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Abstract 
 

The prefabricated concrete sandwich panels produced by CRH’s company Structural 

Concrete Belgium (SCB) show crazing on the molded surface. 

The objective of this project are two: optimize the mixture design to improve the 

technical and environmental performance and reduce potential crazing of concrete. In 

order to solve the crazing problem, the reference mixture used by SCB was optimized 

applying a particle packing model; moreover, the cement part of the optimized mixture 

was partially replaced by different percentages of Ground Granulated Blast Furnace Slag 

(GGBS) and CEM III and the benefits of slag in the different mixtures were analyzed. 

The technical benefits of the mixtures were investigated through fresh-state 

measurement, namely density, slump flow and V-funnel time, and hardened-state 

measurements, namely compressive strength, drying shrinkage, autogenous shrinkage, 

water absorption and crazing investigation under high temperature. 

To assess the environmental benefits of the mixtures a Life Cycle Assessment 

analysis was performed and embodied energy, carbon footprint, use of fresh water and 

shadow cost were calculated. 

The results show that, by optimizing the reference mixture, the technical 

performance of concrete improves substantially: compressive strength is higher both at 

early and later age, drying shrinkage and water absorption are lower and crazing is 

slightly less visible on the surface of concrete. When cement is replaced by different 

quantities of slag, the compressive strength at later age is higher, water absorption is 

lower when cement is replaced by GGBS and the concrete shows very little crazing on 

the surface. 

The results also show environmental benefits: the optimization of the reference 

mixture leads to lower embodied energy, lower carbon footprint and overall lower 

shadow cost. By adding slag in the mixture in different percentages, the environmental 

impact of concrete further decreases. 
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1 Introduction 

In the past two decades, it became evident how the industrialization and its speed are 

not sustainable for the environment. The Intergovernmental Panel on Climate Change 

(IPCC), an UN-sponsored institution, published a report regarding the causes of climate 

change, which was later summarized in the Scientific American Magazine. According to 

the report, the relation between recent global warming and increasing atmospheric 

concentration of human-induced CO2 is undeniable, being much higher than the pre-

industrial level and being in constant growth [1]. 

To cover the building sector demand, a large quantity of concrete is produced yearly, 

making it the most used construction material worldwide; consequently, more than 20 

billion tons of concrete are produced every year [2] [3]. As a major component of 

concrete, large amounts of Portland cement are consumed for concrete manufacturing, 

together with other natural resources. About 1.5 tons of raw materials are consumed for 

each ton of cement produced and, for the same amount, 120 - 160 kWh of energy is 

necessary [2]. Moreover, as reported by Miller et al. [4], in 2012 the concrete production 

was responsible for 9% of global industrial water withdrawals, that is approximately 

1.7% of total global water withdrawal. 

Finally, according to data from the U.S. Geological Survey, in 2017 the world 

production of Portland Cement was approximately 4.2 billion tons [5]; as reported by the 

World Business Council for Sustainable Development, the manufacturing of 1 kg of 

cement clinker generates around 0.87 kg of carbon dioxide [6] and it is estimated that 

the emission of CO2 for the production of Portland cement clinker accounts for 7% of 

the yearly total emissions [7] [1]. 

 

1.1 Project definition 

CRH is a worldwide leading company for the production of building and 

construction materials, mainly located in Europe and North America; the company 

manufactures and distributes a diverse range of superior building materials and products 

for use in the construction and maintenance of infrastructure, housing and commercial 

projects. Their materials and products are used extensively, in construction projects of 

all sizes, all across the world. Structural Concrete Belgium (SCB), a CRH Company, is 

a market leader in Belgium and is specialized in the production of high quality 

prefabricated concrete elements, e.g. façades and flooring. 

The research regards prefabricated facade sandwich panels, that consist of various 

material layers: inner concrete envelope, insulation material and outer envelope. The 

current mixture of the concrete that composes the sandwich panels consists mainly of 
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raw materials, which have a high impact on the environment. Moreover, the facade 

panels can sometimes present crazing, that develops on the surface at early age. 

Crazing can initiate in both hardened and fresh concrete as a result of volume 

changes. In this project, the crazing is believed to be caused by either shrinkage or 

thermal stress, which will be the parameters under investigation.  

 

The performance of concrete is greatly affected by the type and degree of packing 

of its constituents, the so-called particle packing. The particle packing can be optimized 

through a particle packing model, an analytical model which calculate the overall 

packing density of a mixture based on the geometry of the combined particle groups [8]; 

optimizing the particle packing of a concrete mixture can lead to several improvements. 

The modification of the current mixture will lead to both environmental and technical 

enhancement. As for the environmental point of view, lower voids content between the 

aggregates will lead to a smaller amount of cement paste, and a lower voids content of 

the particles will reduce the water demand. For the technical aspect, a high packing 

density will restrain the amount of shrinkage and creep; furthermore, lower water/cement 

ratio reduces shrinkage, because of the reduced amount of evaporable water in the 

cement paste [8] [9].  

Moreover, substituting Ordinary Portland Cement (OPC) with Supplementary 

Cementitious Materials (SCMs) such as Limestone Powder (LS) or Ground-Granulated 

Blast-Furnace Slag (GGBS) can have both technical and environmental benefits. 

Adding limestone powder to a concrete mixture can have both advantages and 

disadvantages. In general, LS improves the workability [10] [11] [12] and durability [13] 

[14] [15] of concrete and it reduces the water demand [16] [17] [13]; moreover, the total 

shrinkage is reduced [18] [19] [20]. By incorporating fine LS, the rheological properties 

of concrete increase [21], the degree of hydration improves, the hydration products 

content of concrete is enhanced, and the chloride permeability is reduced [10]. On the 

other hand, compressive strength decreases as the substitution rate of limestone powder 

increases [22], and it reduces the modulus of elasticity [23]. 

Adding GGBS to a concrete mixture has many advantages: lower water permeability 

and lower risk of thermal cracking [24], improved resistance to corrosion and sulphate 

attack [25],  higher durability [26] [27], higher workability, increased flexural strength 

and higher modulus of elasticity [28] [29]. Furthermore, when GGBS is incorporated in 

a concrete mixture, less heat is generated, and the thermal stress is reduced [30]. On the 

other hand, GGBS increases autogenous shrinkage [26] [31], increases drying shrinkage 

[29] and lowers the tensile strength [32]. As for compressive strength, the studies 

regarding concrete containing GGBS are not consistent: according to Dubey et al. [33], 

the GGBS decreases the compressive strength, while according to Arivalagan [34], 



 14 

Kumari Karri et al. [28] and Ramalekshmi et al. [25], the compressive strength increases 

by substituting 20%, 40% and 50% of the cement content, respectively. 

 

The focus of the project is, hence, overcoming cracking with a new approach. The 

first step is the optimization of the particle packing through particle packing model; the 

second step is the substitution of cement with Supplementary Cementitious Materials 

(SCMs) to improve the current state of the façade panels while maintaining their 

technical performance. Finally, a Life Cycle Assessment is carried out, to establish 

numerically which environmental improvements are achieved, comparing the reference 

mixture with the modified ones. 

 

1.2 Background information 

Precast Concrete Sandwich Panels (PCSPs) are classified as a prefabricated concrete 

system, that consist of two (or more) high strength layers, referred to as wythes, separated 

by a low strength material, known as insulation, made in the factory under controlled 

conditions [35] [36] [37] [38]. 

 

The two concrete layers are structurally linked using connectors, typically made 

from metal, plastic or composites, namely a combination of these elements [39] [36] 

[40]. 

When selecting the connectors, it is essential to take into account the conductivity of 

the material; highly conductive material could cause thermal bridge, allowing heat to 

pass through the thermal insulation layer; this can increase the heat transfer coefficient, 

the so-called U-value [
𝑊

𝑚2𝐾
] that quantifies the thermal performance of the PCSP. 

The U-value is calculated according to the following formula [41]: 

 

1

𝑈
= 𝑅𝑠𝑒 + 

𝑡𝑐

𝑘𝑐
+ 

𝑡𝑖

𝑘𝑖
+ 𝑅𝑠𝑖 [1] 

 

 

Where: 

Rse = External surface resistance, 0.04 
𝑚2𝐾

𝑊
 

Rsi = Internal surface resistance, 0.125 
𝑚2𝐾

𝑊
 

tc = thickness of concrete [m] 

ti = thickness of insulation layer [m] 
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kc = material conductivity [
𝑊

𝑚𝐾
] 

kc = material conductivity [
𝑚2𝐾

𝑊
] 

 

 

The higher the U-value, the greater the heat loss for a given temperature difference. 

The U-value for buildings in Belgium is 0.24 [42]. 

The insulation material can vary according to the designer’s preferences. The 

insulation materials used are mostly Expanded Polystyrene (EPS), Extruded Polystyrene 

(XPS), Polyurethane (PUR), Polyisocyanurate (PIR) [36] [40]. 

 

PSCPs have many advantages, such as high durability, high fire resistance [39], high 

structural performance and high thermal resistance [39] [36] [43] [40]. In addition, due 

to the density, the wall can absorb and store a lot of heat, that will reduce the HVAC 

(heat, ventilation, air conditioning) loads of the building, making building made of 

PCSPs energy-efficient [35][12]. 

Building with precast elements offers excellent improvements on the process; in fact, 

it decreases the time needed for construction, with consequently lower construction 

costs. Moreover, by producing as much as possible in the factory, the process becomes 

safer and less wasteful [38], higher quality control and reduced risk of poor detailing 

onsite [39] [38] [40]. 

 

1.2.1 Sandwich panels at SCB 

The research regards the prefabricated facade sandwich panels produced by 

Structural Concrete Belgium (SCB). 

Figure 1 shows a section of the sandwich panels; they consist of various material 

layers: 90-110 mm inner envelope, 60-140 mm insulation material, 60 mm outer 

envelope. The concrete layers contain a reinforcement steel grid and they are held 

together by composite connectors. Both concrete layers present a steel reinforcement 

grid or mesh, typically placed in the middle; if the thickness increases, two different grids 

are placed. The grids have a mesh of 150 mm x 150 mm and the thickness of the rebars 

is 6 mm for the outer wythes and 16 mm for the inner wythes. 
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Figure 1. Concrete sandwich panel section. 

 

Both concrete layers are connected to the insulation by connectors that keep the three 

layers together. These can be diagonal or straight, as shown in Figure 2. 

 

 
Figure 2. Representation of Thermomass® connectors. 

 

Glass fiber reinforced composite connectors are non-conductive, non-corrosive, 

alkaline resistant, specially designed for the construction of non-composite concrete 

sandwich wall panels. When combined with rigid insulation, these types of connectors 

provide an integral insulation system for concrete walls and connection between two 

wythes of concrete to transfer loads to the structural wythes [44]. 
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During the production of the prefabricated concrete sandwich panels, the concrete 

does not undergo vibration. For this reason, it is required to be self-compacting. Self-

Compacting Concrete (SCC) is a class of concrete that, when poured inside a formwork, 

compact itself due to its own weight, without the need of external vibrations [45] [46] 

[47]; SCC uses a large quantity of powder materials, required to maintain sufficient yield 

value and viscosity of the fresh mix, which consequently reduces segregation and 

bleeding [48] [45] [47] [49]; moreover, the maximum size of the coarse aggregate is 

smaller [49]. The workability is achieved with the use of a superplasticizer. 

 

According to SCB, the workability requirement of concrete for slump-flow is 700-

750mm, the strength class is C30/37 and the exposure class for the inner layer and the 

outer layer is XC1 and XC4/XF1, respectively. The insulation layer material can vary 

between Polyurethane, Polyisocyanurate, Polystyrol or Resol foam 

 

Manufacturing process 

The factory consists of eight tilting tables of approximately 4 x 40 meters each. These 

tilting tables have a smooth steel surface on which concrete sandwich panels are cast, 

with the use of a demolding agent. The bottom formwork beam of the tilting table is 

fixed. 

The length of 40 meters is divided by wooden formwork positioned and secured by 

magnets on the steel mold; the length of the façade elements is determined by costumers 

and accordingly customized. The overall thickness is determined by structural demands, 

imposed by the element length, and insulation thickness. 

It is advisable to keep the length below 8 meters, although elements of around 11 

meters length can be produced and transported 

Before casting, the mold is cleaned, and oil is sprayed on the surface. The grid is 

placed in the mold with spacers, as shown in Figure 3. 
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Figure 3. Grids and spacers placed in the mold. 

 

The concrete is produced and poured into the mold by an overhead rail system; since 

the concrete is self-compacting, there is no need of external vibration (Figure 4). 

 

 
Figure 4. Pouring of concrete into the mold. 

 

The insulation is then placed on top of the poured concrete; the connectors, installed 

through holes in the rigid insulation, provide a grid across the body of the panel. 

Another steel grid set with spacers is placed on top of the insulation layer, and the 

final layer of concrete is poured. After poring, the surface is finished by troweling; a 

curing agent is used to prevent cracking due to drying shrinkage. The panels are 

demolded after 16-20 hours and are placed outside to cure. 

After demolding, the panels present cracks on both surfaces (Figure 5). The cracks 

in the troweled surface are caused by drying shrinkage; they are prevented with the use 
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of a curing agent. The cracks in the molded part are believed to be caused by either 

shrinkage or thermal stress. 

 

           
Figure 5. A) Cracks on the molded surface. B) Crack on the troweled surface. 
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The production process of the panels and its timing is described in Figure 6. 

 

 
Figure 6. Panels production process and timing. 
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1.3 Research questions 

The prefabricated concrete sandwich panels produced by Structural Concrete 

Belgium present some problems, such as cracking, that develops on the molded surface 

at early-age, and a high environmental impact. 

According to various studies, the optimization of the particle packing can bring both 

technical and environmental benefits. Moreover, substituting cement with 

Supplementary Cementitious Materials, such as Ground-Granulated Blast Furnace Slag, 

can further reduce the environmental impact of the panels. 

The research questions are therefore divided for technical aspect and environmental 

aspect: 

 

• What is the optimum particle packing/mixture design, 

replacing Portland cement with different Supplementary Cementitious 

Materials to overcome cracking and, at the same time, maintain 

required concrete performance? 

 

• What is the environmental benefit of an optimized mixture 

design compared to the reference mixture? 

 

1.4 Research scope 

The scope and the steps of the research are presented in Figure 7. Firstly, the problems of 

the panels were analyzed, together with literature review, to address problems and find 

solutions. Based on this, the reference mixture was produced and tested, in order to have a base 

case; the particle packing of the reference mixture was optimized, by keeping the same 

ingredients and modifying the quantities of materials used. The next step was the substitution 

of CEM I with CEM III and SCMs, in various percentages. For all the different produced 

mixture, tests for both fresh-state and hardened-state were performed. Lastly, a Life Cycle 

Assessment analysis was made, to establish the environmental impact of each mixture and the 

potential benefits; for this, Embodied Energy (EE), Global Warming Potential (GWP), use of 

net Freshwater (FW) and Environmental Cost Indicator (ECI) were analyzed. 
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Figure 7. Scheme presenting the scope of the research and consecutive steps. 
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2 Literature review 

The literature review regards the problem of the panels, its possible causes and 

possible solution: particle packing optimization of the reference mixture and the role of 

Supplementary Cementitious Materials. 

Autogenous shrinkage, drying shrinkage and thermal stress are the parameters under 

investigation to assess the potential improvement of the different mixture designs. 

2.1 Crazing 

Concrete, by its nature and composition, is a brittle material, it has relatively low 

tensile capacity and is also susceptible to volume instability. Cracking may be caused by 

both internal and external mechanisms, such as thermal expansion, overloading, 

restraint, and chemical reactions. 

In terms of time, cracking may occur shortly after casting, when the concrete is in a 

plastic state, or when it is in the hardened state. Often cracking is accompanied by 

volume change and the loss of moisture from either fresh or hardened concrete [50]. 

 

The concrete sandwich panels produced by SCB present crazing on the surface. 

Crazing can be described as a network pattern of superficial fine cracks, visible when 

the concrete is drying after the surface has been wet [51]. Crazing does not affect the 

concrete structurally, but it can appear unappealing to clients; it can develop on both 

troweled and formed surfaces. 

Crazing can occur at the early age when the unhardened surface mortar dries out 

faster than the concrete below, which happens when the surface has been exposed to low 

humidity, high air or concrete temperature, hot sun, or any combination of these. It is the 

consequence of inadequate or poor curing. 

Moreover, crazing can occur during hardened state as the concrete surface expands 

and shrinks during alternate cycles of wetting and drying or as it carbonates and shrinks 

during prolonged exposure to the air [51]. 

 

The use of cement-rich mixes on the surface of the concrete exacerbates the problem, 

as does overworking or troweling bleed water back into the surface. On formed surfaces, 

crazing tends to occur on smooth faces cast against low-permeability form-face 

materials. 

