 2S-325P-S-NBST, respectively. An opposite behaviour is observed 

for mixtures developed with a lower alkali content (i.e., 250 kg/m3 of cement), where the final crack 

density ranged from 1.96 to 1.44 counts/cm2, indicating that the testing protocol had no effect on 

the crack density. 

8.6 Discussion 

8.6.1 The effect of alkali content on asr-induced expansion 

For a better understanding of the influence of the concrete alkali content,  Figure 8.10a correlates 

concrete alkali content with the expansion of the mixtures evaluated at 4, 8, and 12 months. It is 

well known that the higher the alkali content, the more susceptible concrete is to ASR-expansion. 

Nonetheless, after four months of testing, the difference in expansion between concrete with lower 

alkali content and concrete with higher alkali content is less than 0.15%.  

This discrepancy is most pronounced at 8 and 12 months, where it is roughly 0.40% for both ages. 

However, this increase in the expansion is partially attributed to the alkali added to the system (i.e., 

the boosted mixtures), which resulted in a concrete total alkali content of 5.06, 3.91, and 3.01 kg/m3 

for mixtures developed incorporating 420, 325, and 250 kg/m3 of cement, respectively. In this 

context, Figure 8.10b clarifies the effect of the alkali boost on the one-year expansion test. For 

mixtures developed with higher cement content (420 kg/m3), boosted mixtures yielded an expansion 

150% and 50% higher than non-boosted mixtures at 4 and 8 months, but they achieved roughly the 

same final expansion at 12 months. These findings raise the possibility that the alkali boosting added 
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to the mixtures has a significant impact on the expansion development and crack pattern of ASR-

affected mixtures, raising the question of whether laboratory results can accurately represent real 

structures. 

a) b) 

c) 

Figure 8.10. Correlation between a) concrete alkali content and expansion, b) boosted and 

non-boosted test protocols and expansion, and c) 12-month expansion ratio compared to the 

420 kg/m3 control mixture. 

0.00%

0.10%

0.20%

0.30%

0.40%

0.50%

0.60%

0.70%

0.80%

1 2 3 4 5 6

E
x
p

a
n

si
o

n

Concrete Total Alkali Content (kg/m3)

4 Months 8 Months 12  Months

0.00%

0.10%

0.20%

0.30%

0.40%

0.50%

0.60%

0 4 8 12

E
x
p

a
n

si
o

n

Time (months)

1C-420A-BST 2C-325P-BST

3C-250P-BST 1-420A-NBST

2-325P-NBST 3-250P-NBST

0

1

2

3

4

5

6

0%

20%

40%

60%

80%

100%

C
o

n
cr

e
te

 T
o

ta
l 

A
lk

a
li

 C
o

n
te

n
t 

(k
g

/m
3
)

E
x
p

a
n

si
o

n
 r

a
ti

o
 t

o
 C

o
n

tr
o

l 
M

ix
tu

re

12  Months 8 Months 4 Months Alkali Content - BST Alkali Content - NBST



274 

Yet, another concern can be raised for mixtures developed with low cement content (325 and 250 

kg/m3), in which boosted mixture yielded expansions 177%, 252%, and 157% higher than non-

boosted mixtures at 4, 8, and 12 months for mixtures developed with a cement content of 325 kg/m3, 

whereas these percentages are 178%, 179%, and 127% for mixtures developed with a cement 

content of  250 kg/m3 at the same period. In this case, one may question the feasibility of the standard 

CPT-boosted test in evaluating low cement mixtures, as the noticeably higher expansion of the 

boosted mixtures at the end of the testing period appears to be governed by the additional alkali 

rather than the cement alkali. Figure 8.10c further investigates the effect of cement content and 

testing setup of all mixtures compared to the final expansion of the control mixture (420 kg/m3 of 

cement content) tested under CPT testing conditions. Non-boosted mixtures (encapsulated, soaked, 

and wrapped) developed with 420 kg/m3 of cement content achieved 91%, 94%, and 95% of the 

final expansion of 1C-420A-S-BST. Analyzing mixtures developed with 325 kg/m3 of cement 

testing under CPT, encapsulated, soaked, and wrapped testing conditions, their final expansion is 

84%, 63%, 48%, and 51%, respectively, compared to the control mixture (1C-420A-S-BST). 

Finally, this difference is even higher for mixtures developed with lower cement content, in which 

the final expansion is on average 27% of 1C-420A-S-BST. 

8.6.2 Qualitative analysis of the influence of testing protocol on crack development 

Images were captured using a 16-megapixel digital camera connected to a stereomicroscope to 

assess differences in the type, size, and length of distress features produced by concrete mixtures 

subjected to ASR damage under different testing conditions. Figure 8.11a, b, and c show the crack 

characteristics of mixtures developed with a cement content of 420, 325, and 250 kg/m3, 

respectively, and tested under CPT exposure conditions, whereas Figure 8.11d-f, Figure 8.11g-i, and 

Figure 8.11j-l show the distress features of non-boosted mixtures tested under encapsulated, soaked, 
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and wrapped exposure conditions in order of decreasing cement content. Analyzing the boosted 

mixtures (Figure 8.11a-c), one can notice that the lower the cement content the smaller the crack 

width. Although all non-boosted test setups exhibit the same behaviour (Figure 8.11d-l), the 

difference in crack width is less pronounced.  

a) 1C-420A-S-BST;

expansion: 0.55%;

alkali content: 5.06 kg/m3

b) 2C-325P-S-BST;

expansion: 0.47%;

alkali content: 3.91 kg/m3

c) 3C-250P-S-BST;

expansion: 0.18%;

alkali content: 3.01 kg/m3

d) 1E-420A-S-NBST;

expansion:0.49%; alkali

content: 3.61 kg/m3

e) 2E-325P-S-NBST;

expansion: 0.35%;

alkali content: 2.79 kg/m3

f) 3E-250P-S-NBST;

expansion: 0.14%;

alkali content: 2.15 kg/m3
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g) 1S-420A-S-NBST;

expansion:0.52%; alkali

content: 3.61 kg/m3

h) 2S-325P-S-NBST;

expansion: 0.26%;

alkali content: 2.79 kg/m3

i) 3S-250P-S-NBST;

expansion: 0.16%;

alkali content: 2.15 kg/m3

j) 1W-420A-S-NBST;

expansion:0.52%; alkali

content: 3.61 kg/m3

k) 2W-325P-S-NBST;

expansion: 0.29%;

alkali content: 2.79 kg/m3

l) 3W-250P-S-NBST;

expansion: 0.11%;

alkali content: 2.15 kg/m3

Figure 8.11. Distress features of mixtures tested at 12 months: CPT (a-c), Encapsulated (d-f), 

Soaked (g-i), and Wrapped (j-l) in order of decreasing cement content. 