 

According to Balaji et al. [51], there are a few things that can be done to prevent 

crazing: 

- Use lower slump concretes; adjust the mix adding admixtures rather than water 

- Use a drier, stiffer mix can reduce crazing as well 
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- Start curing immediately after demolding and cure continuously for seven days 

(intermittent wetting and drying increases the risk for crazing) 

 

The previous solutions can help when normal concrete is produced. Nevertheless, 

SCC presents different properties during fresh-state, and high flowability is fundamental 

to fill the molds properly. Moreover, SCB does not have the means for curing the panels 

for seven days. 

For these reasons, the goal of this project is to prevent surface crazing by modifying 

the concrete mixture. Firstly, the particle packing of the mixture is optimized through a 

particle packing model. Secondly, the effect of slag in the mixture is analyzed, to 

determine whether the problem can be solved from the concrete design. 

 

To assess whether the different design mixes have a better performance than the 

reference mix provided by SCB, autogenous and drying shrinkage of concrete are the 

parameters under investigation, together with the observation of concrete cylinders to 

assess the crazing patterns. 

 

2.2 Particle packing 

The field of particle packing covers the selection of the right sizes and amount of 

various particles. According to the theory, the particles should be selected to fill up the 

voids between large particles with smaller particles. 

 

 
Figure 8. The concept of particle packing (after Johansen) [8]. 

 

Large single size particles when filled into a container will have voids as shown in 

Figure 8 (a), which in turn can be filled with smaller particles, Figure 8 (b) thereby 

reducing the voids or increasing the packing density. This packing density, in turn, can 

be further improved by introducing a third component of still smaller size, as shown in 

Figure 8 (c) and so on [8]. 
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The particle size optimization can be done in different ways; one of this is through 

the optimization curves: particle groups are combined in such a way that the total particle 

size distribution of the mixture is closest to the optimum curve [9]. 

According to Feret [52], the choice of aggregates influences concrete strength. From 

this statement, many researchers tried to find the ideal grading curve; this as firstly 

studied by Fuller et al. [53], the so-called Fuller curve, described it in the following 

equation: 

 

𝑃(𝐷) =  (
𝐷

𝐷𝑚𝑎𝑥
)

𝑞

[2] 

 

Where: 

P(D) = cumulative (volume) percent finer than -  

D = size of the sieve used for analyzing the solid ingredients 

Dmax = maximum particle size in the mix 

q = distribution modulus 

 

The optimal value assigned to q, according to Talbotet al. [54], is 0.5. Later, 

researchers tried to improve this curve; Andreasen and Andersen [55], proposed the use 

of an exponent q in the range of 0.33-0.50. According to Kumar and Santhanam [8], the 

exponent q indicates the finer fraction that could be accommodated in the mixture. 

 

In 1980, Funk et al. [56] recognized that any real size distribution must have a finite 

lower size limit dmin. So, in contrast to the Fuller curve their ideal size distribution not 

only pay attention to the largest grain but also to the smallest used grain. For that reason, 

the following equation was proposed, with q = 0.37 for optimum packing: 

 

𝑃(𝐷) =
𝐷𝑞 − 𝐷𝑚𝑖𝑛

𝑞

𝐷𝑚𝑎𝑥
𝑞 − 𝐷𝑚𝑖𝑛

𝑞 [3] 

Where: 

P(D) = cumulative (volume) percent finer than -  

D = size of the sieve used for analyzing the solid ingredients 

Dmin = minimum particle size in the mix 

Dmax = maximum particle size in the mix 

q = distribution modulus 

 

The distribution modulus q influences the ratio between coarse and fine particles; 

higher values of the distribution modulus (q > 0.5) are leading to coarse mixtures, while 

smaller values (q < 0.25) are resulting in mixtures which are rich in fine particles [57]. 
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Figure 9. Ideal packing curves according to Fuller, Andreasen and Funk and Dinger for a 

maximum particle diameter of 32 mm and a minimum particle diameter of 63 µm [9]. 

 

Optimizing the particle packing of a mixture design has several advantages. Particle 

packing theory assumes that adding fine particles to a particle structure helps filling up 

the voids, leaving only minimum space for water. In this way, adding fine particle will 

reduce the water requirement [58]. This theory is also shared by Nehdi [59], who states 

that the superplasticizer, in combination with the fineness of the filler, reduces the water 

demand according to the particle packing theory. 

Furthermore, a strong aggregate structure with a high packing density can restrain 

the amount of shrinkage and creep [60], can lead to a smaller amount of cement paste 

and, consequently, the heat of hydration and the drying shrinkage are reduced, since both 

are roughly proportional to the volume of cement paste in the concrete [61]. 

 

2.3 Supplementary Cementitious Materials  

During the past few years, the researchers have been focusing in minimizing the use 

of Portland Cement in concrete by partially substituting it with different Supplementary 

Cementitious Materials (SCMs). 

 

It is confirmed that the use of Supplementary Cementitious Materials (SCMs) 

improves workability, mechanical properties and durability of concrete [1]. 
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As for the environmental benefits, according to Tomkins [62], if 50% of the Portland 

cement was replaced by SCMs in concrete by mass, the emissions of CO2 would be 

reduced by 1 billion ton every year. 

 

Moreover, industrial by-products such as coal fly ash and iron blast-furnace slag 

contain some toxic metals and the disposal of these into landfill can contaminate the 

drinking water supply; by using them in concrete mixtures as a part of the cementing 

materials, the toxic elements get bound in the hydration product of Portland Cement [1]. 

Finally, the waste products of one industry are recycled as substitutes for virgin raw 

materials of another industry, thereby reducing the environmental impact of both 

industries [1]. 

 

The two SCMs that have been analyzed for this research are Limestone Powder 

(already present in the reference mixture from SCB) and Ground-Granulated Blast-

Furnace Slag. 

 

2.3.1 Limestone powder 

Limestone powder (LS) is an inert filler material, crushed and ground from natural 

limestone [63]. It is one of the alternatives that in the past years interested many 

researchers. The European standard first introduced and defined Portland limestone 

cement in 1987 and allowed replacing Portland cement with 15+/- 5 % LS. In 2000, the 

European standard EN 197-1 defined the different type of Portland cement blends with 

LS and the allowable replacement level increased to 35% [64]. 

Limestone powder can replace both cement and fine aggregates. In this project, only 

limestone powder substituting cement is investigated. 

 

It has been well-documented that limestone powder in concrete can show filler, 

nucleation, dilution and chemical effects. These are influenced by the particle size, 

dosage, dissolution rate, mineral composition of cement and other supplementary 

cementitious materials. [10] 

 

The filler effect of a material describes its function based mainly on size and shape: 

fillers interact with cement to improve particle packing and to reduce the amount of 

cement in concrete without loss of strength [65]. 

The filler effect of LS is related to its particle size; if the particle size of LS is finer 

than cement particle, it fills the voids between cement particles and improves the 

particles size distribution; consequently, the packing density of cement-based materials 
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increases. As a result, the incorporation of LS can reduce the water requirement of 

concrete and increase the compressive strength and durability of concrete. 

Nucleation is the first step in the formation of a new structure. LS provides 

nucleation sites for hydration products to precipitate, accelerates the hydration process 

and improves the hydration degree of cement [66]. 

 

Limestone powder can also affect concrete in terms of workability, setting time, 

shrinkage, mechanical properties (such as compressive strength, elastic modulus, 

flexural strength) and durability (such as water permeability, sorptivity, chloride 

permeability, carbonation resistance and freezing-thawing resistance). 

 

Effects of LS on the workability of concrete could be mainly attributed to the 

morphological effect, filler effect and dilution effect. Since its nucleation and chemical 

effects occur at several hours of hydration, they have little effect on the workability of 

concrete [10]. 

The effect of LS on the workability of concrete has been widely studied. The results 

are conflicting: some researchers report that incorporating LS can improve the 

workability of concrete, while others demonstrate that incorporating LS can reduce the 

flowability of concrete; according to Gesoglu et al. [15] the incorporation of LS increases 

the viscosity of concrete. On the other hand, it is also reported that the workability 

increases when the LS content is less than 5% [12], 17% [67] and 20% [11]. According 

to Vance et al. [21], the workability of concrete with LS depends on the particle size. 

When incorporating coarse LS, the packing particle density is reduced and, 

consequently, the rheological properties of concrete reduce; on the other hand, when 

Portland cement is replaced by fine LS, the rheological properties of concrete increase. 

Other studies report that incorporating 20-40% of LS improves the rheological properties 

of cement pastes [10] and reduces the water consumption of concrete [16] [13]. 

 

Effect of limestone powder on the setting time of concrete could be mainly attributed 

to the nucleation and dilution effects. When LS particle size is finer than cement 

particles, LS mainly shows nucleation effect and dilution effect. When the particle size 

of LS is similar to or coarser than cement particles, LS mainly shows dilution effect. By 

incorporating a small quantity of fine LS, the setting time of concrete is reduced [68] 

[69]; the nucleation effect of limestone powder depends on its particle size: the 

incorporation of nano limestone accelerates the early age reactions, while when using 

coarser LS, acceleration of hydration was not observed [68]. 

 

During the hardening of concrete, autogenous shrinkage occurs. Moreover, under 

drying environment, the surface of hardened concrete loses moisture, which results in 
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drying shrinkage. It was reported that incorporating 10% limestone to replace cement 

can reduce the total shrinkage of concrete by 19%. In fact, the incorporation of limestone 

powder reduces the cement content and increases the relative water-to-cement ratio, 

which increases the internal humidity of concrete, therefore reducing the shrinkage [20] 

[10]. 

Nevertheless, the autogenous shrinkage depends on the particle size. When LS is 

finer than cement particles, incorporating a small quantity of limestone powder can 

improve the degree of hydration and enhance the hydration products content of concrete, 

therefore autogenous shrinkage increases. On the other hand, if LS is similar or coarser, 

the space between the cement particles increases, the capillary stresses are reduced and 

the autogenous shrinkage decreases [10]. 

 

As for mechanical properties, limestone powder presents both advantages and 

disadvantages. Finer LS can fill the void of cement particles, hence improve the packing 

density. According to Ghafoori et al. [70], the compressive strength of SCC improves 

when ultra-fine LS is incorporated into concrete. Another study shows that, when a large 

amount of fine LS is used to replace cement, the compressive strength is reduced [10] 

[14] [20]. According to Meddah et al. [23], incorporating 0-45% of fine limestone 

powder can reduce the elastic modulus. 

The flexural strength of concrete with limestone powder depends on the particle size. 

Incorporating nano-limestone to replace cement can increase the flexural strength; on 

the other hand, if the particle size is similar to cement, it shows dilution effect. Another 

study shows that replacing LS would decrease the cementing material content, reducing 

the flexural strength [10]. 

 

As for durability, limestone powder affects concrete in different ways. Finer LS 

can fill the voids of cement particles, hence reduce the porosity and improve the water 

permeability of concrete [10]; moreover, the incorporation of LS can reduce the 

sorptivity coefficient of concrete and can decrease the chloride permeability, when the 

amount of LS is less than 20% [15]. On the other hand, when coarser or a large number 

of fine LS is added to replace cement, the chloride diffusion coefficient [23] and the 

carbonation depth of concrete [23] [71] increase. Finally, the presence of LS reduces 

the relative C-S-H gel content, which can improve the freezing-thawing resistance of 

concrete [72]. 

 

2.3.2 Ground-Granulated Blast-Furnace Slag 

Ground-Granulated Blast Furnace Slag (GGBS) is a by-product of the iron 

manufacturing industry. Iron ore, coke and limestone are fed into the furnace and the 
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resulting molten slag floats above the molten iron at a high temperature. After the molten 

iron is tapped off, the remaining material results in the formation of a glassy granulate 

which is finally dried and ground to the required size, resulting in GGBS [73]. 

 

 
Figure 10. Image representing the functioning of a blast furnace 

(https://www.yourdictionary.com/blast-furnace). 

 

GGBS has been used in composite cements and as a cementitious component of 

concrete for many years; the first industrial commercial use was the production of bricks, 

using unground granulated blast furnace slag. In the second half of the 19th century, its 

cementitious properties were discovered and, by the end of the 19th century, the first 

cement containing GGBS were produced [74]. Nowadays, ground-granulated blast 

furnace slag is widely used as a direct replacement of Portland Cement; its performance 

depends on the degree of fineness of the material. 

 

The effects of GGBS can be divided in fresh and hardened concrete. When in fresh 

state, concrete containing GGBS has a greater workability [75] [76]; concrete also 

presents increased setting time [77] [75], slump and fluidity, with the increase in GGBS 

replacement percentage [78].  

 

As for effect on hardened concrete, studies regarding compressive strength are not 

consistent. According to Arivalagan [34], the compressive strength increases when the 

GGBS replacement is 20%; Shumuye et al. [75] concluded that the partial replacement 

of GGBS increases the strength of the concrete at 10%, 20%, 30%, but decrease the 

strength at 40% and 50%. Kuma Karri et al. [28] and Ramalekshmi et al. [25] state that 

a higher compressive strength is achieved when the cement replacement is at 40% and 

50%, respectively. 

https://www.yourdictionary.com/blast-furnace
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Nevertheless, many researchers concur that compressive strength at later age 

increases as the percentage of GGBS content increases [27] [29] [25] [79]. 

The permeability of mature concrete containing slag cement is much lower than that 

of concrete containing only Portland cement [75] [24]; moreover, the presence of GGBS 

in concrete results in denser microstructure of the concrete matrix, which enhances the 

durability properties [34]. On the other hand, as the GGBS content increases, the drying 

shrinkage also increases [29]. 

When GGBS is used in sufficient quantities, the resistance of sulphate improves [80]. 

Moreover, GGBS can be effective in controlling alkali-silica reaction; in fact, it reduces 

the alkalinity of the concrete, it reduces the mobility of alkalis in the concrete and it 

reduces free lime in the concrete, which is an important factor for ASR [77]. 

 

3 Methodology 

3.1 Parameters 

There are different types of shrinkage in concrete. For the project, just two of these 

are analyzed in the different mixtures: autogenous shrinkage and drying shrinkage. 

Thermal stress is the third parameter under investigation. 

 

3.1.1 Drying shrinkage 

Drying shrinkage refers to the reduction in concrete volume and is caused by the 

evaporation of internal water in hardened concrete [81]. It is initiated by volume changes 

that result from the consumption and rearrangement of moisture within restrained 

concrete; this is often caused by external environmental conditions [50]. Initially, free 

water escapes to the concrete surface as bleed water, as the heavier aggregate particles 

settle; this bleed water can evaporate off the surface to the surrounding environment and, 

once it has disappeared, excess water is pulled from the interior of the concrete mass 

[82]. 

 Drying shrinkage depends on different parameters, such as thickness of the element, 

porosity or content of the free water in concrete, paste volume, binder fineness, 

temperature and relative humidity [83]. 

According to different studies [84] [49], drying shrinkage is larger in SCC, due to 

the increasing water-to-cement ratio. 
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3.1.2 Autogenous shrinkage 

Autogenous shrinkage refers to the reduction of apparent volume or length of 

cement-based materials under seal and isothermal conditions [85]. It is caused by further 

hydration of cement, after the formation of the initial structure of the cement matrix. In 

general, the part of shrinkage which does not include any volume change due to loss or 

ingress of substances, temperature variation, and application of an external force and 

restraint, can be considered as autogenous shrinkage; for this reason, it is also referred a 

self-desiccation shrinkage [86]. 

 

 
Figure 11. Image representing autogenous shrinkage: C = unhydrated cement, W = 

unhydrated water, Hy = hydration products, and V = voids generated by hydration [83]. 

 

The level of autogenous shrinkage development is determined by the degree of 

cement hydration; the parameters that influence it are type and fineness of cement grind 

and water-to-cement ratio. In general, autogenous shrinkage increases with the decrease 

of the water-to-cement ratio. For self-compacting concrete, due to the presence of a large 

amount of paste volume, autogenous shrinkage is very large [47]. 

 

3.1.3 Thermal stress 

Early-age thermal cracking is associated with the release of the heat of hydration 

from the binder; this is the result of either differential expansion within an element during 

heating causing internal restraint, or by external restraint to contraction of an element on 

cooling from a temperature peak. Early-age thermal cracking occurs within a few days 

in thinner sections, but it may take longer to develop in thicker sections, which cool more 

slowly [87]. 
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Figure 12. Stages of cement hydration: (I) Initial stage, 0-15 minutes; (II) Dormant stage, 

15 minutes – 4 hours; (III) Acceleration stage, 4-8 hours; (IV) Deceleration stage, 8-24 

hours; (V) Steady stage. 

 

As cement hydrates, it generates heat (Figure 12); initially, the heat generation is at 

a rate higher than the heat loss to the environment, and this causes an increase in 

temperature of the concrete; as the rate of heat generation progressively reduces, heat 

loss becomes dominant, and the concrete cools and contracts. In theory, if unrestrained 

and fully insulated, the concrete would expand and contract without creating any 

stresses; nevertheless, in practice, restraint is always present, leading to the development 

of stresses [87]. 

One way to decrease thermal stress is reducing the Portland cement content. When 

slag cement is incorporated in a concrete mixture, less heat is generated, and thermal 

stress is reduced, as shown in Figure 13. This happens for three reasons: (a) due to 

increased strength with slag cement, the total cementitious content can be reduced, (b) 

Portland cement content is reduced by the percentage of slag cement used, (c) hydration 

characteristics of slag cement are such that the early rate of heat generation and the peak 

temperature of the concrete are reduced. 
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Figure 13. Hydration heat evolution rate (a) and quantity (b) of cement-slag binder at 25°C 

[88]. 

3.2 Materials 

3.2.1 Fine aggregates 

Two different types of cement are used to make the experimental concrete mixes: 

rapid hardening Portland slag cement CEM I 52.5 R and normal strength blast furnace 

cement CEM III/A 42.5 N. Limestone powder and Ground-Granulated Blast Furnace 

Slag are used as Supplementary Cementitious Materials. The physical properties of these 

materials can be found in Table 1, Table 2 and Figure 14.  
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Table 1. Specific Density, Specific Surface and loss (or gain) on. 

MATERIAL Specific density 

(kg/m3) 

Specific surface 

(cm2 g/) 

Loss (or gain) on ignition 

(%) 

CEM I 52.5R 3.0633 2899 2.53 

CEM III/A 42.5N 3.0077 2760 1.32 

LS 2.7120 3353 40.48 

GGBS 2.8709 2637 -1.92 

 

Table 2. Chemical composition of cementitious materials. 

MATERIAL Compound (%) 

MgO Al2O3 SiO2 SO3 K2O CaO Fe2O3 

CEM I 52.5R 0.581 2.38 14.61 2.98 0.503 77.02 1.932 

CEM III/A 42.5N 2.737 4.976 19.67 3.691 0.746 65.32 2.864 

GGBS 4.281 6.865 26.49 2.724 - 59.04 0.606 

LS 0.354 0.118 0.963 - - 98.48 0.082 

 

 
Figure 14. Particle Size Distribution of the fine aggregates. 

 

3.2.2 Coarse aggregates 

The test specimens of all the investigated concrete were prepared from coarse broken 

limestone and fine broken limestone, with a maximum grain size of 16 mm, and the 
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addition of coarse sand and fine sea sand. The coarse broken limestone 8/16 mm, the 

fine broken limestone 2/8 mm, the coarse sand 0/4 mm and fine sea sand 0/2 mm 

represent 12.7%, 33.3%, 15.2% and 38.8% of the total volume of the aggregate used in 

the reference mixture, respectively. The physical properties can be found in Table 3 and 

Figure 15. 

 

Table 3. Specific density and water absorption of aggregates. 

MATERIAL Specific density 

(kg/m3) 

Water absorption 

(%)* 

Broken Limestone 8/16 2.693 0.71 

Broken Limestone 2/8 2.734 1.50 

Sand 0-4 2.636 0.82 

Sea sand 0-2 2.634 0.60 

  *after 24h immersion 

 

 
Figure 15. Particle Size Distribution of the coarse aggregates. 

 

3.2.3 Chemical admixture 

Admixtures are natural or manufactured chemicals added to the concrete before or 

during mixing. Chemical admixtures can modify the properties of fresh or hardened 

concrete [89]; a type of chemical admixtures is superplasticizers. 

Superplasticizers are used to modify the rheological behavior of fresh concrete; they 

are used to maintain high workability, while at the same time maintaining strength [90].  
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Superplasticizer is fundamental in Self-Compacting Concrete because it ensures 

concrete to flow freely and occupy the space offered by the mold. SCB makes use of a 

superplasticizer with active content of 20% and a density of 1.04 kg/l. 

 

3.3 Concrete mixture design 

The concrete produced from SCB is Self-Compacting which, by definition, flows 

under its own weight and can fill in the framework without the need for external 

vibration. 

The reference mixture of SCB is composed by ordinary Portland cement, limestone 

powder, aggregates and superplasticizer. The quantity per cubic meter can be found in 

Table 4. 

 

Table 4. Reference mixture recipe. 

MATERIAL kg/m3 

CEM I 52.5 R 350 

Limestone powder 185 

Limestone 8/14 659 

Limestone 2/8 262 

Sand 0/4 553 

Sea sand 0/2 211 

Water 170 

SP 4.90 

 

The reference mixture has been optimized through a particle packing model 

according to the particle packing theory. The optimized mixture can be found in Table 

5. 

 

Table 5. Optimized mixture recipe. 

MATERIAL kg/m3 

CEM I 52.5 R 331 

Limestone powder 199 

Limestone 8/14 605 

Limestone 2/8 336 

Sand 0/4 583 

Sea sand 0/2 180 

Water 166 

SP 4.82 
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To achieve an optimal mixture design, different options need to be analyzed. After 

optimizing the reference mixture design, four other mixtures are produced. For mixture 

2 and 3, the CEM I part is replaced by two different percentages of GGBS, 10 and 20%, 

by volume. For mixture 4 and 5, part of CEM I is replaced by CEM III, a normal strength 

blast and furnace cement; also in this case, the amount of slag calculated for the two 

mixture is 10 and 20%. 

The proportions for every mixture can be found in Table 6. 

 

Table 6. Mixtures proportions. Amount of kg per m3. 

 M0 

(Reference 

mixture) 

M1 

(Optimized 

mixture) 

M2 

(10% 

GGBS) 

M3 

(20% 

GGBS) 

M4 

(10% slag 

in CEM III) 

M5 

(20% slag 

in CEM III) 

CEM I 52.5 R 350 331 298 265 272 194 

CEM III/A 42.5 N - - - - 77 154 

Limestone powder 185 199 199 199 199 199 

GGBS - - 31 62 - - 

Limestone 8/14 659 605 597 598 596 596 

Limestone 2/8 262 336 337 337 336 336 

Sand 0/4 553 583 562 563 561 561 

Sea sand 0/2 211 180 173 174 173 173 

Water 170 166 158 161 174 173 

SP 4.90 4.82 5.02 5.00 3.95 3.94 

       

Water ratio 0.49 0.50 0.48 0.49 0.50 0.50 

SP % 0.0092 0.0091 0.0095 0.0095 0.0072 0.0072 

 

3.4 Concrete production 

The mixer used to produce concrete is a pan mixer, a cylindrical fixed pan with two 

sets of blades that rotate inside the pan to mix the materials and a blade that scrapes the 

wall of the pan. 

The loading process and period of the mixture is very important because some of the 

concrete properties will depend on the order in which the constituents are introduced in 

the mixer and on the duration of the mixing. 

Firstly, a dry mix is prepared. Coarse and fine aggregates are loaded and mixed for 

30 seconds; cement and filler are then loaded and mixed for another 30 seconds. 70% of 

the water is added, and the dry mix is mixed for about 1 minute. During this time, the 

superplasticizer is added; at the end, it is possible to adjust the mix with the remaining 
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30% of the water. According to SCB, the mixing procedure should not take longer than 

200 seconds, to keep air content lower than 2%. The concrete production is done at a 

temperature of 20 ± 2 °C. 

A scheme and timing of the procedure can be seen in Figure 16. 

 

 
Figure 16. Concrete mixing procedure. 

 

3.5 Measurements 

The concrete measurements are categorized in fresh- and hardened-state. As for the 

fresh-state, the parameters under investigation are density, air content, slump-flow and 

V-funnel flow time; for hardened-state concrete compressive strength, autogenous 

shrinkage, drying shrinkage, thermal stress and water absorption are measured. 

 

3.5.1 Fresh-state measurements 

3.5.1.1.  Air content 

The measurement for air content in fresh concrete of normal density is performed 

using the pressured method, in accordance with ASTM C 231/C231M-14 [91]. This 

method is used to determine the air content of freshly mixed concrete by observing a 

change in volume with a change in pressure. 
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An example of air meter used to measure air content is represented in Figure 17. The 

fresh concrete is poured in three equal horizontal layers in the bowl. After pouring each 

layer, the concrete is compacted with a tamping rod, to uniformly distribute it; moreover, 

after the pouring of each layer, the side of the bowl is tapped several times with a mallet. 

The concrete surface is levelled, and excess concrete is removed; on the contrary, a small 

amount of concrete can be added, when needed. 

The cover assemble is attached to the bowl and the air content is measured.  

 

 
Figure 17. A) Air meter with vertical air chamber. B) Air content measurement at 

Cementbouw. 

 

The effects of air in concrete are various; air voids can improve the resistance of 

concrete from cycles of freezing and thawing. On the other hand, air voids reduce the 

strength of the concrete, with about 5% reduction in strength for each 1% increase in the 

volume of air voids [92]. 

 

The air content is measured only on the reference mixture and the goal is to verify 

that the concrete mixing process does not intake a too large quantity of air. 

The target entrapped air content of Self-Compacting Concrete for SCB is below 

1.5%. 

 

3.5.1.2.  Density 

Bulk density of concrete is the mass of freshly mixed concrete required to fill the 

container of a unit volume. The density is determined in accordance with ASTM 

C138/C138M-14 [93]. The fresh concrete is poured in three equal horizontal layers in a 

vessel that has a capacity of 2.839 liters. After pouring each layer, the concrete is 

compacted with a tamping rod, to uniformly distribute it; moreover, after the pouring of 
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each layer, the side of the vessel is tapped several times with a mallet. The concrete 

surface is levelled, and excess concrete is removed; on the contrary, a small amount of 

concrete can be added, when needed. The vessel is then weighed on a scale with a 

precision of 0.1g.  

The net weight of the concrete is calculated by subtracting the mass of the vessel 

from the mass of the vessel filled with concrete, and the density is calculated by dividing 

the net weight of the concrete by the vessel volume:  

 

𝐷 =
𝑀𝑐 − 𝑀𝑣

𝑉𝑣

[4] 

Where: 

D = Density [kg/m3] 

Mc = Mass of vessel filled with concrete [kg] 

Mv = Mass of vessel [kg] 

Vv = Volume of vessel [m3] 

 

The mechanical properties of concrete are highly influenced by its density. A denser 

concrete generally provides higher strength, as well as fewer number of voids and 

porosity. Moreover, the smaller the voids in concrete, less permeable to water and 

soluble to elements; consequently, the concrete will have lower water absorption and 

higher durability. 

 

The target density of Self-Compacting Concrete for SCB is between 2,390 kg/m3 and 

2,490 kg/m3. 

 

3.5.1.3.  Slump flow 

The slump flow measurement is performed in accordance with the standard NEN-

EN 12350-8 [94]. This measurement is used to assess the flowability and the flow rate 

of Self-Compacting Concrete in the absence of obstruction; the result is an indication of 

the filling ability of SCC. 

To perform the slump flow, a cone and a baseplate are needed. The cone is 300 mm 

high, with larger diameter and smaller diameter of 200 mm and 100mm, respectively; 

the baseplate is a flat steel plate, with smooth surface; its plan area is at least 900 mm x 

900 mm. 

The cone is placed in the center of the baseplate, on the larger diameter side; the 

fresh concrete is poured into it; the cone is lifted vertically, in one movement, in 1 to 3 

seconds; the concrete will freely spread on the baseplate. When the flow has stabilized, 
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two diameters, perpendicular to each other, are measured. If the difference between d1 

and d2 is bigger than 50 mm, the test needs to be repeated. 

The slump-flow is, hence, the mean of d1 and d2, expressed to the nearest 10 mm, 

given by the following equation: 

 

𝑆𝐹 =  
𝑑1 + 𝑑2

2
[5] 

Where: 

SF = slump-flow [mm] 

d1 = larger diameter of flow spread [mm] 

d2 = flow spread at 90° to d1 [mm] 

 

 
Figure 18. Slump-flow measurement at Cementbouw. 

 

The target slump-flow of Self-Compacting Concrete for SCB is between 700 mm 

and 750 mm. 

3.5.1.4.  V-funnel flow time 

The V-funnel flow time measurement is performed in accordance with the standard 

NEN-EN 12350-9 [95]. This measurement is used to assess the viscosity and filling 

ability of Self-Compacting Concrete. 

The dimensions of the V-funnel are depicted in Figure 19. 
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Figure 19. a) V-funnel flow time measurement at Cementbouw and b) V-funnel and its 

dimensions. 

 

For the measurement, the V-funnel’s internal surfaces and gate need to be cleaned 

and dampen. The gate is closed, and the concrete is poured into the funnel, with no 

agitation or mechanical compaction; a container is placed under it, to collect the concrete. 

After 10 (± 2) seconds from filling the funnel, the gate can be opened quickly. Time tv 

can be measured, from the moment the gate is opened until when it is possible to see 

vertically through the funnel into the container below for the first time; the stopwatch 

needs to be capable of measuring to 0.1 s. The time tv is the V-funnel flow time. 

 

The target V-funnel flow time of Self-Compacting Concrete for SCB is around 10 

seconds. 

 

3.5.2 Harden-state measurements 

3.5.2.1.  Compressive strength 

The compressive strength is performed in accordance with the standard EN 12390-

3 [96]. This test is used for the determination of the compressive strength of test 

specimens of hardened concrete. 

The compressive strength is measured on cubic specimens with dimension 

100x100x100 mm3. The mixture is cast into in molds by vibration at a temperature of 20 

± 2°C; the specimens are demolded at 1 day and then cured in water of temperature 20 

± 3°C. 

The compressive strength is measured on day 1, day 3, day 7 and day 28. For each 

day, three specimens are prepared, and the average is reported as the final strength. The 

1. Hinged or  

    sliding gate 
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test is carried out on 1000 kN capacity compression testing machine; the load is applied 

gradually at the rate of 32 kN/s until the specimens fail. 

 

    
Figure 20. Specimens for compression strength test. A) Casting. B) Curing in water. 

        

 
Figure 21. Specimen during compressive strength test. 

 

The early compressive strength target is 30 MPa on the 1st day, while compressive 

strength target at the 28th day, according to SCB, is 45 MPa. 
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3.5.2.2.  Drying shrinkage 

The drying shrinkage measurement is performed in accordance with the standard 

ASTM C 157/C 157M [97]. This measurement is used to determine the change in length 

of concrete specimens. 

 The drying shrinkage is performed on prism specimens with dimension 

100x100x400mm3. The mixture is cast in molds by vibration at a temperature of 20 ± 

2°C. When casting, two peaks are inserted in the fresh concrete, at a distance of 250 mm 

from each other. The specimens are demolded at 1 day and stored in a room with 

temperature 23 ± 2°C and humidity 50 ± 4%. 

 

 
Figure 22. Drying shrinkage specimens. 

 

The length change was measured by means of a length comparator, inserted in one 

of the peaks. The comparator readings are taken at a different pace: twice a during week 
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1, once a day during week 2 and 3, every three days during week 4 and 5, once a week 

during week 6, 7 and 8. 

The length change is calculated, for any age, with the following formula: 

 

𝛥𝐿𝑥 =
𝐶𝑅𝐷 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑅𝐷

𝐺
 𝑥 100 [6] 

 

Where: 

ΔLx = length change of specimen at any age [%] 

CRD = difference between the comparator reading of the specimen and the reference bar 

at any age [-] 

G = the gage length [mm] 

 

3.5.2.3.  Autogenous shrinkage 

The autogenous shrinkage measurement is performed in accordance with the 

Japanese standard JIS A 1129-1 [98]. Measurements of early autogenous concrete 

shrinkage were performed on one sealed prism from each mix, each prism being of size 

100x100x400mm3. A polytetrafluorethylene sheet was inserted between the test 

specimen and the base to reduce the friction between the two surfaces. The setup is 

shown in Figure 24. 

 

Autogenous shrinkage can be influenced by the thermal expansion and contraction 

caused by the temperature change on concrete due to hydration reaction; for this reason, 

a thermocouple was placed in each specimen in order to collect the temperature change. 

The length change is measured by means of an electronic displacement transducer with 

a precision of 10-3 mm. Both temperature and length data are collected every 10 minutes. 

 

The development over time of the autogenous shrinkage of a test specimen is 

determined by the following formulas: 

 

𝜀𝑐𝑎 =  𝜀𝑐 + 𝜀(𝛥𝑇) [7] 

𝜀𝑐 =  
𝛥𝐿

𝐿
[8] 

 

𝜀(𝛥𝑇) =  𝛼𝑇  ·  𝛥𝑇 [9] 

 

Where: 

εca = development over time of the autogenous shrinkage [-] 
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εc = development overt time of the measured deformation [-] 

ε(ΔT) = temperature expansion of the specimens due to variations in temperature over 

time [-] 

 

ΔL = length difference [mm] 

L = length specimen [mm] 

αT = linear thermal expansion coefficient [-] 

ΔT = temperature difference [°C] 

 

The variations over time of the test specimen deformation due to temperature 

variations in the period of rapid setting of the cement, i.e. in the first 24 hours, were 

determined analytically from the coefficient of thermal expansion of the concrete, and 

the measured variations over time of the temperature [99]. 