When comparing mixtures with the same cement content, boosted mixtures also had larger cracks 

due to the high alkali content. When comparing a mixture with similar alkali content (3.76 kg/m3 

+/- 0.15), the crack width of 2C-325P-S-BST (3.91 kg/m3 of alkali content) is slightly wider than 

non-boosted mixtures developed with 420 kg/m3 of cement content (3.61 kg/m3 of alkali content). 

This demonstrates that adding sodium hydroxide widens cracks in mixtures with cement equal to or 

higher than 325 kg/m3. As a result, it may be questioned whether mixtures evaluated under CPT can 

accurately simulate the type, width, and propagation of cracks found in concrete mixtures exposed 
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to field conditions. Yet, the opposite behaviour is observed for the crack width of 3C-250P-S-BST 

(3.01 kg/m3 of alkali content) which is slightly thinner than that of non-boosted mixtures developed 

with 325 kg/m3 cement content (2.79 kg/m3 alkali content). In this case, the crack width may be 

governed by the cement content, even though the total system alkali content is lower. Quantitative 

analysis of the influence of testing protocol on crack development 

To quantitatively understand the impact of the test protocol on the generation and propagation of 

ASR-damage within the mixtures investigated, Figure 8.12a and b illustrate the extended version of 

the DRI presented by [26] as cracks in counts/100 cm2 and proportions, respectively. In this study, 

the distinction of gel in the distress feature is omitted, thus, the counts are combined (i.e., 

OCA+OCAG and CCP+CCPG) and the deterioration features are appraised without the weighing 

factors. The number of distress features is directly proportional to the increase in expansion over 

time, as shown in Figure 8.12. However, at high levels of deterioration (> 0.26%), the cracks begin 

to connect with one another, resulting in a decrease in counts or even a slight decrease in total cracks. 

Boosted mixtures tested under CPT exposure conditions show higher counts after one year, with 

959, 823, and 467 counts/100 cm2 in decreasing order of cement content. The same decreasing trend 

in crack counts is observed in the non-boosted mixtures when compared to mixtures with lower 

cement content.  

Mixtures with a higher cement content (420 kg/m3) have the highest counts, with 959, 580, 611, and 

629 counts/100 cm2 for mixtures tested using the CPT, encapsulated, soaked, and wrapped testing 

protocols, respectively, whereas mixtures with a lower cement content (325 kg/m3) also have the 

lower counts, with 823, 552, 512, and 525 counts/100 cm2 when using the same testing protocols, 

respectively. Interestingly, regardless of the testing protocol, mixtures developed with the lowest 
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cement content (250 kg/m3) achieved an average of 373 counts/100 cm2. Yet, 3C-250P-S-BST has 

35% more microscopic features than non-boosted mixtures with the same cement content. 

a) 

b) 

Figure 8.12. Distress features a) absolute value and b) relative value after 0, 4, 8, and 12 

months. 

The percentage of microscopic features of each mixture appraised is shown in Figure 8.12b. At 0% 

expansion, all mixtures have more than 90% of close aggregate cracks (CCA), but with ASR-
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development, the number of features in the aggregate (OCA+OCAG) and the cement paste 

(CCP+CCPG) increases. In the case of mixtures with a higher cement content (420 kg/m3), the level 

of CCA dropped to less than 50% after 4 months on boosted mixtures and 12 months on non-boosted 

mixtures, due to the increase in OCA+OCAG as CCA become opened. As such, CCA, generally 

caused through weathering and processing and not typically associated with ASR development but 

rather potential reaction sites, are still the main feature of non-boosted mixtures when no additional 

alkali content is added. A similar trend is observed for mixtures developed with 325 kg/m3, where 

after 12 months, CCA is no longer predominant regardless of the testing protocol. Conversely, 

mixtures developed with lower cement content (250 kg/m3) had CCA ranging from 45% to 65%, 

OCA+OCAG ranging from 50% to 30%, and CCP+CCPG around 5% after one-year testing.  

8.6.3 ASR-induced distress development in low alkali concrete mixtures  

The DRI semi-quantitatively represents the damage of concrete affected by ASR and its bar charts 

capture the distinct distress features. Figure 8.13 highlights the key differences between concrete 

mixtures with the same cement content that were tested under different exposure conditions and 

mixtures with different cement content that were tested under similar exposure conditions.  

After being stored in CPT conditions (i.e., 38°C and 100% RH) for 12 months, concrete mixtures 

yielded a final DRI of 1475, 1137, and 426 in order of decreasing cement content (420-250 kg/m3). 

Although the system’s total alkali content decreased in a step of 1.0 +/- 0.15 kg/m3, concrete 

developed with a total alkali content of 3.01 kg/m3 (3C-250P-S-BST) has a significantly lower 

amount of distress features than the other two mixtures (containing 5.06 and 3.91 kg/m3 of total 

alkali content, respectively). Interestingly, for non-boosted mixtures, in which the total alkali 

contents were 3.61, 2.79, and 2.15 kg/m3 for mixtures developed with cement content of 420, 325, 
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and 250 kg/m3, the DRI number decreases more steadily, reaching an average DRI number of 1033, 

770, and 388 in decreasing order of total alkali content. It might exhibit one of the two patterns: 1) 

an increase in distress features due to the additional alkali content added for boosting and/or 2) a 

possible threshold of the total alkali content of 3.01 kg/m3, in which the alkali from the cement 

governs the distress features regardless of whether the mixture is boosted or not. The latter behaviour 

is also explained when analyzing the expansion of mixtures 3C-250P-S-BST and non-boosted 

mixtures developed with cement content of 250 kg/m3, which have similar total alkali content (3.01-

2.79 kg/m3), in this case, non-boosted mixtures with higher cement content reached significantly 

higher DRI number (on average 770) than 2C-325P-S-BST (426). 

Regarding the type of distress features, the higher the system’s alkali content, the greater the final 

expansion and amount of cracks in the cement paste, indicating that the ASR-developed is at an 

advanced stage, in which the crack within the aggregates begins to propagate and reach the cement 

paste. On the other hand, mixtures developed with a total alkali content of 3.01 kg/m3 or lower, the 

cement content governs the final expansion and the amount of distress features; as such, 2E-325P-

S-NBST, 2S-325P-S-NBST, and 2W-325P-S-NBST reached a final expansion and DRI number of 

0.35% and 792, 0.26% and 762, and 0.29% and 758, respectively, whereas 3C-250P-BST reached 

a significantly lower final expansion (0.18%) and DRI number (426), resulting in a lower amount 

of cracks in the cement paste, comparable with the other non-boosted mixtures developed with same 

cement content. These findings agree with the qualitative model of ASR crack propagation over 

distinct expansion levels proposed by Sanchez et al. [26]. 
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Figure 8.13. Relationship between expansion and Damage Rating Index for the twelve 

concrete appraised. 
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8.6.4 Lower alkali content mixtures (Boosted vs. Non-boosted) 

To further investigate the influence of cement alkali content and boosted alkali content, four 

additional concrete mixtures with cement alkali contents of 200 and 150 kg/m3 were manufactured 

and tested under CPT (boosted) and encapsulated (non-boosted) exposure conditions. The total 

alkali contents of the boosted mixtures were 2.41 and 1.81 kg/m3, respectively, whereas the cement 

alkali contents of the non-boosted mixtures were 1.72 and 1.29 kg/m3. As per CSA A23.2-27A, 

reactive aggregates may be used in conjunction with the strategy of reducing the system’s total alkali 

content contributed by the Portland cement, in this context, non-boosted mixtures, without the 

addition of SCMs, are in accordance with prevention level Y (strong), with the total alkali content 

being less than 1.8 kg/m3. 

Figure 8.14a shows that regardless of cement content, encapsulated mixtures presented higher mass 

gain than CPT mixtures, exhibiting similar behaviour as previously observed in Figure 8.6a, b, and 

c with different cement content. Yet, in terms of expansion (Figure 8.14b), no difference is seen 

between boosted and non-boosted mixtures, as such the final expansion was 0.09% and 0.09% for 

4C-200P-S-BST and 5C-150P-S-BST, respectively, while 4E-200P-S-NBST and 5E-150P-S-NBST 

reached 0.08% and 0.07%, respectively. Interestingly, despite having similar total alkali loadings, 

4C-200P-S-BST (the total alkali loadings of 2.41 kg/m3) produced lower final expansion than 3E-

250P-S-NBST (the total alkali content of 2.15 kg/m3). It agrees with the findings presented in section 

6.4, which show that when the total alkali content of the system is less than 3.01 kg/m3, the cement 

content governs the expansion and distress features, regardless of whether the mixture is boosted or 

not. In this case, 3E-250P-S-NBST contains more cement than 4C-200P-S-BST, resulting in greater 

expansion (0.14% vs. 0.08%).  
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a)  b) 

Figure 8.14. Mass (a) and expansion (b) as a function of time for boosted and non-boosted 

mixtures with cement content of 200 kg/m3 and 150 kg/m3.  

The DRI numbers for the lowest cement contents evaluated in this study, regardless of the test 

conditions, remain the lowest overall values throughout the study. Similar results are observed from 

the microscopic features (Figure 8.15a and b), where 3E-250P-S-NBST achieved higher values (DRI 

number of 442 and crack density of 1.96) when compared to 4C-200P-S-BST (DRI number of 357 

and crack density of 1.54). Yet, Figure 16a shows that the DRI numbers follow the same trend over 

time as other mixtures investigated with higher cement content. Meanwhile, the crack density 

remains significantly lower (below 2 counts/cm2 after one year) for all mixtures with 250 kg/m3 of 

cement or less when compared to those with higher contents. Nevertheless, the distinction between 

setups is less apparent for lower cement contents, highlighting that at low alkali systems (< 3.01 

kg/m3), the alkali added has no effect on ASR development. 
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a) b) 

Figure 8.15. Comparison of a) DRI number and b) Crack density of boosted and non-

boosted mixtures with cement content ranging from 420 to 150 kg/m3.  

8.6.5 Fine reactive aggregate type (Boosted vs. Non-boosted) 

As ASR is affected not only by the alkali content of the pore solution in concrete but also by the 

amount of unstable silica found within the aggregates, the influence of the type of reactive aggregate 

on the boosted and non-boosted test setup was further investigated. Six additional concrete mixtures 

were developed with a fine ultra-high reactive aggregate – Texas sand. Figure 8.16a, in contrast to 

previous findings (Figure 8.15a, and Figure 8.6a, b, and c) on mixtures incorporating coarse reactive 

aggregate (Springhill), shows that regardless of cement content, encapsulated mixtures presented 

lower mass gain and final expansion when compared to mixtures exposed to CPT conditions. 

Although mixtures containing 420 kg/m3 cement content and Springhill reactive aggregate achieved 

similar final expansions for boosted and non-boosted mixtures, the difference in the final expansion 

for Texas mixtures is larger for boosted and non-boosted mixtures (Figure 8.16b). In decreasing 

order of cement content, CPT-Texas mixtures achieved 12-month expansion of 0.78%, 0.65%, and 
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0.61%, while encapsulated-Texas mixtures reached 12-month expansion of 0.60%, 0.55%, and 

0.48%. 

a)  b) 

Figure 8.16. Mass (a) and expansion (b) as a function of time for boosted and non-boosted 

mixtures developed with fine reactive aggregate.  