For estimating the coefficient of thermal expansion coefficient (CTE) of concrete 

between 3-24 hours, the following equation based on Hedlund’s thesis [100] is used: 

 

𝛼𝑇 = 193.9  𝑥  𝑡−0.86 [10] 

Where: 

αT = thermal expansion coefficient [µ/°C] 

t = time between 3-24 hours [hours] 

 

 
Graph 1. Best fit line for early-age thermal dilation coefficients for concrete [100]. 

 

Constant values for thermal expansion coefficient are considered outside these time 

limits: 

• t < 3h, αT = 7.3 x 10-6/°C 

• t > 24h, αT = 1.2 x 10-6/°C 
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Figure 23. Autogenous shrinkage set up. 

 
Figure 24. Schematic representation of the method of measurement of test specimen 

shrinkage. 

 

The measurements were performed at a temperature of 22 ± 3°C. 

 

3.5.2.4.  Water absorption 

The water absorption test is performed to determine the rate of absorption of water 

by measuring the increase in the mass of a specimen, resulting from absorption of water 

as a function of time, when only one surface of the specimen is exposed to water. The 

water absorption measurement is performed in accordance with the standard ASTM C 

1585 [101]. 

Measurement on water absorption is performed on cylinders, with a diameter of 100 

mm and a height of 50 mm. After demolding, the specimens are cured in water of 

temperature 20 ± 3°C for 28 days. The specimens are dried in a ventilated oven at a 

temperature of 45 ± 2°. When the mass equilibrium of each sample is established, namely 
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the mass difference between the two measurements at 24-hour interval is less than 0.1%, 

it is possible to proceed with the water absorption test. 

Before the measurements, the mass of each specimen is recorded to the nearest 0.01 

g. Four diameters of the specimens at the surface exposed to the water are measured to 

the nearest 0.1 mm and the average is calculated. The sides of the specimens that will 

not be exposed to water are sealed. 

The water absorption is determined as a function of time. The specimens are placed 

on a support device at the bottom of a pan containing water; the water level is 1 to 3 mm 

above the top of the support device. The measurement starts when the specimen is placed 

on the support device; the mass of the different specimens is recorded at different 

intervals: the first point is recorded at 60 ± 2 s, the second point at 5 min ± 10 seconds. 

Subsequent measurements are after 10 min, 20 min, 30 min and 60 min; the 

measurements continue every hour up to 6 h. Afterwards, the measurements are recorded 

one a day up to 3 days, followed by three measurements at least 24 h apart during days 

4 to 7. The last measurement is recorded at least 24 h after the measurement taken on the 

7th day. 

 

The absorption I is the change of the mass divided by the product cross-sectional 

area of the test specimen and the density of the water, and it is normalized by the cross-

section area of the specimen exposed to the fluid using the following equation: 

 

𝐼 =  
𝑚𝑡

𝑎
𝑑

[11] 

 

Where: 

I = the absorption [mm] 

mt = the change in specimen mass at the time t [g] 

a = the exposed area of the specimen [mm2] 

d = the density of the water [g/mm3] 

 

The temperature dependence of the density of water is neglected and a value of 0.001 

g/mm3 is used. 
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Figure 25. Schematic of the test set up. 

 

 
Figure 26. Experimental set up for water absorption 

 

 

3.5.2.5.  Crazing investigation 

In order to provoke high temperature difference between internal and surface 

concrete and analyze the crazing patterns, a high temperature is applied to specimens of 

each mixture, following the study of Khaliq and Khan [102]. The test is performed on 

cylinders with 150 mm diameter and 300 mm height. Specimens are cast in molds at a 

temperature of 20 ± 2°C; the specimens are demolded at 1 day and stored in water of 

temperature 20 ± 3°C for 28 days. The specimens are then put in the furnace and exposed 

to 200°C at a heating rate of 12°C/min until the target temperature is reached. By heating 

the cylinders at a high rate, the surface heats faster than the internal concrete, creating a 

temperature difference and exacerbating the crazing. 
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A visual assessment is carried out to analyze the crazing patterns on the surface of 

the different cylinders. 

 

 
Figure 27. Specimens in the furnace. 

 

3.6 Environmental impact analysis 

3.6.1 Life-Cycle Assessment and Environmental Product Declaration 

3.6.1.1.  Life-Cycle Assessment (LCA) 

Life-cycle assessment (LCA) is a tool for analyzing environmental performance of 

products or processes over their entire life cycle, hence from cradle to grave. This 

includes raw material extraction, manufacturing, use and reuse, and end-of-life (EOL) 

disposal and recycling [103] [104]. 

 

In the 1990s, the International Organization for Standardization (ISO) adopted an 

environmental management standard, as part of its 14000 standards series: the 14040 

series, focusing on the establishment of methodologies for LCA [105]. The main content 

of the ISO standard is a four-stage procedure, namely: goal and scope definition, life-

cycle inventory (LCI), life-cycle impact assessment (LCIA) and interpretation. 
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1. Goal and scope. The goal and scope stage establish the functional unit, system 

boundaries and quality criteria for inventory data [106]. It aims to define the part 

of the product life cycle that will be considered [107]. 

2. Life Cycle Inventory (LCI). This analysis deals with the collection and synthesis 

of information on physical materials and energy flows in various stage of the 

products life cycle [106]. This inventory flows include inputs of water, energy 

and raw materials, and what is released to air, land and water [108]. 

3. Life Cycle Impact Assessment (LCIA). The LCIA quantifies the overall impact 

of resource consumption and environmental emissions at different stages of a 

product life cycle [108]. Different environmental Impact Categories (IC) are 

assigned to flows of materials and energy; examples of IC are climate change, 

ozone depletion, ecotoxicity, human toxicity, photochemical ozone formation, 

acidification, eutrophication, resource depletion, and land use [106]. 

4. Interpretation. This stage regards the interpretation of results from both the life 

cycle inventory analysis and the life cycle impact assessment [106]. This part 

also includes identification of issues, evaluation of consistency, sensitivity and 

completeness, and potential limitations [109]. 

 

 
Figure 28. Stages of an LCA according EN ISO 14040. 

 

 

 

 

There are three different phases that can be considered when making a Life Cycle 

Assessment: 

1. Cradle-to-grave. Cradle-to-grave is the full life cycle assessment from 

manufacture (cradle) through the use phase to the disposal phase (grave). 
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2. Cradle-to-gate. Cradle-to-gate is an assessment of a partial product life cycle 

from manufacture (cradle) to the factory gate, i.e., before it is transported to the 

consumer; here, the use and disposal phase of the product are usually omitted. 

Cradle-to-gate assessments are sometimes the basis for Environmental Product 

Declarations. 

3. Cradle-to-cradle. Cradle-to-cradle is a specific kind of cradle-to-grave 

assessment, where the end-of-life disposal step for the product of a recycling 

process [107]. 

 

3.6.1.2.  Environmental Product Declaration (EPD) 

Environmental declarations and eco-labels are based on the previously mentioned 

ISO 14000 series of standards. They are the main instrument that can be used to gather 

environmental information about a product or service in a reliable, accurate and 

simplified way [110]. 

The ISO 14025 (2006) establishes the principles and specifies the procedures for 

developing Type III environmental declarations, also known as Environmental Product 

Declarations (EPDs). EPDs have the purpose of providing quantified environmental 

information about the life cycle of a product, facilitating environmental comparison 

between products that perform the same function [110].  

The purpose of an EPD in the construction sector is to provide the basis for assessing 

buildings and other construction works and to assist in identifying those construction 

products which cause less stress to the environment considering the whole building life 

cycle. [110]. 

The relation between the international standards concerned with EPDs, LCA and 

sustainability in construction building materials sector is shown in Figure 29. 
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Figure 29. Regulatory framework for Type III environmental declaration of building 

products [110]. 

 

The type III environmental product declaration program is different in every country; 

in the Netherlands it is called Milieu Relevante Product Informatie (MRPI). MRPI® was 

founded in 1999, in collaboration with the national government; it releases EPDs with 

the aim of communicating clearly and accurately about the environmental aspects of 

construction products [111]. 

 

EPDs contain information regarding the life cycle of a material or a product: from 

product stage to construction process, use stage and, finally, end of life. All these 

categories have subcategories, as can be depicted from Figure 30. 
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Figure 30. Environmental characteristic in EPDs. 
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3.6.2 Goal 

Being the most used material worldwide, concrete has a certain impact on the 

environment. The production of concrete accounts for a large amount of CO2 given by 

the extraction and the manufacture of the different materials. Additionally, large amounts 

of water and energy are consumed in all the processes associated with the production of 

materials. 

 

Moreover, the transportation of materials from the extraction site – in case of raw 

materials – to the manufacturing plant and, later, from the manufacturing plant to the 

construction site, contributes to the consumption of energy, emission of CO2 and use of 

water. 

 

The goal of this LCA analysis is to assess the environmental impact of the six 

different mixtures according to various parameters, called Impact Categories (IC). The 

particle packing optimization and the use of by-products are assumed to lower the overall 

impact concrete and, for these reasons, the different mixture will be compared, using the 

current concrete mixture of Structural Concrete Belgium as a reference. 

 

3.6.2.1. Impact categories 

The Impact Categories represent environmental issues of a certain material or 

product. An impact category groups different emissions into one effect on the 

environment; these emissions come in different shapes and formats. 

The impact categories for building materials are generally divided into three groups: 

environmental impact, waste type and output flows, resources use. In Appendix 7.2 the 

different impact categories are listed and described. 

 

For this study, three impact categories, or indicators, are considered: Embodied 

Energy (EE), Global Warming Potential (GWP) and net Freshwater usage (FW).  

The EE refers to the sum of all the non-renewable energy required to produce any 

goods or services. In an LCA, the EE consists of the Total use of Non-Renewable 

Primary Energy Resources (PENRT). The GWP refers to the emissions released from 

mankind. GWP is a measure of how much unit mass of gas contributes to global 

warming, measured in kg CO2 equivalents. The FW indicates the amount of net 

freshwater used for a specific material or product; this is expressed in cubic meters.  

 

Moreover, the Environmental Cost Indicator (ECI) – Milieukostenindicator (MKI) 

in Dutch – is calculated for each mixture. The ECI summarizes all the environmental 

effects in one score; it weights all the relevant environmental impacts that arise during 
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the life cycle of a product and represents the environmental shadow price of a product or 

project, from cradle to grave; this value is expressed in euros [112]. 

 

3.6.2.2. System boundaries and functional unit 

The analysis covers the life cycle of the different materials from A1 to A4, the so-

called “cradle-to-gate”. These phases are divided as follows: 

a. A1 – Raw material supply 

b. A2 – Transport 

c. A3 – Manufacturing 

d. A4 – Transport from manufacturer to construction site (in this case 

Structural Belgium Concrete). 

 

A1 includes the raw material supply; to produce the concrete for the panels, 

Structural Concrete Belgium (SCB) makes use of the following materials: Ordinary 

Portland Cement, limestone powder as filler, fine aggregates, that is 0/1 and 0/4 sand, 

coarse aggregates, that is 2/8 and 8/14 broken limestone, and superplasticizer. Moreover, 

CEM III/A and GGBS are used in some of the mixtures to substitute part of the CEM I 

content. A2 is the transport phase, from the extraction of the raw materials to the 

individual production site. A3 is the manufacturing stage, when all the materials are 

singularly manufactured and ready for use. Finally, A4 comprehends the transport 

between every singular manufacturer and SCB. 

 

 
Figure 31. Flow diagram representing the Life Cycle phases of the concrete panels, from cradle to grave. The system 

boundary of this project is A1-A4, namely from cradle to gate. 
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Firstly, the analysis examines the impact of EE, GWP, FW and ECI for each 

material; the functional unit is per 1 kg of material. When the materials are combined 

into mixture, the functional unit used is of m3 of concrete. 

 

3.6.3 Life Cycle Inventory (LCI) 

The LCA analysis was performed through NIBE EPD application, a web tool used 

to calculate EPDs, which database contains numerous environmental profiles for 

building materials and products [113].  

 

The Life Cycle Inventory is the phase that involves the compilation and 

quantification of inputs and outputs for a product throughout its life cycle. The LCI is 

performed for all the materials used in the different mixture: CEM I, CEM III, Limestone 

Powder, GGBS, Limestone 8/14, Limestone 2/8, Sand 0/4, Sea sand 0/2 and 

Superplasticizer. 

 

This section includes the calculations for transportation (phase A4). To calculate the 

transportation impact, two main types of trucks were assumed for the transportation of 

materials, from the different manufacturing plants to Structural Concrete Belgium. The 

superplasticizer is assumed to be transported in Intermediate Bulk Containers (IBC) with 

an articulated HVG; the rest of the materials are assumed to be transported with dump 

trucks. The capacities are up to 55 metric tons and 32 metric tons, respectively, and both 

types are assumed to use Diesel and to be Euro 5. Table 7 contains the technical 

information for each truck. The data for the vehicles were also taken from NIBE 

database. 

 

Table 7. Values for transportation [113]. 

Truck type Maximum 

capacity (t) 

Type of 

fuel 

Standard Energy 

(MJ/tkm) 

Carbon footprint 

(kg CO2/tkm) 

FW 

(m3/tkm) 

ECI 

(€/tkm) 

Dump truck 32 Diesel Euro 5 2.69 0.17 0.000412 0.02 

Articulated HVG 55* Diesel Euro 5 1.52 0.09 0.000264 0.01 

*in Belgium, the permissible maximum weight of trucks is 44 t [114]. Nevertheless, 

on NIBE they fall under the same category, hence same data. 

 



 58 

 
Figure 32. Examples of (A) dump truck and (B) articulated HVG 

[Source images: (A) Wikipedia and (B) Okorder]. 

 

The total values of each category impact, from phase A1 to phase A4, can be depicted 

from Table 8. The calculations can be found in Appendix 7.3. 

 

Table 8. Impact Categories for each material, from phase A1-A4. 

MATERIAL Embodied 
Energy 
(MJ) 

Global Warming 
Potential 

(kg CO2 eq.) 

Net freshwater 
usage 
(m3) 

Environmental 
Cost Indicator 

(€) 
CEM I 52.5 R 3.30E+00 8.83E-01 9.92E-04 0.057 
CEM III/A 42.5 N 2.73E+00 5.04E-01 1.06E-03 0.033 
Limestone Powder 6.76E-01 4.45E-02 1.58E-04 0.004 
GGBS 1.04E+00 6.46E-02 3.20E-02 0.008 
Limestone 8/14 2.91E-01 1.81E-02 -6.24E-05 0.004 
Limestone 2/8 2.91E-01 1.81E-02 -6.24E-05 0.004 
Sand 0/4 2.34E-01 1.45E-02 3.94E-05 0.002 
Sea Sand 0/2 2.18E-01 1.40E-02 2.52E-05 0.002 
SP 2.10E+01 7.41E-01 7.45E-03 0.09 

 

3.6.3.1.  Embodied Energy 

Superplasticizer has the most significant Embodied Energy, compared to the rest of 

the materials, with 21 MJ per 1 kg of material. The process of Superplasticizer 

production, in fact, requires a large amount of energy. 

CEM I and CEM III follow, with respectively 3.30 and 2.73 MJ per each kg of 

material produced. In fact, a lot of energy is consumed during the process of calcination, 

through the burning of raw materials. This represents approximately 80% of the overall 

energy consumed in the production of cement [115]. The remaining 20% is in the form 

of electrical energy used for grinding and kiln exhaust fans [116]. 

The embodied energy of GGBS and LS is 1.04 and 0.68 MJ per each kg of material 

produced, hence the importance of using by-products: not only for lowering the carbon 

footprint, but also for reducing the energy consumption form the in the cradle-to-gate 

phase. 

The aggregates give the least impact regarding embodied energy: Limestone 8/14 

and Limestone 2/8 with 0.29 MJ, Sand 0/4 with 0.23 MJ and Sea sand 0/2 with 0.24 MJ. 
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Graph 2. EE for each material. 

 

3.6.3.2.  Global Warming Potential 

The highest impact for Global Warming Potential is given by CEM I, with 0.88 kg 

of CO2 emitted for each kg of material produced. This value is mostly caused by the 

production of clinker, an intermediate product in cement manufacture and the main 

constituent of CEM I, which process emits a substantial amount of CO2: during the 

calcination process, the calcium carbonate (CaCO3) is heated in a rotary kiln to induce a 

series of chemical reactions. Specifically, CO2 is released as a by-product during 

calcination, which occurs in the upper cooler end of the kiln. In the lower end of the kiln, 

the lime (CaO) reacts with silica aluminum and iron-containing materials to produce 

minerals in the clinker [117]. 