Figure 8.17, on the other hand, shows that the DRI number versus expansion relationship continues 

to follow the same trend over time for mixtures containing Texas and Springhill reactive aggregates. 

All boosted mixtures made with the Texas sand present a less sharp increase in DRI numbers after 

reaching values of (in increasing cement content) 931, 1049 and 1497 at 0.38%, 0.42% and 0.50% 

of expansion, respectively, even though expansion continues to increase until 0.65%, 0.70% and 

0.80% with DRI numbers of 1133, 1246 and 1482, respectively. This trend was only observed for 

the boosted mixture at 325 kg/m3 of cement content using Springhill reactive coarse aggregate and 

the non-boosted Texas sand mixture with 420 kg/m3 of cement while encapsulated. Cracks may have 

therefore reached their maximum lengths while widening to induce the measured expansions.  
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Figure 8.17. Comparison of DRI number of boosted and non-boosted mixtures incorporating 

coarse (Springhill) or fine (Texas) reactive aggregate.  

8.7 Conclusions 

The purpose of this study was to investigate the effectiveness of four different laboratory test setups 

(i.e., CPT, wrapped – W, soaked – S, and encapsulated – E) with and without the addition of alkalis 

into the concrete mixtures to evaluate the ASR-development of low alkali systems. Boosted mixtures 

had a total alkali content ranging from 5.06 to 1.81 kg/m3, whereas non-boosted mixtures had levels 

of alkali content ranging from 3.61 to 1.29 kg/m3. The main findings of the current research are as 

follows: 

• After one year of testing, all mixtures tested under CPT test conditions had the lowest mass

gain and the highest expansion development (except for 1C-420A-S-BST at 12 months).

Although the soaked mixtures gained significantly more mass than the other test procedures,

their expansion after one year was comparable to, or marginally lower than other  non-

boosted (NBST) results.
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• For mixtures with higher cement content (420 kg/m3), boosted mixtures yielded an expansion

of 150% and 50% higher than non-boosted mixtures at 4 and 8 months, but they achieved

roughly the same final expansion at 12 months (91%, 94%, and 95% of the final expansion

of 1C-420A-S-BST for encapsulated, soaked, and wrapped mixtures, respectively).

Although a similar expansion was reached regardless of the testing setup, their final DRI

number is significantly different comparing boosted and non-boosted mixtures (i.e., 1475,

1020, 1020, and 1059 for CPT, wrapped, soaked, and encapsulated, respectively).

• The system’s alkali content has a significant impact on overall ASR-kinetics. Regardless of

the testing protocol selected, mixtures achieved similar final expansions when the total

system alkali content is over 3.01 kg/m3; below this threshold, the alkali from the cement

governs the distress features regardless of total system alkalis.

• In terms of crack width, the lower the cement content the smaller the crack width. Moreover,

due to the higher system alkali content, boosted mixtures had larger cracks when compared

to mixtures with the same cement content.

• The sodium hydroxide addition during concrete fabrication resulted in wider and a higher

amount of cracks in mixtures with alkali content as low as 3.01 kg/m3. However, when the

total system alkali content is 3.01 kg/m3 or less, DRI and distress features are governed by

the cement content (that is, alkalis from the cement content).

• Mixtures developed with 1.8 kg/m3 or lower alkali content (containing cement content lower

than 200 kg/m3) reached similar final expansion (on average 0.08%) regardless of testing

setup (boosted vs non-boosted). These mixtures are also classified as prevention level Y

(Strong) against ASR-mitigation as per CSA A23.2-27A without any addition of SCMs.
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• When compared to Springhill mixtures, Texas sand mixtures presented faster ASR-kinetics.

Furthermore, after 8 months of testing, for all boosted mixtures made with Texas sand

showed a levelling-off behaviour; thus, cracks may have reached their maximum lengths

while widening to continue contributing to expansion.

• Regarding the type of distress features and crack propagation, boosted and non-boosted

mixtures developed with alkali content ranging from 5.06 to 1.29 kg/m3 presented different

behaviour. Further study is required to develop a qualitative model of crack propagation of

low-alkali system affected by ASR-induced damage.

• Concerns have been expressed about the effect of added sodium hydroxide on crack

propagation, highlighting that expansion levels and damage tested under CPT laboratory

conditions cannot be directly correlated with field conditions.

8.8 Acknowledgments 

The authors gratefully acknowledge the financial support that M. T. de Grazia and C. Trottier benefit 

from the prestigious Vanier scholarship funded by NSERC (Natural Sciences and Engineering 

Research Council of Canada). The authors would also like to thank Dr. Gamal Elnabelsya and Dr. 

Muslim Majeed, technical officers in the Materials and Structures laboratory at the University of 

Ottawa's Department of Civil Engineering. 

8.9 Authors’ contributions 

Conceptualization, M.T.d.G. and L.F.M.S.; methodology, M.T.d.G., C.T. and L.F.M.S.; formal 

analysis, M.T.d.G.; data curation, M.T.d.G; writing-original draft preparation, M.T.d.G.; writing – 

review and editing, C.T. and L.F.M.S; supervision L.F.M.S. 



289 

8.10 Competing interests 

The authors declare that they have no competing financial interests or personal relationships that 

could have an impact on the work reported in this paper. 

8.11 References 

[1] H.F. Campos, N.S. Klein, J. Marques Filho, Proposed mix design method for sustainable

high-strength concrete using particle packing optimization, J. Clean. Prod. 265 (2020) 1–15.

https://doi.org/10.1016/j.jclepro.2020.121907.

[2] J. Di Filippo, J. Karpman, J.R. Deshazo, J. Di Filippo, J. Karpman, J.R. Deshazo, The impacts

of policies to reduce CO2 emissions within the concrete supply chain, Cem. Concr. Compos.

101 (2019) 67–82. https://doi.org/10.1016/j.cemconcomp.2018.08.003.

[3] M.T. De Grazia, L. Sanchez, R.C.O. Romano, R.G. Pileggi, Investigation of Alfred Model

Effect on the Fresh and Hardened State Properties of Low-Cement Content (LCC) Systems,

Constr. Build. Mater. Accepted (2017) 1–26.

[4] B. Esmaeilkhanian, K.H. Khayat, O.H. Wallevik, Mix design approach for low-powder self-

consolidating concrete: Eco-SCC-content optimization and performance, Mater. Struct. 50

(2017) 18. https://doi.org/10.1617/s11527-017-0993-y.

[5] Z.S. Ali, M. Hosseinpoor, A. Yahia, New aggregate grading models for low-binder self-

consolidating and semi-self-consolidating concrete (Eco-SCC and Eco-semi-SCC), Constr.

Build. Mater. 265 (2020) 120314. https://doi.org/10.1016/j.conbuildmat.2020.120314.

[6] M. T. de Grazia, L. F. M. Sanchez, R. C. O. Romano, R. G. Pileggi, M.T. de Grazia, L.

Sanchez, R.C.O. Romano, R.G. Pileggi, 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. https://doi.org/10.1016/j.conbuildmat.2018.11.051.

[7] P.R. de Matos, R.D. Sakata, L.R. Prudêncio, Eco-efficient low binder high-performance self-

compacting concretes, Constr. Build. Mater. 225 (2019) 941–955.

https://doi.org/10.1016/j.conbuildmat.2019.07.254.

[8] C.S. Shon, S.L. Sarkar, Evaluation of modified ASTM C 1260 accelerated mortar bar test for

alkali-silica reactivity, Cem. Concr. Res. 32 (2002) 1981–1987.

https://doi.org/10.1016/S0008-8846(02)00903-1.

[9] ASTM C1293, Standard Test Method for Determination of Length Change of Concrete Due

to Alkali-Silica Reaction, West Conshohocken, 2018. https://doi.org/10.1520/C1293-18.



290 

[10] M.-A. Berube, J. Frenette, Testing Concrete for AAR in NaOH and NaCl solutions at 38°C

and 80°C, Cem. Concr. Compos. 16 (1994) 189–198.

[11] S.U. Einarsdottir, R. Douglas Hooton, Modifications to ASTM C1293 that allow testing of

low-Alkali binder systems, ACI Mater. J. 115 (2018) 739–747.

https://doi.org/10.14359/51702350.

[12] P. Rivard, M.A. Bérubé, J.P. Ollivier, G. Ballivy, Decrease of pore solution alkalinity in

concrete tested for alkali-silica reaction, Mater. Struct. Constr. 40 (2007) 909–921.

https://doi.org/10.1617/s11527-006-9191-z.

[13] 106-AAR T.C. Rilem, A – TC 106-2 – Detection of potential alkali-reactivity of aggregates

– The ultra-accelerated mortar-bar test B – TC 106-3 – Detection of potential alkali-reactivity

of aggregates – Method for aggregate combinations using concrete prisms, Mater. Struct. 33

(2000) 88–93.

[14] J. Lindgård, E.J. Sellevold, M.D.A. Thomas, B. Pedersen, H. Justnes, F. Rønning, Alkali-

silica reaction (ASR)-performance testing: Influence of specimen pre-treatment, exposure

conditions and prism size on concrete porosity, moisture state and transport properties, Cem.

Concr. Res. 53 (2013) 145–167. https://doi.org/10.1016/j.cemconres.2013.05.020.

[15] J. Lindgård, M.D.A. Thomas, E.J. Sellevold, B. Pedersen, Ö. Andiç-Çakır, H. Justnes, T.F.

Rønning, Alkali-silica reaction (ASR)-performance testing: Influence of specimen pre-

treatment, exposure conditions and prism size on alkali leaching and prism expansion, Cem.

Concr. Res. 53 (2013) 68–90. https://doi.org/10.1016/j.cemconres.2013.05.017.

[16] Y. Kawabata, K. Yamada, Y. Sagawa, S. Ogawa, Alkali-Wrapped Concrete Prism Test (AW-

CPT) - New testing protocol toward a performance test against alkali-silica reaction, J. Adv.

Concr. Technol. 16 (2018) 441–460. https://doi.org/10.3151/jact.16.441.

[17] X.X. Gao, S. Multon, M. Cyr, A. Sellier, Optimising an expansion test for the assessment of

alkali-silica reaction in concrete structures, Mater. Struct. 44 (2011) 1641–1653.

https://doi.org/10.1617/s11527-011-9724-y.

[18] A. Naranjo, Proposed Test Method for Determining ASR Potential: The Concrete Cylinder

Test (CCT), 2012.

[19] S. Stacey, K.J. Folliard, T. Drimalas, M.D.A.A. Thomas, An Accelerated and More Accurate

Test Method To ASTM C1293: the Concrete Cylinder Test, 15th Int. Conf. Alkali-Aggregate

React. (2016) 11p.

[20] G. Igarashi, K. Yamada, Y. Xu, H. Wong, S. Hirono, S. Ogawa, Image Analysis of Alkali-

Aggregate Gel in Concrete Prism Test With Alkali-Wrapping, 15th Int. Conf. Alkali-

Aggregate React. Concr. (2016).



291 

[21] K. Yamada, Y. Kawabata, M.R. de Rooij, B.M. Pedersen, R. Brueckner, J.H. Ideker,

Recommendation of RILEM TC 258-AAA: RILEM AAR-13: application of alkali-wrapping

for concrete prism testing to assess the expansion potential of alkali-silica reaction, Mater.

Struct. Constr. 54 (2021) 1–15. https://doi.org/10.1617/s11527-021-01684-z.

[22] C. Trottier, R. Ziapour, A. Zahedi, L. Sanchez, F. Locati, Microscopic characterization of

alkali-silica reaction (ASR) affected recycled concrete mixtures induced by reactive coarse

and fine aggregates, Cem. Concr. Res. 144 (2021) 106426.

https://doi.org/10.1016/j.cemconres.2021.106426.

[23] M. Rashidi, M.C.L. Knapp, A. Hashemi, J.Y. Kim, K.M. Donnell, R. Zoughi, L.J. Jacobs,

K.E. Kurtis, Detecting alkali-silica reaction: A multi-physics approach, Cem. Concr.