Superplasticizer has the second-highest impact regarding CO2 emissions, with 0.74 

kg of CO2 equivalent. According to the European Federation of Concrete Admixture 

Associations’ Environmental Declaration for Superplasticizing Admixtures [118], the 

production of admixtures have a high intensity, hence the large amount of CO2 emitted. 

The third highest CO2 emissions are given by CEM III, with 0.50 kg of CO2 

equivalent. CEM III contains 45% of slag, which lowers the GWP of this material. 

The following highest CO2 emissions belong to the two SCMs, which are GGBS and 

Limestone Powder, with 0.065 and 0.045 kg of CO2 equivalent, respectively. Both these 

values equal the 5% of the emission caused by Ordinary Portland Cement, hence the 

importance of using by-products to substitute CEM I, to lower the impact of concrete in 

relation to CO2 emissions. 
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Coarse and fine aggregates constitute the least GWP: for Limestone 8/14, Limestone 

2/8, Sand 0/4 and Sea sand 0/2, the values are respectively 0.018, 0.018, 0.015 and 0.014 

kg of CO2 emissions equivalent. 

 

 
Graph 3. GWP for each material. 

 

3.6.3.3.  Net Freshwater usage 

GGBS has by far the most net freshwater usage among all the materials, with 0.032 

m3 of freshwater used for 1 kg of material, more than the freshwater usage of all the 

materials combined. Water plays a key role during the production of Ground Granulated 

Blast Furnace Slag: after being tapped off from the furnace, the slag is rapidly quenched 

in water, before continuing the process of grounding. For this reason, the amount of net 

freshwater usage of GGBS is high. 

The second highest value for net freshwater usage is SP, with 0.0075 m3 freshwater 

used for 1 kg of material, followed by CEM III, Limestone Powder and CEM I, which 

values are respectively 0.0011, 0.00099 and 0.001 m3. During the manufacturing of 

cement and more specifically during the primary crushing, a constant spray of water 

keeps the dust from billowing up. 

The fine aggregates, Sand 0/4 and Sea sand 0/2 consume 0.000039 and 0.000025 m3 

for every kg of material. Part of the process of sand manufacturing, in fact, is washing; 

sand is washed in a log washer before it is further screened. In this way, it is possible to 

separate the sand according to the particle size. 

Finally, Limestone 8/14 and Limestone 2/8 have negative values, both with -

0.000062 m3. 
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Graph 4. FW for each material. 

 

3.6.3.4.  Environmental Cost Indicator 

Overall, the highest environmental impact is given by the Superplasticizer, with 

0.09€ as shadow price for 1 kg of material produced. Nevertheless, the superplasticizer 

in the concrete mixture is used only in very small percentages – between 0.16% and 

0.21% - hence it has a relatively low impact. 

The two cements follow, with CEM I having an ECI value of 0.06€ and CEM III 

with 0.03€. The production process of cement requires a large amount of resources and 

energy. 

The rest of the materials have very low Environmental Cost, all less than 0.01€ per 

kg of material: GGBS, Limestone 8/14, Limestone 2/8, Limestone powder, Sand 0/4 and 

Sea sand 0/2 have values of, respectively, 0.0078, 0.004, 0.004, 0.0037, 0.0024 and 

0.0019€. 
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Graph 5. ECI for each material. 

 

4 Results and discussion 

4.1 Fresh state measurements 

4.1.1 Air content 

There are two types of air in concrete: entrained air and entrapped air. Entrained air 

is the intentional creation of small air bubbles by adding a liquid admixture, specifically 

designed for this purpose; the purpose of entrained air is to enhance the resistance of 

concrete to freezing and thawing cycles. Entrapped air is non-intentional and is created 

in the mixture during the mixing procedure; this type of voids can reduce the strength of 

concrete. 

To ensure that little air gets entrapped during the mixing process, the procedure used 

by SCB last 200 seconds in total. The air content for concrete was hence measured only 

on the first batch produced, and the same mixing procedure was kept for all the mixtures. 

The air content measured was 0.5%, which is acceptable considering SCB’s target 

of 1.5%. 

 

4.1.2 Density 

Bulk density of concrete is the mass of freshly mixed concrete required to fill the 

container of a unit volume. The density of each mixture was hence measured at fresh-
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state, before the casting of the concrete. The density target according to SCB is between 

2390 and 2490 kg/m3. 

 

The densities can be found in Table 9; the reference mixture M0 has a density of 

2440 kg/m3. When the particle packing is optimized the density is higher, which is shown 

by the optimized mixture M1, which density is 2459 kg/m3. 

 

When slag is added in a mixture, the concrete density is generally lower [119]. As 

shown in Graph 6, M2, M3, M4 and M5 have lower density compared to M0 and M1, 

with 2434, 2430, 2393 and 2417 kg/m3, respectively. 

 

Table 9. Density for each mixture. 

 M0 M1 M2 M3 M4 M5 

Density (kg/m3) 2440 2459 2434 2430 2393 2417 

 

 

 
Graph 6. Density for each mixture with the highlighted target. 

 

The density of every mixture is in the range of SCB’s target. 
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4.1.3 Slump flow and V-funnel time 

4.1.3.1. Slump flow 

Slump flow is used to assess the flowability and the flow rate of Self-Compacting 

Concrete; the result is an indication of the filling ability of SCC. 

The slump flow of concrete mainly depends on the amount of superplasticizer (SP) 

in the mixture. Generally, the higher the SP, the higher the slump flow. Nevertheless, 

overdosing may lead to the risk of segregation and blockage [120]. 

 

Table 10. Slump flow results for each mixture. 

 M0 M1 M2 M3 M4 M5 

Slump flow (mm) 730 700 715 725 680 650 

 

The results present consistency with literature; as Graph 7 shows, a mixture with a 

higher amount of SP have a higher slump flow, while mixtures with lower SP have a 

lower slump flow: M0 and M1, which SP content is 4.90 and 4.82 kg per cubic meter, 

have a slump flow of 730 and 700 mm, respectively. M2 and M3, which SP content is 

5.02 and 5.00 kg per cubic meter, have a slump flow of 715 and 725 mm, respectively. 

Finally, M4 and M5, which SP content is 3.95 and 3.94 kg per cubic meter, have a slump 

flow of 680 and 650, respectively. 

 

 
Graph 7. Relation between slump flow time and SP. 
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Of the six samples, four mixtures reach the slump flow target given by SCB of 700 

to 750 mm. 

 

4.1.3.2. V-funnel time 

V-funnel time is used to assess the viscosity and filling ability of Self-Compacting 

Concrete. Generally, for SCC, a flow time of 10 seconds is considered appropriate. 

 

The results of the V-funnel flow time test is depicted in Table 10 and Graph 8. M0, 

M1, M2, M3 and M5 have similar results, with 12, 13, 12, 11 and 10 seconds, 

respectively. M4 have a very high flowability, with 4 seconds. 

 

Table 11. V-funnel time results for each mixture. 

 M0 M1 M2 M3 M4 M5 

V-funnel time (s) 12 13 12 11 4 10 

 

 
Graph 8. Relation between V-funnel time and water content. 
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4.2 Hardened state measurements 

4.2.1 Compressive Strength 

Compressive strength was performed on cube specimens of 100x100x100mm3.  

The development of compressive strength as a function of age – after 1, 3, 7 and 28 

days – is shown in Graph 9. 

 

 
Graph 9. Compressive strength for each mixture, at day 1, 3, 7 and 28. 
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MPa, gaining 31% strength. The mixtures with 20% slag content, M3 and M5, have a 

higher strength gain compared to M2 and M4, whose content of slag is 10%: after three 

days M3 and M5 have a compressive strength of 55 and 51 MPa, respectively, with 46% 

and 41% higher compressive strength compared to day 1. M2 and M4, present 

respectively 60 and 54 MPa, with a compressive strength increase of 38 and 35%. 

 

At day 7 the mixtures have the same trend as day 3: the highest compressive strength 

is given by M0, followed by M1, M2, M3, M4 and M5, with compressive strengths of 

75, 73, 69, 67, 61and 59 MPa, respectively. 

 

A few changes are noticed at day 28; the compressive strength of M2, M3 and M5 

increases, respectively, by 17%, 13% and 20% compared to day 7. On the contrary, the 

compressive strength of M0 and M1 have a lower gain, with 9% and 12%, respectively. 

When PC reacts with water, it forms calcium silicate hydrate (CSH) and calcium 

hydroxide Ca(OH)2. CSH is a glue that provides strength to the concrete and holds it, 

while Ca(OH)2 is a by-product and does not contribute to the strength of concrete. When 

slag is used as part of the cementitious constituent in concrete, it reacts with water and 

Ca(OH)2 to form more CSH gel and increases the strength [121]. Since the pozzolanic 

reaction is slow and depends on the calcium hydroxide availability, the strength gain 

takes a longer time for the GGBS concrete [122]. 

 

Moreover, the compressive strength also depends on the density of concrete. 

According to literature, the denser the concrete, the higher the compressive strength 

[123]. This can be depicted by Graph 10, that compares the density of the different 

concrete mixtures and their compressive strength at the 28th day. 

 

 
Graph 10. Relation between compressive strength and density, on the 28th day. 
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In general, the results show that, for early strength, the mixtures containing GGBS 

have a lower compressive strength. Nevertheless, at a later age, the mixtures with GGBS, 

namely M2 to M5 gain more strength compared to M0 and M1. 

 

4.2.2 Drying shrinkage 

Drying shrinkage refers to the reduction in concrete volume and is caused by 

evaporation of internal water in hardened concrete. The drying shrinkage was measured 

on 400x100x100 mm3 specimens by means of a length comparator, for 25 days. 

 

The results of drying shrinkage are shown in Graph 11. The mixture that shows the 

highest value of shrinkage is the reference mixture M0, with 0.055% on the 25th day. 

The following highest values are given by M3 and M2, containing 20 and 10% 

GGBS, with 0.0465% and 0.46%, respectively. M4 and M5, which contain 22 and 44% 

of CEM III, have a final drying shrinkage of 0.0445 and 0.0405%, respectively. 

The best performing mixture is the optimized mixture M1, with 0.0395% shrinkage 

at the 25th day of measurement. When the particle packing of a mixture is optimized, in 

fact, the drying shrinkage reduced, since it is roughly proportional to the volume of 

cement paste in the concrete [61]. 

 
Graph 11. Drying shrinkage of the six mixtures. 

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0 5 10 15 20 25

D
ry

in
g 

sh
ri

n
ka

ge
 (

%
)

Time (Days)

Drying shrinkage

M0 M1 M2 M3 M4 M5



 69 

 

The drying shrinkage of concrete is affected by the type of materials used in the 

mixture. According to the literature, when cement is replaced by GGBS, the drying 

shrinkage increases [29]. 

As shown in Graph 11, the optimized mixture M1 has the lowest shrinkage among 

the six mixtures. When part of cement in M1 is replaced by GGBS, the drying shrinkage 

increases; M2 and M3, which contain respectively 10 and 20% GGBS show higher 

shrinkage compared to M1 and the highest the GGBS content, the highest the shrinkage. 

M4 and M5, which contain 22 and 44% CEM III, respectively, also show higher 

shrinkage compared to M1. However, in this case, the mixtures with a higher amount of 

slag, M5, has lower shrinkage, compared to M4. 

 

The drying shrinkage of concrete also depends on the total water content of a mixture 

[124]. When analyzing the results in Graph 12, it can be noticed that similar mixtures 

have consistent results concerning water content. M0, which water content is higher than 

the water content of M1, has a higher drying shrinkage; M2, which water content is lower 

than the one in M3, has a slightly lower drying shrinkage; M4, which water content is 

higher than the water content of M5, has a higher drying shrinkage. 

 

Relation drying shrinkage and water content 

 
Graph 12. Relation between drying shrinkage and water content for a) M0-M1, b) M2-M3 

and c) M4-M5. 
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4.2.3 Autogenous shrinkage 

Autogenous shrinkage refers to the reduction of apparent volume or length of 

cement-based materials under seal and isothermal conditions. The autogenous shrinkage 

was measured on 400x100x100 mm3 sealed specimens by means of an electronic 

displacement transducer; thermocouples were used to measure the change in 

temperature. The autogenous shrinkage test was performed for 18 days. 

 

The development over time of the autogenous shrinkage of a test specimen (εca) is 

determined by the sum of the development over time of the measured deformations (εc 

= ∆L/L) and the thermal expansion; the thermal expansion is calculated by multiplying 

the thermal expansion coefficient (αT) with temperature differences from temperature 

history of the concrete specimen (∆T). 

The calculated thermal expansions for the three mixtures are presented in Graph 13, 

together with the temperature history. 

 

 
Graph 13. Measured temperature of the concrete mixtures and their temperature 

expansions. 
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which contain respectively 10 and 20% GGBS, have a similar thermal expansion, lower 

than M0, due to the lower heat generation during hydration. 

The measurement of horizontal shrinkage has five distinct stages during the first 12 

hours, as shown in Figure 33: 

 

• A – Very early stage 

Equipment limitation due to settlement forces (30 – 90 minutes).  

Since the mortar is still liquid, the mass can't be displaced. 

• B – Bleeding controlled stage 

Bleed water absorption causes expansion (90 minutes – 4 hours). 

As aggregate and cement particle settle, extra bleed water rises to the mortar’s 

surface. Once the settlement is stage A is complete, the bleed water will be drawn 

back into the mortar by a small capillary suction; this re-absorption causes the 

mortar to expand. 

• C – Pressured controlled stage 

Development of pressure causes shrinkage (4+ hours). 

After the bleed water has been re-absorbed, the capillary pressure will develop; 

this generated stress, causing autogenous shrinkage. 

• D – Thermally controlled stage 

Cement heat hydration causes thermal expansion (5 – 8 hours). 

The hydration reaction of cement and water generates heat. The mortar will 

thermally expand as its temperature increases, and the measurement shows a 

volume increase. 

• E – Thermally controlled stage 

End of cement heat generation causes thermal contractions (8 + hours). 

The mortar is cooling due to the end of heat generation by the cement hydration, 

which results in a contraction of the mortar and registers as a shrinkage [82]. 

 

 
Figure 33. Various horizontal shrinkage stages in a typical early age slab test, including 

their governing factors [82]. 
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Graph 14 shows the early-age shrinkage for M0, M2 and M3. When compared to the 

graph in Figure 33, it can be noticed that M0 represents the five stages; it shows a steep 

decrease between 0 and 1 hour, expansion due to bleed water absorption between 1 and 

3 hours, a small contraction between 3 and 4 hours due to pressure, increase between 4 

and 7 hours caused by thermal expansion and a steady decrease after 7 hours, due to 

cooling of concrete and consequent thermal contraction. 

M3 also shows a steep decrease between 0 and 1 hour, with increasing in value for 

both bleed water absorption and thermal expansion, but no contraction due to pressure; 

M2 presents similar results compared to M3, with a delay of one hour until hour 7, where 

the values decrease due to thermal contraction. 

 

Graph 14. Early-age shrinkage for M0, M2 and M3. 

 

The start of the shrinkage measurement is considered after the 7th hour when the 

concrete starts to set. 

 

Graph 15 shows the autogenous shrinkage during 17 days. 
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M0 and M2 show a similar shrinkage curve, with M0 presenting slightly less 

shrinkage. 

 

The highest autogenous shrinkage of M2 and M3 compared to M0 is given by the 

fact that when cement is replaced by GGBS in a mixture, the autogenous shrinkage 

increases; generally, the higher the content of GGBS, the higher the autogenous 

shrinkage [125]. 

 

 
Graph 15. Autogenous shrinkage for M0, M2 and M3. 
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Table 12. Values on 8th day for each mixture. 

Mixture 

Initial Mass 

Day 0 

(g) 

Final Mass 

Day 8 

(g) 

∆Mass 

Day 8 

(g) 

Water 

absorption - I 

(mm) 

M0 1032.0 1042.9 18.5 2.22 

M1 1047.1 1057.2 14.1 1.68 

M2 1022.4 1032.8 19.1 2.28 

M3 1025.8 1034.3 11.3 1.35 

M4 979.0 994.2 19.9 2.39 

M5 998.3 1012.2 19.0 2.27 

 

 

The water absorption test can be divided into two different times. One is the initial 

absorption, from 0 up to 6 hours of immersion, and secondary absorption, which points 

are measured after the first day. 

 

Graph 16 shows the curve for water absorption in the initial phase, from 0 to 6 hours. 

When comparing the different mixtures, it can be depicted that M0 has the highest 

early absorption rate, with 1.75 mm of water absorbed after 6 hours. M4 and M2, which 

contain respectively 22% CEM III (with 10% slag) and 10% GGBS, have the second and 

third highest absorption rate with 1.54 and 1.47 mm. Follows M5, that contains 44% 

CEM III (with 20% slag), with 1.32 mm of water absorbed. 