Compos. 73 (2016) 123–135. https://doi.org/10.1016/j.cemconcomp.2016.07.001.

[24] B. Fournier, M.-A. Bérubé, Alkali–aggregate reaction in concrete: a review of basic concepts

and engineering implications, Can. J. Civ. Eng. 27 (2000) 167–191.

[25] J. Lindgård, Ö. Andiç-Çakir, I. Fernandes, T.F. Rønning, M.D.A. Thomas, Alkali-silica

reactions (ASR): Literature review on parameters influencing laboratory performance testing,

Cem. Concr. Res. 42 (2012) 223–243. https://doi.org/10.1016/j.cemconres.2011.10.004.

[26] L.F.M.L.. Sanchez, B.. Fournier, M.. Jolin, J. Duchesne, Reliable quantification of AAR

damage through assessment of the Damage Rating Index (DRI), Cem. Concr. Res. 67 (2015)

74–92. https://doi.org/10.1016/j.cemconres.2014.08.002.

[27] L. Sanchez, B. Fournier, M. Jolin, D. Mitchell, J. Bastien, Overall assessment of Alkali-

Aggregate Reaction (AAR) in concretes presenting different strengths and incorporating a

wide range of reactive aggregate types and natures, Cem. Concr. Res. 93 (2017) 17–31.

https://doi.org/10.1016/j.cemconres.2016.12.001.

[28] N. Smaoui, B. Bissonnette, B. Fournier, B. Durand, Mechanical Properties of ASR-Affected

Concrete Containing Fine or Coarse Reactive Aggregates, ASTM Int. 3 (2006) 1–16.

https://doi.org/10.1520/JAI12010.

[29] L.F.M. Sanchez, T. Drimalas, B. Fournier, D. Mitchell, J. Bastien, Comprehensive damage

assessment in concrete affected by different internal swelling reaction (ISR) mechanisms,

Cem. Concr. Res. 107 (2018) 284–303.

[30] D.J. De Souza, L.F.M. Sanchez, M.T. De Grazia, Evaluation of a direct shear test setup to

quantify AAR-induced expansion and damage in concrete, Constr. Build. Mater. 229 (2019).

https://doi.org/10.1016/j.conbuildmat.2019.116806.

[31] R. Ziapour, C. Trottier, L.F.M. Sanchez, Assessment of AAR-induced expansion and damage

through the direct shear test, in: Proc. 16th ICAAR, Lisbon, Portugal, 2020.



292 

[32] L.F.M. Sanchez, B. Fournier, M. Jolin, M.A.B. Bedoya, J. Bastien, J. Duchesne, Use of

Damage Rating Index to Quantify Alkali-Silica Reaction Damage in Concrete: Fine versus

Coarse Aggregate, ACI Mater. J. 113 (2016) 395–407.

[33] V. Villeneuve, B. Fournier, Determination of the damage in concrete affected by ASR–the

damage rating index (DRI), in: 14th Int. Conf. Alkali-Aggregate React. Concr., Austin

(Texas), 2012: p. electronic.

[34] B. Fournier, J.H. Ideker, K.J. Folliard, M.D.A. Thomas, P.C. Nkinamubanzi, R. Chevrier,

Effect of environmental conditions on expansion in concrete due to alkali-silica reaction

(ASR), Mater. Charact. 60 (2009) 669–679. https://doi.org/10.1016/j.matchar.2008.12.018.

[35] M. T. de Grazia, N. Goshayeshi, R. Gorga, L. F.M. Sanchez, A.C. Santos, D.J. Souza,

Comprehensive semi-empirical approach to describe alkali aggregate reaction (AAR)

induced expansion in the laboratory, J. Build. Eng. 40 (2021).

https://doi.org/10.1016/j.jobe.2021.102298.

[36] M.-A. Bérubé, J. Duchesne, J.F. Dorion, M. Rivest, Laboratory assessment of alkali

contribution by aggregates to concrete and application to concrete structures affected by

alkali-silica reactivity, Cem. Concr. Res. 32 (2002) 1215–1227.

[37] A. Leemann, B. Lothenbach, C. Thalmann, Influence of superplasticizers on pore solution

composition and on expansion of concrete due to alkali-silica reaction, Constr. Build. Mater.

25 (2011) 344–350. https://doi.org/10.1016/j.conbuildmat.2010.06.019.

[38] ASTM C136, Standard test method for sieve analysis of fine and coarse aggregates., (2016)

8.

[39] C. A23.2-2A, Sieve analysis of fine and coarse aggregate, 2014.

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

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

[41] M.N. Mangulkar, S.S. Jamkar, Review of particle packing theories used for concrete mix

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

[42] S. Kumar, M. Santhanam, S. Kunar, M. Santhanam, Particle packing theories and their

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

1331.

[43] J.E. Funk, D.R. Dinger, Predictive process control of crowded particulate suspensions, 1st

ed., New York, 1994. https://doi.org/10.1007/978-1-4615-3118-0.

[44] P. Goltermann, V. Johansen, L. Palbøl, Packing of Aggregates : An Alternative Tool to

Determine the Optimal Aggregate Mix, ACI Mater. J. (1997) 435–442.



293 

[45] I. Mehdipour, K.H. Khayat, Understanding the role of particle packing characteristics in rheo-

physical properties of cementitious suspensions : A literature review, Constr. Build. Mater.

161 (2018) 340–353.

[46] A. Leemann, B. Lothenbach, The influence of potassium-sodium ratio in cement on concrete

expansion due to alkali-aggregate reaction, Cem. Concr. Res. 38 (2008) 1162–1168.

https://doi.org/10.1016/j.cemconres.2008.05.004.

[47] U. Costa, T. Mangialardi, A.E. Paolini, Minimizing alkali leaching in the concrete prism

expansion test at 38 °C, Constr. Build. Mater. 146 (2017) 547–554.

https://doi.org/10.1016/j.conbuildmat.2017.04.116.

[48] C. A23.2-14A, A23.1-14/A23.2-14, Potential expansivity of aggregates (procedure for length

change due to alkali-aggregate reaction in concrete prisms at 38 oC), 2014.

[49] R.C.D.O. Romano, D. Dos, 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.



294 

9. Chapter Nine: Summary and Conclusions

9.1 Summary 

Concrete, as the most commonly used construction material in the world, has a significant 

environmental impact that is rapidly increasing. Yet, high amount of cement, which is the main 

carbon dioxide (CO2) emitter, is still used to achieve the required concrete performance, such as 

rheological, mechanical, and long-term behaviour. Based on the global sustainability goals of 

concrete net zero, distinct approaches, including enhancement of concrete eco-efficiency and 

optimization of cement and binder,  must be implemented to eliminate CO2 emissions from concrete 

production by 2050. Before starting to implement these strategies in the concrete industry, it is 

necessary to have the knowledge of a feasible material that serves as a substitute for cement 

exceeding its demand. Furthermore, continuing to use recommended mix-design approaches based 

on experimental, analytical, or semi-experimental approaches, which typically overestimate cement 

content and designed compressive strength to account for material variability, will invalidate the 

progress toward a sustainable material. Although literature shows promising studies developing eco-

friendly concrete, no clear procedure has been established indicating ranges of water-to-cement 

(w/c) ratios to achieve the required fresh and compressive strength properties of low cement 

mixtures. Moreover, conventional approaches to predicting engineering properties are typically 

inapplicable to eco-efficient mixtures containing low levels of cement content and a high amount of 

replacement powders, including industry by-products (i.e., supplementary cementing materials - 

SCMs and inert fillers). Besides the sustainability benefits of reducing cement and using 

replacement powders, it may also improve concrete durability and long-term performance. 

However, the durability of eco-efficient concrete has not been thoroughly studied. Alkali-silica 
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reaction (ASR), one of the main distress mechanisms in Canada, is highly dependent on the system 

alkali content, and thus decreasing cement (hence alkalis) content can also be beneficial when the 

concrete contains reactive aggregates. Although CSA A23.2-27A recommends reducing the total 

alkali content of the concrete to prevent ASR at various deterioration levels (from mild to very 

strong), very few studies have evaluated low alkali systems without the use of SCMs. Additionally, 

the current standardized concrete prism test (CPT), which is an accelerated method for inducing 

ASR-damage, presents one drawback: leaching. Alkalis are added to the concrete mixture to reduce 

leaching issues; however, their efficacy on low alkali content mixtures remains questionable. As a 

result, the effect of ASR-damage in low alkali systems remains less understood leading to 

inconsistencies when predicting its expansion behaviour on the field.  

In this context, this study focused on a detailed and comprehensive laboratory investigation to 

partially address the aforementioned problems and serve as a starting point for the production of 

eco-efficient concrete mixtures. The main findings of this extensive investigation are presented 

hereafter: 

9.2  Conclusion 

9.2.1 Towards the design of eco-efficient concrete mixtures: An overview 

• SCMs are excellent replacements for ordinary Portland cement (OPC), but the only widely

available material with annual production equal to or greater than cement is limestone filler.

They are also available in distinct PSD that can physically and chemically contribute to

concrete short- and long-term performance.
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• To achieve global sustainability targets over the next 25 years, concrete mix-design must

account for four parameters: rheological, mechanical, durability and sustainability

performance (Figure 9.1).

Figure 9.1. Performance parameters for developing optimized concrete mixtures. 

• Particle packing models (PPMs), which are advanced mix-design techniques, can be

combined with various cement substitute materials to improve the sustainability of concrete

and produce concrete with cement content lower than 300 kg/m3. When the most recent

PPMs (i.e., CPM or Alfred model) are used, concrete mixtures achieve better sustainability

indicators (i.e., lower global warming potential - GWP and binder intensity index - bi)

• Abrams' law (i.e., w/c) is insufficient for predicting the compressive strength of low cement

concrete. Further research is needed to evaluate the effect of water-to-powder (w/p), or even

to develop a new method to predict the compressive strength of eco-friendly mixtures

designed using PPMs and incorporating considerable levels of powders.
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9.2.2 Short-term behaviour of eco-efficient concrete designed through a coupled PPM-MP 

approach 

• The range of slump values (180, 90, and 20 mm) and compressive strength values (18 - 45

MPa) shows the feasibility of producing eco-efficient mixtures for distinct applications and

design criteria, which contributes towards Net Zero goals of concrete construction.

• A chart (Figure 9.2) is provided to assist users to develop eco-efficient concrete through

PPM-MP design method considering target parameters/performances such as sustainability

(cement content), fresh state (slump), and hardened state (compressive strength). It also

provides insights into the recommended w/c related to cement content for the pre-selected

slump and compressive strength values.

Figure 9.2. Mix-design chart. 
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• Low cement mixtures developed with LF cannot be fully explained by cement content and

w/c, as mixtures with different cement content and w/c, achieved similar compressive

strengths, such as 2H-250-0.68 and 3M-200-0.74 (30.7 MPa) or 3H-200-0.83 and 4L-150-

0.84 (26 MPa).

• Mobility parameters can be used to aid the development of eco-efficient mixtures to achieve

required fresh state properties, yet IPScement can be applied to predict the compressive

strength.

• Four groups of concrete with distinct ranges of cement content (320, 250, 200, 150 kg/m3)

were developed with PPM-MP approach, based on their GWP, they can be classified into

distinct Low Carbon Concrete Classes (i.e., Semi-LCC, LCC250, LCC200, and LCC150,

respectively). When limestone fillers are applied to the system, GWP can decrease up to

152.85 kg CO2eq, which is around 50% lower than control mixtures developed without

limestone fillers.

• The concrete mixtures developed in this study can be considered eco-efficient with cics

ranging from 10.7 to 5.3 kg/m-3. MPa-1, which are lower than cics values of conventional

concrete produced worldwide.