M1, the optimized mixture, has the second-best performance in term of water 

absorption, with 1.00 mm, around 40% less than M0. This is due to the fact that by 

optimizing the particle packing, the voids of the concrete are filled, and the porosity is 

considerably lower [58], hence the water absorption decreases. 

M3 is the better performing mixture, with 0.71 mm of water absorbed after 6 hours 

of exposition, 60% less than the worse performing mixture, M0. According to different 

studies [75] [24] [126], in fact, when slag cement is used as part of the cementitious 

material in a concrete mixture, the permeability is lower, and the pores become finer. 
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Graph 16. Initial water absorption – up to 6 hours. 

 

The final result shows that M4 has the highest absorption, with 2.39 mm of water 

absorbed after 8 days. M2 has the second-highest water absorption, with 2.28 mm. 

After eight days, M0 has a lower water absorption rate compared to the initial stage 

and is the third-highest water absorption, with 2.22 mm. 

As in the initial stage M3, M1 and M5 have the best performance, with respectively 

1.35, 1.68 ad 2.16 mm of water absorbed after eight days. 

  

According to literature, when Portland cement hydrates, it forms calcium-silicate 

hydrate gel (CSH) and calcium hydroxide (Ca(OH)2). CSH is considered as the glue that 

provides strength and holds the concrete together. Permeability is related to the 

proportion of CSH to Ca(OH)2 in the cement paste and the higher the proportion, the 

lower the permeability. When slag cement is used as part of the cementitious material in 

a concrete mixture, it reacts with Ca(OH)2 to form additional CSH which in turn lowers 

the permeability of the concrete [127]. 

 

According to the literature, concrete containing slag should have a lower 

permeability than concrete not containing slag. In the results, on the contrary, the 

optimized mixture M1 and the two mixtures containing 20% slag, M3 and M5, have a 

lower water absorption compared to the reference mixture. Nevertheless, the water 
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absorption test was performed only after 28 days of curing and the effect of slag on 

concrete can show at a later age. 

 

 
Graph 17. Total water absorption for each mixture.  
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4.2.5 Crazing investigation 

To investigate which mixture has a better performance in terms of crazing, the 

specimens were heated in a furnace at 200°C, and the crazing patterns on the surface 

were analyzed. 

Crazing is as a network pattern of superficial fine cracks, visible when the concrete 

is drying after the surface has been wet. Crazing can occur at the early age when the 

unhardened surface mortar dries out faster than the concrete below, which happens when 

the surface has been exposed to low humidity, high air or concrete temperature, hot sun, 

or any combination of these [51]. In order to reduce crazing, Portland cement is replaced 

by slag. When slag cement is incorporated in a concrete mixture, less heat is generated, 

and thermal stress is reduced. 

 

 
Figure 34. Specimens M0 to M5 after being heated at 200 °C. 

 

Figure 35 shows the specimens before heating, after heating when dried and after 

heating when wet. As expected M0, the reference mixture, shows extensive crazing, on 

the whole surface of the cylinder, with closed pattern and thick lines. 

By optimizing the reference mixture crazing becomes less evident, as shown by 

mixture M1; crazing has an open pattern, thinner lines and covers the surface of the 

cylinder only partially. 

M2 and M3, which replace CEM I in the mixture by respectively 10% and 20%, both 

show minimal crazing, concentrated in a few areas, with a narrow pattern and very thin 

lines. 

M4 and M5, which replace CEM I in the mixture by respectively 22% and 44%, 

hence have a slag content of 10% and 20%, also show little crazing, only in delimited 

areas. 

 

Generally, the mixtures where Portland cement was replaced by slag, have a better 

performance than the mixtures without slag, namely the reference mixture M0 and the 

optimized mixture M1. 
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Figure 35. The specimens of each mixture a) before, b) after when dry and c) after when wet. 
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4.3 Life Cycle Assessment results 

4.3.1 Life Cycle Impact Assessment (LCIA) 

The result part of this LCA analysis is called Life Cycle Assessment. In this section, 

the results of the calculations are analyzed, and the different mixtures are compared 

according to the four different parameters: Embodied Energy, Global Warming 

Potential, net Freshwater usage and the overall Environmental Cost Indicator. 

 

4.3.1.1. Embodied Energy (EE) 

M0 has the highest value for EE, with 1826 MJ per each cubic meter of concrete 

produced. This is mainly caused by the high amount of CEM I in the mixture. 

M1 shows the benefits of the particle packing optimization: by lowering the amount 

of CEM I, the embodied energy is lower compared to M0, with 1777 MJ per cubic meter. 

M4 and M5 follow, with 1765 and 1718 MJ per cubic meter, respectively, where the 

combination of CEM I and CEM II increase the embodied energy. 

The lowest values for EE belong to M2 and M3 with 1696 and 1620 MJ per each 

cubic meter of concrete produced, respectively. For both mixtures, part of the CEM I 

content was replaced with GGBS, which has an embodied energy equal to 32% of the 

embodied energy of CEM I. 

 

  
Graph 18. Embodied energy for each cubic meter of mixture. 
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4.3.1.2.  Global Warming Potential (GWP) 

The highest impact regarding CO2 emissions is given by M0, with 391 kg of CO2 

emission for each cubic meter of concrete produced. The reference mixture, in fact, has the 

highest content of CEM I that, according to the LCI, is the materials with the largest impact 

regarding Global Warming Potential. 

The second highest value belongs to the optimized mixture, M1, with 375 kg of CO2 per 

m3; this mixture has less CEM I content compared to the reference once, hence the lower 

value. M4 has the third-highest value, with 358 kg of CO2 per m3; despite this mixture has a 

lower SP content compared to M2 and M3, the combination of CEM I and CEM III makes 

the GWP higher. Following, the GWP for M2, M5 and M3 is 347, 326 and 329 kg of CO2 

per m3, respectively. These last three mixtures contain the highest amount of by-product, 

which lowers the carbon footprint of concrete. 

It can be noticed, nevertheless, that having the same amount of slag brings similar 

GWP values: M2 and M4 have similar results, as well as M3 and M5. 

 
Graph 19. Global warming potential for each cubic meter of mixture. 
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Graph 20. Net freshwater usage for each cubic meter of mixture. 
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Graph 21. Environmental Cost Indicator for each cubic meter of mixture. 
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5 Conclusions and recommendations 

The sandwich panels produced by Structural Concrete Belgium sometimes present 

crazing on the molded surface. In order to solve the problem, the mixture used by SCB 

was optimized through a particle packing model. Afterwards, the CEM I part of the 

optimized mixture was replaced with different percentages of Ground Granulated Blast 

Furnace Slag and CEM III; in total, six mixtures were produced. 

The different mixtures were analyzed in a technical and environmental point of view. 

For the technical part, different tests were performed on the mixtures, both for fresh-state 

and hardened-state. The environmental impact of the six mixtures and related materials 

was measured by mean of a Life Cycle Assessment analysis, where values Embodied 

Energy, Global Warming Potential, net Freshwater usage and Environmental Cost 

Indicator were calculated. 

5.1 Conclusions 

Technical performance 

The densities of the six mixture were all within the target range of Structural 

Concrete Belgium, that is between 2390 and 2490 kg/m3. 

The slump flow of M0, M1, M3 and M3 reached the target of 700-750 mm, with 

respectively 730, 700, 715 and 725 mm. M4 and M5 have a lower slump flow, 680 and 

650 mm, due to the lower amount of superplasticizer in the mixture. 

The V-funnel time was slightly higher for mixture M0, M1, M2 and M3, with 12, 

13, 12 and 11 seconds. M4 was the faster mixture with 4 seconds and M5 have the 

optimal V-funnel flow time, with 10 seconds. 

 
The compressive strength results show that, at early age, the mixture containing slag 

have a lower compressive strength and the higher the amount of slag, the lower the 

strength. Nevertheless, at a later age, the mixtures with slag gain more strength compared 

to M0 and M1. All the mixtures reach the minimum target of 30 MPa of strength at day 

1. 

The drying shrinkage test shows that the reference has the highest shrinkage among 

the six mixture. By optimizing the mixture, the drying shrinkage is reduced by 28%, as 

M1 shows. When CEM I is replaced with slag, the drying shrinkage is higher, as shown 

by M2, M3, M4 and M5 which have, respectively, 14, 15, 11 and 3% more shrinkage 

than M1. In general, the higher the replacement, the higher the shrinkage. 

The autogenous shrinkage results show that the reference mixture has the lowest 

shrinkage. When CEM I is replaced with GGBS, the autogenous shrinkage increases. 

M2 and M3 present similar shrinkage during the first six days; after the 6th day, the 
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shrinkage of M3, which contains 20% GGBS, increases substantially, compared to M2, 

which contains 10% GGBS. The results are consistent with the literature, that states that 

the higher the amount of slag in a mixture, the higher is the autogenous shrinkage. 

The water absorption test consists of two phases. During the initial phase, from 0 to 

6 hours, the highest water absorption is given by the reference mixture, M0. After the 

mixture is optimized, the water absorption is lower, almost half, due to a denser structure. 

M2, M4 and M5, which contain 10% GGBS, 22% CEM III and 44% CEM III, have 

higher water absorption compared to the optimized mixture. M3 have the lowest water 

absorption. During the secondary phase M2, M4 and M5 have a higher absorption rate 

than the reference mixture M0, and at the 8th day, M2 and M4 have a higher water 

absorption. M1 and M3 maintain low absorption, with final values of 1.68 and 1.25 mm 

of water absorbed after eight days. 

To assess the benefit of slag regarding crazing, concrete cylinders were heated up to 

200°C. The results show that by optimizing the mixture through the particle packing, the 

degree of crazing is slightly lower. M2 and M3, which contain GGBS, present very little 

cracking. M4 and M5, which contain CEM III, show a little crazing in delimited areas. 

The best performance is given by the mixtures that contain GGBS. 

 

Environmental performance 

The highest value for embodied energy per cubic meter is given by the reference 

mixture M0. By optimizing the mixture, the embodied energy is lower; when CEM I is 

replaced by GGBS and CEM III, the embodied energy has a further decrease. The lowest 

embodied energy is given by M3, which contains 20% GGBS. 

The highest carbon emissions value is given by the reference mixture M0; by 

optimizing the reference mixture, less Portland cement is used hence the carbon footprint 

is lower; by replacing CEM I with GGBS and CEM III, the GWP further decreases. 

The net freshwater usage is highly dependent on the GGBS content of the mixture. 

GGBS in fact requires a lot of water during production. The highest FW values are hence 

given by M3 and M2, which contain respectively 10 and 20% GGBS. 

The environmental cost indicator shows that, overall, the reference mixture M0 has 

the highest environmental impact and M1 to M5 have all lower values. The least 

impact is given by M3. 

The two research questions can, therefore, be answered as follows: 
 

• What is the optimum particle packing/mixture design, replacing Portland 

cement with different Supplementary Cementitious Materials to 

overcome cracking and, at the same time, maintain required final 

concrete performance? 
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Among the six mixture, M2, which contains 10% GGBS, provides the best results. 

The high temperature investigation shows very little crazing compared to the reference 

mixture M0; the compressive strength at day 1 is 37 MPa against 39 MPa of M0, but at 

the 28th day M2 reaches 83 MPa, becoming stronger than M0. M2 shows 16% less drying 

shrinkage compared to the reference mixture and lower water absorption during the first 

six hours. 

M3 also provides good results; it shows very little crazing and the compressive 

strength reaches 31 MPa at day 1. The drying shrinkage of M3 is 15% than that of M0, 

and it absorbs 44% less water than the reference mixture. 

 

M4 and M5 show fairly good results during hardened state; they both reach 

minimum requirement for compressive strength at day 1, present very low drying 

shrinkage compared to M0 and both have comparable water absorption. Nevertheless, 

neither M4 nor M5 reach the minimum target for slump flow during the fresh state, which 

is fundamental for Self-Compacting Concrete. 

 

• What is the environmental benefit of an optimized mixture design 

compared to the reference mixture? 

 
The optimization of the reference mixture leads to environmental benefits. After the 

mixture is optimized, the CEM I content is lower, which leads to a lower impact in term 

of embodied energy, lower carbon emission and net freshwater usage. 

The replacement of CEM I with Supplementary Cementitious Materials is the key to 

further lower the environmental impact of concrete mixtures. SCMs materials like 

limestone powder and GGBS have a lower energy and carbon footprint, being by-

products of other industries. M2, M3, M4 and M5, which contain, respectively, 10 % 

GGBS, 20% GGBS, 22% CEM III and 44% CEM III, all show environmental benefit 

regarding Embodied Energy, Global Warming Potential and overall Environmental Cost 

Indicator. 

5.2 Recommendations 

The mixtures containing slag show enhanced technical as well as environmental 

performance. Particularly, M2 shows little crazing on the surface and good compressive 

strength, both at early and later age, fairly low drying and autogenous shrinkage and 

water absorption. 

Since it is proved that slag has a positive influence on the concrete mixtures, further 

studies can focus on testing different percentages of GGBS, to find the optimal amount 

that secure no crazing and the target early compressive strength. 
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Moreover, in the current project the amount of limestone powder in the mixture 

remained constant; further tests can be done by lowering the amount of limestone powder 

in the concrete mixtures, to evaluate its influence on the concrete and analyze possible 

different results. 

M4 and M5 also gave interesting results in term of performance. Nevertheless, the 

amount of water and superplasticizer need to be adjusted, to have a good workability and 

reach an optimal value for slump flow. 
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7 Appendices 

7.1 Appendix 1: Graphs PSD - Fines 
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7.2 Appendix 2: Graphs PSD – Coarse 
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7.3 Appendix 3: LCA impact categories 

In the table below, the different impact categories are shown, divided in the three 

different groups, together with the relative unit and a brief description. 

 

Table 13. Impact categories in an LCA 

ENVIRONMENTAL IMPACT 

Impact category Unit Description 

ADPE Abiotic depletion potential for non-fossil fuel 

resources 

kg Sb-eq. Indicator of the depletion of natural non-fossil fuel 

resources 

ADPF Abiotic depletion potential for fossil fuel resources MJ Indicator of the depletion of natural fossil fuel resources 

GWP Global warming potential kg CO2-eq. Indicator of potential global warming due to emission of 

greenhouse gases to air 

ODP Ozone layer depletion potential kg CFC11-eq. Indicator of emissions to air that cause the destruction of 

the stratospheric ozone layer 

POCP Formation potential of tropospheric ozone 

photochemical oxidants 

kg Ethene-eq. Indicator of emissions of gases that effect the creation of 

photochemical ozone in the lower atmosphere (smog) 

catalyzed by sunlight 

AP Acidification potential of land and water kg SO2-eq. Indicator of the potential acidification of soils and water 

due to the release of gases such as nitrogen oxides and 

Sulphur oxides 

EP Eutrophication potential kg (PO4)3-eq. Indicator of the enrichment of the aquatic ecosystem with 

nutritional elements, due to the emission of nitrogen or 

phosphor containing compounds 

HTP Human toxicity potential kg DCB-eq. Impact on humans of toxic substances emitted to the 

environment 

FAETP Fresh water aquatic ecotoxicity potential kg DCB-eq. Impact on freshwater organisms of toxic substances 

emitted to the environment 

MAETP Marine aquatic ecotoxicity potential kg DCB-eq. Impact on sea water organisms of toxic substances 

emitted to the environment 

TETP Terrestrial ecotoxicity potential kg DCB-eq. Impact on land organisms of toxic substances emitted to 

the environment 

 

OUTPUT FLOWS AND WASTE CATEGORIES 

Impact category Unit Description 

HWD Hazardous waste disposed kg Hazardous waste that has a certain degree of toxicity and 

necessitates special treatment 

NHWD Non-hazardous waste disposed kg Non-hazardous waste in non-toxic and similar to 

household waste. 

RWD Radioactive waste disposed kg Radioactive waste mainly originates from nuclear energy 

reactors. 