9.2.3 Understanding and predicting the hardened state performance of eco-efficient concrete 

mixtures 

• The mixtures 2H-250-0.68 and 3M-200-0.74 had similar apparent porosity, compressive

strength, and modulus of elasticity, regardless of cement content or w/c, indicating that up

to 36% of limestone filler can be added when a PPM is used to proportion eco-efficient

concrete without degrading short-term performance.
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• Mixtures developed with similar w/c resulted in higher compressive strength when limestone

filler is added. Concrete mixtures incorporating 250 kg/m3 achieved on average a

compressive strength 12% higher than G1; the greatest difference (around 7 MPa) was found

on mixtures with low w/c (2L-250-0.52 and 1L-328-0.52).

• The apparent porosity of the mixtures developed without limestone filler is more affected by

the w/c than for mixtures containing limestone fillers, illustrating another advantage of using

limestone fillers.

• Regarding conventional methods to predict concrete compressive strength, when parameters

were adjusted, EN1992-1 was able to better estimate the compressive strength of the eco-

friendly mixtures investigated than Abrams law.

• A new method to predict compressive strength of eco-efficient mixtures is proposed, which

includes k-factor which is directly proportional to w/p and the α-parameter that assists in the

prediction of the compressive strength at different hydration levels (Figure 9.3).

Figure 9.3. Summary compressive strength prediction based on the proposed method. 
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• All mixtures were classified as eco-efficient based on the bi-index, regardless of cement

content, mixtures developed with limestone filler and with high, medium, and low w/c

achieved bi-indices of around 8.1, 7.0, and 5.9 kg/m3. MPa-1, respectively.

9.2.4 Performance appraisal of eco-efficient low-alkali concrete to develop alkali-aggregate 

reaction (AAR) in the laboratory 

• Mixtures incorporating Springhill reactive aggregate show the potential to reduce ASR

expansion levels with the sole use of PPM and cement/alkali reduction (Figure 9.4), further

improvement can be made using additional measures or materials such as SCMs.

Figure 9.4. Expansion as a function of time for Springhill mixtures. 
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cement content is not as significant for the ultra-high reactive fine aggregate (Texas -T) 

mixtures. 

• The DRI numbers obtained can usually be directly correlated with an expansion level, yet a

difference is observed between the DRI numbers achieved for sustainable mixtures. Images

captured through the stereomicroscope for mixtures incorporating Texas (8 months test) and

Springhill (12 months test) show that even though similar DRI number is achieved, the

expansion level and crack pattern are considerably different.

9.2.5 Assessment of laboratory test procedures to evaluate ASR-induced expansion and 

deterioration of eco-efficient concrete 

• Comparing different test methods on mixtures developed with higher cement content (420

kg/m3), boosted mixture yielded higher than non-boosted mixtures at 4 and 8 months, but

they achieved roughly the same final expansion at 12 months. Nonetheless, their final DRI

number and distress features differ significantly, highlighting the effect of the additional

alkalis added in the concrete on the ASR-development and damage.

• Regardless of the testing protocol selected, mixtures achieved similar final expansions when

the total system contains similar alkali content and it is over 3.01 kg/m3; below this threshold,

the alkali from the cement governs the distress features regardless of total system alkalis.

• In terms of crack width, the lower the cement content the smaller the crack width. Boosted

mixtures had larger cracks than non-boosted mixtures with the same cement content due to

the higher alkali content of the system (Figure 9.5).

• Mixtures developed with 1.8 kg/m3 or lower alkali content (containing cement content lower

than 200 kg/m3) reached similar final expansion (on average 0.08%) regardless of testing
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setup (boosted vs non-boosted), being classified as prevention level Y (Strong) against ASR-

development as per CSA A23.2-27A without any addition of SCMs. 

Figure 9.5. Distress features of mixtures evaluated at 12 months: CPT (a-c), Encapsulated 

(d-f) in order of decreasing cement content. 
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10. Chapter Ten: Recommendations for Future Research

After conducting this comprehensive experimental research, further investigations are suggested: 

• Assessment of the effect of aggregate and/or inert filler characteristics (such as shape,

texture, and hardness) on the short-term performance of concrete.

• Microscopic analysis combined with a further investigation of the stress-strain behaviour of

highly packed sustainable mixtures to understand the mechanism of failure of low cement

mixtures as it is an integral part towards its use in the industry.

• Microscopic analysis correlated with mechanical properties to determine how mobility

parameters, particularly maximum paste thickness (MPT), affect the mechanical properties

of concrete.

• Assessing the impact of densely packed systems on aggregate interlock behaviour by

evaluating the structural behaviour of eco-efficient concrete, particularly under shear loads.

• Although a low alkali system could reduce ASR expansion for aggregates that were deemed

unusable in concrete, further investigations on the losses of mechanical properties of such

concrete mixtures correlated to the damage captured through the damage rating index (DRI)

are necessary.

• Multi-level assessment of ASR-induced damage development of low cement/alkali mixtures,

including the understanding of the mechanical properties’ losses (i.e., compressive strength,

SDI, modulus of elasticity) and modelling the crack propagation of ASR-development under

distinct levels of damage. Compare these results for boosted and non-boosted mixtures to

better understand the effect of the alkali boost on the ASR-crack development.
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• In terms of damage (i.e., crack propagation vs mechanical property losses), determine which

test protocol better represents the damage observed in real structures affected by ASR-

damage in terms of damage.

• Conduct a leaching test on the pore solution of concrete mixtures affected by induced ASR-

expansion exposed under distinct test conditions (i.e., CPT, wrapped, encapsulated, and

soaked).

• Although limestone fillers can be used to produce eco-efficient concrete, one of the main

concerns with high amounts of limestone filler in concrete structures is their durability due

to sulphate attack, especially thaumasite form of sulphate attack (TSA), thus, future studies

on other distress mechanisms are crucial to fully investigate the durability aspects of the eco-

efficient mixtures developed in this study.

• Eco-friendly mixtures developed via PPM-MP presented promising results against ASR due

to the reduction of alkali content, yet it can decrease decreases the system’s pH, which may

lessen its ability to control corrosion of steel reinforcement with the passive oxide layer

formed at high pH levels. Since the system presents a lower porosity, can they still improve

concrete performance against different durability mechanisms (e.g., corrosion, carbonation,

freezing and thawing)?

• Suggest durability parameters for inclusion in the PPM-MP model to select the best

durability performance-based design.