CRU Components for re-use kg Material or components leaving the modelled system 

boundary which is destined for reuse 

MFR Materials for recycling kg Material leaving the modelled system boundary which is 

destined for recycling 

MER Materials for energy recovery kg Material leaving the modelled system boundary which is 

destined for use in power stations using secondary fuels 

EE Exported energy MJ Energy exported from waste incineration and landfill 
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RESOURCE USE 

Impact category Unit Description 

PERE Renewable primary energy (energy) MJ Use of renewable primary energy, excluding renewable 

primary energy resources used as raw materials 

PERM Renewable primary energy (materials) MJ Use of renewable primary energy resources as raw 

material 

PERT Total use of renewable primary energy resources MJ Sum of PERE and PERM 

PENRE Non-renewable primary energy (energy) MJ Use of non-renewable primary energy, excluding 

renewable primary energy resources used as raw materials 

PENRM Non-renewable primary energy (materials) MJ Use of non-renewable primary energy resources as raw 

material 

PENRT Total use of non-renewable primary energy 

resources 

 Sum of PENRE and PENRM 

SM Use of secondary materials kg Material recovered from previous use or from waste 

which substitutes primary materials 

RSF Use of renewable secondary fuels MJ Renewable fuel recovered from previous use or from 

waste which substitutes primary fuels 

NRSF Use of non-renewable secondary fuels MJ Non-renewable fuel recovered from previous use from 

waste which substitutes primary fuels 

FW Use of net fresh water m3 Freshwater usage 
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7.4 Appendix 4: Fresh- and hardened-state concrete 

7.4.1 Slump flow 

 

  

  

  

 

   

Mix Opt. 
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7.4.2 Drying shrinkage 

REFERENCE MIXTURE 

Table 14. Calculation for drying shrinkage – Reference Mixture 

Date measurement 
Time 
(day) 

∆Length 
(mm) 

Gage length 
(mm) 

Length change 
at any age (%) 

10/06/2020 11:00 0 0 200 0 

11/06/2020 08:30 1 0.020 200 0.0100 

11/06/2020 16:25 1 0.028 200 0.0140 

12/06/2020 08:15 2 0.043 200 0.0215 

12/06/2020 15:30 2 0.050 200 0.0250 

15/06/2020 07:30 5 0.064 200 0.0320 

16/06/2020 07:45 6 0.070 200 0.0350 

17/06/2020 10:30 7 0.076 200 0.0380 

18/06/2020 14:30 8 0.080 200 0.0400 

19/06/2020 07:30 9 0.086 200 0.0430 

21/06/2020 23:05 12 0.090 200 0.0450 

23/06/2020 12:25 13 0.090 200 0.0450 

24/06/2020 12:00 14 0.092 200 0.0460 

25/06/2020 09:00 15 0.096 200 0.0480 

26/06/2020 08:30 16 0.099 200 0.0495 

29/06/2020 06:30 19 0.102 200 0.0510 

30/06/2020 07:15 20 0.104 200 0.0520 

01/07/2020 09:30 21 0.106 200 0.0530 

02/07/2020 10:00 22 0.107 200 0.0535 

03/06/2020 09:30 23 0.108 200 0.0540 

06/07/2020 11:00 24 0.110 200 0.0550 

07/07/2020 08:20 25 0.110 200 0.0550 

 
Graph 22. Drying shrinkage curve – Reference Mixture. 
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 OPTIMIZED MIXTURE 

Table 15. Calculation for drying shrinkage – Optimized Mixture 

Date measurement 
Time 
(day) 

∆Length 
(mm) 

Gage length 
(mm) 

Length change 
at any age (%) 

17/06/2020 10:30 0 0 200 0 

18/06/2020 07:30 1 0.011 200 0.0055 

18/06/2020 14:30 1 0.021 200 0.0105 

19/06/2020 07:30 2 0.027 200 0.0135 

19/06/2020 15:30 2 0.036 200 0.0180 

21/06/2020 23:05 5 0.042 200 0.0210 

23/06/2020 12:25 6 0.050 200 0.0250 

24/06/2020 12:00 7 0.053 200 0.0265 

25/06/2020 09:00 8 0.057 200 0.0285 

26/06/2020 08:30 9 0.059 200 0.0295 

29/06/2020 06:30 12 0.064 200 0.0320 

30/06/2020 07:15 13 0.066 200 0.0330 

01/07/2020 09:30 14 0.069 200 0.0345 

02/07/2020 10:00 15 0.070 200 0.0350 

03/07/2020 09:30 16 0.071 200 0.0355 

06/07/2020 11:00 17 0.072 200 0.0360 

07/07/2020 08:20 18 0.073 200 0.0365 

08/07/2020 14:30 19 0.075 200 0.0375 

13/07/2020 09:15 24 0.076 200 0.0380 

15/07/2020 07:15 25 0.079 200 0.0395 

 

 
Graph 23. Drying shrinkage curve – Optimized Mixture. 
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MIXTURE 2 

Table 16. Calculation for drying shrinkage – Mixture 2 

Date measurement 
Time 
(day) 

∆Length 
(mm) 

Gage length 
(mm) 

Length change 
at any age (%) 

10/06/2020 11:00 0 0 200 0 

11/06/2020 08:30 1 0.020 200 0.0100 

11/06/2020 16:25 1 0.028 200 0.0140 

12/06/2020 08:15 2 0.034 200 0.0170 

12/06/2020 15:30 2 0.036 200 0.0180 

15/06/2020 07:30 5 0.053 200 0.0265 

16/06/2020 07:45 6 0.059 200 0.0295 

17/06/2020 10:30 7 0.065 200 0.0325 

18/06/2020 14:30 8 0.066 200 0.0330 

19/06/2020 07:30 9 0.069 200 0.0345 

21/06/2020 23:05 12 0.072 200 0.0360 

23/06/2020 12:25 13 0.075 200 0.0375 

24/06/2020 12:00 14 0.077 200 0.0385 

25/06/2020 09:00 15 0.080 200 0.0400 

26/06/2020 08:30 16 0.081 200 0.0405 

29/06/2020 06:30 19 0.085 200 0.0425 

30/06/2020 07:15 20 0.087 200 0.0435 

01/07/2020 09:30 21 0.089 200 0.0445 

02/07/2020 10:00 22 0.090 200 0.0450 

03/06/2020 09:30 23 0.090 200 0.0450 

06/07/2020 11:00 24 0.092 200 0.0460 

07/07/2020 08:20 25 0.092 200 0.0460 

 

 
Graph 24. Drying shrinkage curve – Mixture 2. 
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MIXTURE 3 

Table 17. Calculation for drying shrinkage – Mixture 3 

Date measurement 
Time 
(day) 

∆Length 
(mm) 

Gage length 
(mm) 

Length change 
at any age (%) 

10/06/2020 11:00 0 0 200 0 

11/06/2020 08:30 1 0.021 200 0.0105 

11/06/2020 16:25 1 0.028 200 0.0140 

12/06/2020 08:15 2 0.033 200 0.0165 

12/06/2020 15:30 2 0.037 200 0.0185 

15/06/2020 07:30 5 0.054 200 0.0270 

16/06/2020 07:45 6 0.059 200 0.0295 

17/06/2020 10:30 7 0.062 200 0.0310 

18/06/2020 14:30 8 0.068 200 0.0340 

19/06/2020 07:30 9 0.069 200 0.0345 

21/06/2020 23:05 12 0.075 200 0.0375 

23/06/2020 12:25 13 0.078 200 0.0390 

24/06/2020 12:00 14 0.079 200 0.0395 

25/06/2020 09:00 15 0.081 200 0.0405 

26/06/2020 08:30 16 0.082 200 0.0410 

29/06/2020 06:30 19 0.086 200 0.0430 

30/06/2020 07:15 20 0.088 200 0.0440 

01/07/2020 09:30 21 0.090 200 0.0450 

02/07/2020 10:00 22 0.090 200 0.0450 

03/06/2020 09:30 23 0.090 200 0.0450 

06/07/2020 11:00 24 0.093 200 0.0465 

07/07/2020 08:20 25 0.093 200 0.0465 

 

 
Graph 25. Drying shrinkage curve – Mixture 3. 
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MIXTURE 4 

Table 18. Calculation for drying shrinkage – Mixture 4 

Date measurement 
Time 
(day) 

∆Length 
(mm) 

Gage length 
(mm) 

Length change 
at any age (%) 

17/06/2020 10:30 0 0.000 200 0 

18/06/2020 07:30 1 0.011 200 0.0055 

18/06/2020 14:30 1 0.019 200 0.0095 

19/06/2020 07:30 2 0.026 200 0.0130 

19/06/2020 15:30 2 0.030 200 0.0150 

21/06/2020 23:05 5 0.041 200 0.0205 

23/06/2020 12:25 6 0.050 200 0.0250 

24/06/2020 12:00 7 0.054 200 0.0270 

25/06/2020 09:00 8 0.058 200 0.0290 

26/06/2020 08:30 9 0.060 200 0.0300 

29/06/2020 06:30 12 0.068 200 0.0340 

30/06/2020 07:15 13 0.069 200 0.0345 

01/07/2020 09:30 14 0.071 200 0.0355 

02/07/2020 10:00 15 0.073 200 0.0365 

03/07/2020 09:30 16 0.075 200 0.0375 

06/07/2020 11:00 17 0.080 200 0.0400 

07/07/2020 08:20 18 0.081 200 0.0405 

08/07/2020 14:30 19 0.082 200 0.0410 

13/07/2020 09:15 24 0.086 200 0.0430 

15/07/2020 07:15 25 0.089 200 0.0445 

 

 
Graph 26. Drying shrinkage curve – Mixture 4. 
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MIXTURE 5 

Table 19. Calculation for drying shrinkage – Mixture 5 

Date measurement 
Time 
(day) 

∆Length 
(mm) 

Gage length 
(mm) 

Length change 
at any age (%) 

17/06/2020 10:30 0 0 200 0 

18/06/2020 07:30 1 0.010 200 0.0050 

18/06/2020 14:30 1 0.018 200 0.0090 

19/06/2020 07:30 2 0.021 200 0.0105 

19/06/2020 15:30 2 0.028 200 0.0140 

21/06/2020 23:05 5 0.040 200 0.0200 

23/06/2020 12:25 6 0.048 200 0.0240 

24/06/2020 12:00 7 0.050 200 0.0250 

25/06/2020 09:00 8 0.052 200 0.0260 

26/06/2020 08:30 9 0.057 200 0.0285 

29/06/2020 06:30 12 0.061 200 0.0305 

30/06/2020 07:15 13 0.063 200 0.0315 

01/07/2020 09:30 14 0.067 200 0.0335 

02/07/2020 10:00 15 0.068 200 0.0340 

03/07/2020 09:30 16 0.069 200 0.0345 

06/07/2020 11:00 17 0.073 200 0.0365 

07/07/2020 08:20 18 0.073 200 0.0365 

08/07/2020 14:30 19 0.074 200 0.0370 

13/07/2020 09:15 24 0.079 200 0.0395 

15/07/2020 07:15 25 0.081 200 0.0405 

 

 
Graph 27. Drying shrinkage curve – Mixture 5. 
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7.4.3 Water absorption 

REFERENCE MIXTURE 

Table 20. Calculation for water absorption – Reference Mixture 

ѴTime 
(sec

1/2
) 

Final 
mass 
(g) 

Initial 
mass 
(g) 

Mass 
difference 

(g)  

Exposed 
area 

(mm
2
) 

Density of 
water 

(g/mm
3
) 

Water 
absorption 

(mm) 

0 1034.6 1034.6 0 8332 0.001 0 

8 1035.4 1034.6 0.8 8332 0.001 0.10 

17 1037.1 1034.6 2.5 8332 0.001 0.30 

24 1038.3 1034.6 3.7 8332 0.001 0.44 

35 1039.8 1034.6 5.2 8332 0.001 0.62 

42 1040.8 1034.6 6.2 8332 0.001 0.74 

60 1043.2 1034.6 8.6 8332 0.001 1.03 

85 1044.8 1034.6 10.2 8332 0.001 1.22 

104 1045.7 1034.6 11.1 8332 0.001 1.33 

120 1046.8 1034.6 12.2 8332 0.001 1.46 

134 1048.0 1034.6 13.4 8332 0.001 1.61 

147 1049.2 1034.6 14.6 8332 0.001 1.75 

294 1051.7 1034.6 17.1 8332 0.001 2.05 

416 1052.3 1034.6 17.7 8332 0.001 2.12 

509 1052.8 1034.6 18.2 8332 0.001 2.18 

588 1052.9 1034.6 18.3 8332 0.001 2.20 

778 1053.0 1034.6 18.4 8332 0.001 2.21 

831 1053.1 1034.6 18.5 8332 0.001 2.22 

 

 

 
Graph 28. Water absorption curve – Reference Mixture. 
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OPTIMIZED MIXTURE 

Table 21. Calculation for water absorption – Optimized Mixture 

ѴTime 
(sec

1/2
) 

Final 
mass 
(g) 

Initial 
mass 
(g) 

Mass 
difference 

(g)  

Exposed 
area 

(mm
2
) 

Density of 
water 

(g/mm
3
) 

Water 
absorption 

(mm) 

0 1049.5 1049.5 0 8369 0.001 0 

8 1050 1049.5 0.5 8369 0.001 0.06 

17 1050.5 1049.5 1.0 8369 0.001 0.12 

24 1050.9 1049.5 1.4 8369 0.001 0.17 

35 1051.6 1049.5 2.1 8369 0.001 0.25 

42 1052.6 1049.5 3.1 8369 0.001 0.37 

60 1053.6 1049.5 4.1 8369 0.001 0.49 

85 1054.5 1049.5 5.0 8369 0.001 0.60 

104 1055.9 1049.5 6.4 8369 0.001 0.76 

120 1056.6 1049.5 7.1 8369 0.001 0.85 

134 1057.4 1049.5 7.9 8369 0.001 0.94 

147 1057.9 1049.5 8.4 8369 0.001 1.00 

294 1061.4 1049.5 11.9 8369 0.001 1.42 

416 1061.8 1049.5 12.3 8369 0.001 1.47 

509 1062.3 1049.5 12.8 8369 0.001 1.53 

588 1062.7 1049.5 13.2 8369 0.001 1.58 

778 1063.5 1049.5 14.0 8369 0.001 1.67 

831 1063.6 1049.5 14.1 8369 0.001 1.68 

 

 

 
Graph 29. Water absorption curve – Optimized Mixture. 
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MIXTURE 2 

Table 22. Calculation for water absorption – Mixture 2 

ѴTime 
(sec

1/2
) 

Final 
mass 
(g) 

Initial 
mass 
(g) 

Mass 
difference 

(g)  

Exposed 
area 

(mm
2
) 

Density of 
water 

(g/mm
3
) 

Water 
absorption 

(mm) 

0 1025.3 1025.3 0 8385 0.001 0 

8 1026.5 1025.3 1.2 8385 0.001 0.14 

17 1027.7 1025.3 2.4 8385 0.001 0.29 

24 1028.7 1025.3 3.4 8385 0.001 0.41 

35 1029.8 1025.3 4.5 8385 0.001 0.54 

42 1031.2 1025.3 5.9 8385 0.001 0.70 

60 1032.8 1025.3 7.5 8385 0.001 0.89 

85 1033.6 1025.3 8.3 8385 0.001 0.99 

104 1035.0 1025.3 9.7 8385 0.001 1.16 

120 1035.7 1025.3 10.4 8385 0.001 1.24 

134 1037.2 1025.3 11.9 8385 0.001 1.42 

147 1037.6 1025.3 12.3 8385 0.001 1.47 

294 1041.4 1025.3 16.1 8385 0.001 1.92 

416 1042.8 1025.3 17.5 8385 0.001 2.09 

509 1043.3 1025.3 18.0 8385 0.001 2.15 

588 1043.5 1025.3 18.2 8385 0.001 2.17 

778 1044.2 1025.3 18.9 8385 0.001 2.25 

831 1044.4 1025.3 19.1 8385 0.001 2.28 

 
 
 

 
Graph 30. Water absorption curve – Mixture 2. 
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MIXTURE 3 

Table 23. Calculation for water absorption – Mixture 3 

ѴTime 
(sec

1/2
) 

Final 
mass 
(g) 

Initial 
mass 
(g) 

Mass 
difference 

(g)  

Exposed 
area 

(mm
2
) 

Density of 
water 

(g/mm
3
) 

Water 
absorption 

(mm) 

0 1028.1 1028.1 0 8344 0.001 0 

8 1028.2 1028.1 0.1 8344 0.001 0.01 

17 1028.6 1028.1 0.5 8344 0.001 0.06 

24 1028.9 1028.1 0.8 8344 0.001 0.10 

35 1029.4 1028.1 1.3 8344 0.001 0.16 

42 1029.7 1028.1 1.6 8344 0.001 0.19 

60 1030.1 1028.1 2.0 8344 0.001 0.24 

85 1031.1 1028.1 3.0 8344 0.001 0.36 

104 1031.9 1028.1 3.8 8344 0.001 0.46 

120 1032.6 1028.1 4.5 8344 0.001 0.54 

134 1033.2 1028.1 5.1 8344 0.001 0.61 

147 1034.0 1028.1 5.9 8344 0.001 0.71 

294 1036.9 1028.1 8.8 8344 0.001 1.05 

416 1037.7 1028.1 9.6 8344 0.001 1.15 

509 1038.5 1028.1 10.4 8344 0.001 1.25 

588 1039.0 1028.1 10.9 8344 0.001 1.31 

778 1039.4 1028.1 11.3 8344 0.001 1.35 

831 1039.4 1028.1 11.3 8344 0.001 1.35 

 
 
 

 
Graph 31. Water absorption curve – Mixture 3. 
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MIXTURE 4 

Table 24. Calculation for water absorption – Mixture 3 

ѴTime 
(sec

1/2
) 

Final 
mass 
(g) 

Initial 
mass 
(g) 

Mass 
difference 

(g)  

Exposed 
area 

(mm
2
) 

Density of 
water 

(g/mm
3
) 

Water 
absorption 

(mm) 

0 980.6 980.6 0 8332 0.001 0 

8 981.5 980.6 0.9 8332 0.001 0.11 

17 982.8 980.6 2.2 8332 0.001 0.26 

24 984.0 980.6 3.4 8332 0.001 0.41 

35 985.0 980.6 4.4 8332 0.001 0.53 

42 986.5 980.6 5.9 8332 0.001 0.71 

60 988.0 980.6 7.4 8332 0.001 0.89 

85 989.5 980.6 8.9 8332 0.001 1.07 

104 991.6 980.6 11.0 8332 0.001 1.32 

120 992.2 980.6 11.6 8332 0.001 1.39 

134 993.0 980.6 12.4 8332 0.001 1.49 

147 993.4 980.6 12.8 8332 0.001 1.54 

294 997.5 980.6 16.9 8332 0.001 2.03 

416 998.6 980.6 18.0 8332 0.001 2.16 

509 999.2 980.6 18.6 8332 0.001 2.23 

588 999.9 980.6 19.3 8332 0.001 2.32 

778 1000.3 980.6 19.7 8332 0.001 2.36 

831 1000.5 980.6 19.9 8332 0.001 2.39 

 
 
 

 
Graph 32. Water absorption curve – Mixture 4. 

 
 
 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0 100 200 300 400 500 600 700 800 900

W
at

er
 a

b
so

rp
ti

o
n

 (
m

m
)

Time (sec1/2)



 110 

MIXTURE 5 

Table 25. Calculation for water absorption – Mixture 3 

ѴTime 
(sec

1/2
) 

Final 
mass 
(g) 

Initial 
mass 
(g) 

Mass 
difference 

(g)  

Exposed 
area 

(mm
2
) 

Density of 
water 

(g/mm
3
) 

Water 
absorption 

(mm) 

0 1000.7 1000.7 0 8353 0.001 0.00 

8 1001.6 1000.7 0.9 8353 0.001 0.11 

17 1002.8 1000.7 2.1 8353 0.001 0.25 

24 1003.7 1000.7 3 8353 0.001 0.36 

35 1005.1 1000.7 4.4 8353 0.001 0.53 

42 1005.7 1000.7 5 8353 0.001 0.60 

60 1006.8 1000.7 6.1 8353 0.001 0.73 

85 1008.4 1000.7 7.7 8353 0.001 0.92 

104 1009.5 1000.7 8.8 8353 0.001 1.05 

120 1009.8 1000.7 9.1 8353 0.001 1.09 

134 1010.9 1000.7 10.2 8353 0.001 1.22 

147 1011.7 1000.7 11 8353 0.001 1.32 

294 1015.9 1000.7 15.2 8353 0.001 1.82 

416 1016.7 1000.7 16 8353 0.001 1.92 

509 1017.5 1000.7 16.8 8353 0.001 2.01 

588 1018 1000.7 17.3 8353 0.001 2.07 

778 1018.4 1000.7 17.7 8353 0.001 2.12 

831 1018.7 1000.7 18 8353 0.001 2.16 

 
 
 

 
Graph 33. Water absorption curve – Mixture 5. 
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7.4.4 Cylinders for crazing investigation 

       
 

       
  



 112 

7.5 Appendix 5: LCA calculations 

Phases A1-A3 

Table 26. Data for Embodied Energy, Global Warming Potential, Net Freshwater 

usage and Environmental Cost Indicator, phases A1-A3. The values are for 1kg of 

material. 

MATERIAL 
Embodied Energy 

(MJ) 

Global Warming 
Potential 
(kg CO2) 

Net freshwater 
usage 
(m3) 

Environmental 
Cost Indicator (€) 

CEM I 52.5 R 2.58E+00 8.39E-01 8.82E-04 0.05 

CEM III/A 42.5 N 2.50E+00 4.90E-01 1.02E-03 0.03 

Limestone Powder 4.55E-01 3.10E-02 1.24E-04 0.0021 

GGBS 4.83E-01 3.03E-02 3.19E-02 0.00362 

Limestone 8/14 3.31E-02 2.25E-03 -1.02E-04 0.0021 

Limestone 2/8 3.31E-02 2.25E-03 -1.02E-04 0.0021 

Sand 0/4 5.19E-03 4.60E-04 4.39E-06 0.0007 

Sea Sand 0/2 5.67E-02 4.07E-03 4.34E-07 0.0007 

SP 2.07E+01 7.24E-01 7.40E-03 0.09 

 

 
Phase A4 

Table 27. Data for Embodied Energy, phase A4. 

  Type of vehicle 
Distance 
Site-SCB 

(km) 
MJ/ton per km MJ/ton MJ/kg 

CEM I 52.5 R Dump track 267 2.69 718.23 7.18E-01 

CEM III/A 42.5 N Dump track 87 2.69 234.03 2.34E-01 

Limestone Powder Dump track 82 2.69 220.58 2.21E-01 

GGBS Dump track 208 2.69 559.52 5.60E-01 

Limestone 8/14 Dump track 96 2.69 258.24 2.58E-01 

Limestone 2/8 Dump track 96 2.69 258.24 2.58E-01 

Sand 0/4 Dump track 85 2.69 228.65 2.29E-01 

Sea Sand 0/2 Dump track 60 2.69 161.4 1.61E-01 

SP Articulated HGV 190 1.52 288.8 2.89E-01 
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Table 28. Data for Global Warming Potential, phase A4. 

MATERIAL Type of vehicle 
Distance Site-SCB 

(km) 
kg CO2/metric ton 

per km 
kg CO2 eq. per km kg CO2 eq. 

CEM I 52.5 R Dump track 267 1.65E-01 1.65E-04 4.41E-02 

CEM III/A 42.5 N Dump track 87 1.65E-01 1.65E-04 1.44E-02 

Limestone Powder Dump track 82 1.65E-01 1.65E-04 1.35E-02 

GGBS Dump track 208 1.65E-01 1.65E-04 3.43E-02 

Limestone 8/14 Dump track 96 1.65E-01 1.65E-04 1.58E-02 

Limestone 2/8 Dump track 96 1.65E-01 1.65E-04 1.58E-02 

Sand 0/4 Dump track 85 1.65E-01 1.65E-04 1.40E-02 

Sea Sand 0/2 Dump track 60 1.65E-01 1.65E-04 9.90E-03 

SP Articulated HGV 190 8.98E-02 8.98E-05 1.71E-02 

 

 

Table 29. Data for net freshwater usage, phase A4. 

MATERIAL Type of vehicle 
Distance Site-SCB 

(km) 
kg CO2/metric ton 

per km 
kg CO2 eq. per km m3 per kg 

CEM I 52.5 R Dump track 267 4.12E-04 4.12E-07 1.10E-04 

CEM III/A 42.5 N Dump track 87 4.12E-04 4.12E-07 3.58E-05 

Limestone Powder Dump track 82 4.12E-04 4.12E-07 3.38E-05 

GGBS Dump track 208 4.12E-04 4.12E-07 8.57E-05 

Limestone 8/14 Dump track 96 4.12E-04 4.12E-07 3.96E-05 

Limestone 2/8 Dump track 96 4.12E-04 4.12E-07 3.96E-05 

Sand 0/4 Dump track 85 4.12E-04 4.12E-07 3.50E-05 

Sea Sand 0/2 Dump track 60 4.12E-04 4.12E-07 2.47E-05 

SP Articulated HGV 190 2.64E-04 2.64E-07 5.02E-05 

 
 

Table 30. Data for Environmental Cost Indicator, phase A4. 

MATERIAL Type of vehicle 
Distance Site-SCB 

(km) 
€/metric ton per km €/kg per km € per kg 

CEM I 52.5 R Dump track 267 2.69 718.23 7.18E-01 

CEM III/A 42.5 N Dump track 87 2.69 234.03 2.34E-01 

Limestone Powder Dump track 82 2.69 220.58 2.21E-01 

GGBS Dump track 208 2.69 559.52 5.60E-01 

Limestone 8/14 Dump track 96 2.69 258.24 2.58E-01 

Limestone 2/8 Dump track 96 2.69 258.24 2.58E-01 

Sand 0/4 Dump track 85 2.69 228.65 2.29E-01 

Sea Sand 0/2 Dump track 60 2.69 161.4 1.61E-01 

SP Articulated HGV 190 1.52 288.8 2.89E-01 
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TOTAL: Phases A1-A4 
Table 31. Total values for the impact categories of each material phases A1-A4. The values 

are for 1kg of material. 

MATERIAL Embodied 
Energy 
(MJ) 

Global Warming 
Potential 

(Kg CO2 eq.) 

Net freshwater 
usage 
(m3) 

Environmental Cost 
Indicator 

(€) 

CEM I 52.5 R 3.30E+00 8.83E-01 9.92E-04 0.06 
CEM III/A 42.5 N 2.73E+00 5.04E-01 1.06E-03 0.03 
Limestone Powder 6.76E-01 4.45E-02 1.58E-04 0.004 
GGBS 1.04E+00 6.46E-02 3.20E-02 0.008 
Limestone 8/14 2.91E-01 1.81E-02 -6.24E-05 0.004 
Limestone 2/8 2.91E-01 1.81E-02 -6.24E-05 0.004 
Sand 0/4 2.34E-01 1.45E-02 3.94E-05 0.002 
Sea Sand 0/2 2.18E-01 1.40E-02 2.52E-05 0.002 
SP 2.10E+01 7.41E-01 7.45E-03 0.09 

 

   

  
Graph 34. Impact categories for each material.  
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REFERENCE MIXTURE 
Table 32. Impact categories values for the reference mixture. The values refer to 1 kg of material. 

MATERIAL Amount of 
material per cube 

(kg per m3) 

Embodied 
Energy 
(MJ) 

Global Warming 
Potential 
(kg CO2) 

Net freshwater 
usage 
(m3) 

Environmental 
Cost Indicator 

(€) 
CEM I 52.5 R 350 1.15E+03 3.24E+02 3.47E-01 20.09 
Limestone powder 185 1.25E+02 1.07E+01 2.92E-02 0.69 
Limestone 8/14 659 1.92E+02 2.24E+01 -4.12E-02 2.65 
Limestone 2/8 262 7.63E+01 8.89E+00 -1.64E-02 1.05 
Sand 0/4 553 1.29E+02 1.58E+01 2.18E-02 1.33 
Sea Sand 0/2 211 4.60E+01 5.04E+00 5.31E-03 0.40 
SP 4.90 1.03E+02 3.71E+00 3.65E-02 0.45 
TOTAL   1826 391 0.38 26.67 

 

  

   
Graph 35. Impact categories graphs for the reference mixture. 
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OPTIMIZED MIXTURE 

Table 33. Impact categories values for the optimized mixture. The values refer to 1 kg of material. 

MATERIAL Amount of 
material per cube 

(kg per m3) 

Embodied 
Energy 
(MJ) 

Global Warming 
Potential 
(kg CO2) 

Net freshwater 
usage 
(m3) 

Environmental 
Cost Indicator 

(€) 
CEM I 52.5 R 331 1.09E+03 3.07E+02 3.28E-01 19.00 
Limestone powder 199 1.34E+02 1.16E+01 3.14E-02 0.74 
Limestone 8/14 605 1.76E+02 2.05E+01 -3.78E-02 2.43 
Limestone 2/8 336 9.79E+01 1.14E+01 -2.10E-02 1.35 
Sand 0/4 583 1.36E+02 1.66E+01 2.30E-02 1.40 
Sea Sand 0/2 180 3.93E+01 4.30E+00 4.53E-03 0.34 
SP 4.82 1.01E+02 3.65E+00 3.59E-02 0.44 
TOTAL 

 
1777 375 0.36 25.71 

 

  

  
Graph 36. Impact categories graphs for the optimized mixture. 
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MIXTURE 2 

Table 34. Impact categories values for mixture 2. The values refer to 1 kg of material. 

MATERIAL Amount of 
material per cube 

(kg per m3) 

Embodied 
Energy 
(MJ) 

Global Warming 
Potential 
(kg CO2) 

Net freshwater 
usage 
(m3) 

Environmental 
Cost Indicator 

(€) 
CEM I 52.5 R 298 9.83E+02 2.76E+02 2.96E-01 17.11 
Limestone powder 199 1.34E+02 1.16E+01 3.14E-02 0.74 
GGBFS 31 3.23E+01 3.07E+00 9.92E-01 0.24 
Limestone 8/14 597 1.74E+02 2.03E+01 -3.73E-02 2.40 
Limestone 2/8 337 9.82E+01 1.14E+01 -2.10E-02 1.35 
Sand 0/4 562 1.31E+02 1.60E+01 2.21E-02 1.35 
Sea Sand 0/2 173 3.77E+01 4.13E+00 4.35E-03 0.33 
SP 5 1.05E+02 3.81E+00 3.74E-02 0.46 
TOTAL   1696 347 1.32 23.99 

  

  

  
Graph 37. Impact categories graphs for mixture 2. 
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MIXTURE 3 

Table 35. Impact categories values for mixture 3. The values refer to 1 kg of material. 

MATERIAL Amount of 
material per cube 

(kg per m3) 

Embodied 
energy (MJ) 

Global Warming 
Potential 
(kg CO2) 

Net freshwater 
usage 
(m3) 

Environmental 
Cost Indicator 

(€) 
CEM I 52.5 R 265 8.74E+02 2.46E+02 2.63E-01 15.21 
Limestone powder 199 1.34E+02 1.16E+01 3.14E-02 0.74 
GGBFS 62 6.46E+01 6.13E+00 1.98E+00 0.48 
Limestone 8/14 598 1.74E+02 2.03E+01 -3.73E-02 2.40 
Limestone 2/8 337 9.82E+01 1.14E+01 -2.10E-02 1.35 
Sand 0/4 563 1.32E+02 1.61E+01 2.22E-02 1.35 
Sea Sand 0/2 174 3.79E+01 4.15E+00 4.38E-03 0.33 
SP 5 1.05E+02 3.79E+00 3.73E-02 0.46 
TOTAL   1620 319 2.28 22.34 

 

  

  
Graph 38. Impact categories graphs for mixture 3. 
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MIXTURE 4 

Table 36. Impact categories values for mixture 4. The values refer to 1 kg of material. 

MATERIAL Amount of 
material per cube 

(kg per m3) 

Embodied 
Energy 
(MJ) 

Global Warming 
Potential 
(kg CO2) 

Net freshwater 
usage 
(m3) 

Environmental 
Cost Indicator 

(€) 
CEM I 52.5 R 272 8.97E+02 2.52E+02 2.70E-01 15.62 
CEM III/A 42.5 N 77 2.11E+02 3.99E+01 8.13E-02 2.57 
Limestone powder 199 1.34E+02 1.16E+01 3.14E-02 0.74 
Limestone 8/14 596 1.74E+02 2.02E+01 -3.72E-02 2.40 
Limestone 2/8 336 9.79E+01 1.14E+01 -2.10E-02 1.35 
Sand 0/4 561 1.31E+02 1.60E+01 2.21E-02 1.35 
Sea Sand 0/2 173 3.77E+01 4.13E+00 4.35E-03 0.33 
SP 4 8.29E+01 2.99E+00 2.94E-02 0.36 
TOTAL   1765 358 0.38 24.72 

 

  

  
Graph 39. Impact categories graphs for mixture 4. 
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MIXTURE 5 

Table 37. Impact categories values for mixture 5. The values refer to 1 kg of material. 

MATERIAL Amount of 
material per cube 

(kg per m3) 

Embodied 
Energy 
(MJ) 

Global Warming 
Potential 
(kg CO2) 

Net freshwater 
usage 
(m3) 

Environmental 
Cost Indicator 

(€) 
CEM I 52.5 R 194 6.40E+02 1.80E+02 1.92E-01 11.14 
CEM III/A 42.5 N 154 4.21E+02 7.99E+01 1.63E-01 5.15 
Limestone powder 199 1.34E+02 1.16E+01 3.14E-02 0.74 
Limestone 8/14 596 1.74E+02 2.02E+01 -3.72E-02 2.40 
Limestone 2/8 336 9.79E+01 1.14E+01 -2.10E-02 1.35 
Sand 0/4 561 1.31E+02 1.60E+01 2.21E-02 1.35 
Sea Sand 0/2 173 3.77E+01 4.13E+00 4.35E-03 0.33 
SP 4 8.27E+01 2.99E+00 2.94E-02 0.36 
TOTAL   1718 326 0.38 22.81 
 

   

  
Graph 40. Impact categories graphs for mixture 5. 
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