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Samenvatting 

Dit onderzoek is gericht op de ontwikkeling van een constructief lichtgewicht beton (SLWAC). 

Hierbij is naar een balans gezocht tussen een lage ovendroge dichtheid, hoge verwerkbaarheid, en 

hoge mechanische eigenschappen, met extra aandacht voor dichtheidsklasse en de 

cementeffectiviteit.  

 

Uit vooronderzoek is gebleken dat 96% van het “in het werk gestorte” beton in Nederland in 

druksterkteklassen varieert tussen C20/25 en C35/45 heeft. Daarnaast is naar voren gekomen dat 

98% van de “in het werk gestorte” betonmengsels een verwerkbaarheid heeft tussen de vloei-

klassen F4 en F5. Om aan te sluiten bij de behoefte van de Nederlandse bouwsector is in dit 

onderzoek gekozen voor (de ontwikkeling van) een lichtgewicht beton binnen die druksterkte- en 

verwerkbaarheidsklassen. 

 

Het betonmengsel bestaat uit een vierdelig bindmiddel en verschillende natuurlijke lichtgewicht 

toeslagstoffen waarvan de samenstelling op basis van het gemodificeerde Andreasen en Andersen 

model is bepaald om de optimale korrelgrootte opbouw te waarborgen. Om een evenwicht te 

bereiken tussen de gewenste mechanische eigenschappen, hoge verwerkbaarheid, materiaalkosten 

en duurzaamheid (zowel levensduur als CO2 emissie), is onderzocht tot in hoeverre hoogovencement 

kan worden vervangen door vliegas (industrieel bijproduct) en kalksteenmeel (micro vulmiddel). 

Hieruit blijkt dat 25 vol.-% van het hoogovencement kan worden vervangen zonder aanzienlijke 

vermindering van de mechanische eigenschappen.  

 

Binnen dit onderzoek is gewerkt met natuurlijk geëxpandeerd puimsteen. Aangezien dit een 

relatief nieuw toeslagmateriaal is, is de invloed van verschillende fracties en vormen van dit 

materiaal onderzocht door deze afzonderlijk van elkaar te vermengen met hoogovencement. 

Hiervan zijn de mechanische eigenschappen en de verwerkbaarheid gemeten. Deze resultaten zijn 

meegenomen in de ontwerpfase van de uiteindelijke 3 beste mengsels.  

 

Naast de voorafgaande literatuurstudie, vormen de conclusies van het onderzoek naar het 

vierdelige bindmiddel en de natuurlijk geëxpandeerde puimsteen de kaders voor de "theoretische" 

ontwerpen van de betonmengsels, gericht op de 3 dichtheidsklassen: D1.0, D1.2 en D1.4. Om de 

optimale werkbaarheid binnen deze dichtheidsklassen te vinden zijn verscheidene testmengsels 

geëvalueerd door het vinden van een optimale hoeveelheid water en superplastificeerder (SP) 

dosering ten behoeve van optimale balans tussen druksterkte en verwerkbaarheid. Dit resulteert 

uiteindelijk in drie ontwikkelde lichtgewicht betonsoorten met ovendroge dichtheden van 1000, 

1200 en 1400 kg/m3 (dichtheidsklasse van D1.0, D1.2 en D1.4 volgens EN 206-1: 2001). Deze 

bereiken een 28-daagse druksterkte van respectievelijk 23, 28 en 42 MPa (klasse van LC20-22, 

LC25/28 en LC35/38 volgens EN 206-1: 2001). Beton wordt doorgaans vergeleken op druksterkte, 

maar ook andere mechanische eigenschappen kunnen van belang zijn, afhankelijk van de 

toepassing. Daarom zijn de overige mechanische eigenschappen zoals de directe treksterkte, 

buigtreksterkte, splijtsterkte, elasticiteitsmodules, krimp en de hechting tussen de beton en 

wapeningstaal ook geanalyseerd. De resultaten van de directe treksterkte, buigsterkte en 

splijtsterkte tonen een lineair verband met de druksterkte. Dit komt overeen met de literatuur. 

Vergeleken met normaal gewicht beton (NWC), is de elasticiteitsmodulus van de ontwikkelde 

mengsels laag (8,10 en 14 GPa) en heeft het een gemiddelde tot hoge krimp van 670, 870 en 900 

µm/m. Het hechting- en ontbindingsgedrag tussen de ontwikkelde mengsels en wapeningsstaal is 

onderzocht en wijst op een aanhechtspanning variërend tussen 6,7 MPa en 9,4 MPa. Dit is ongeveer 

4 maal hoger is dan de aanhechtspanning van ultralichtgewicht beton (ULWAC) aan 

wapeningstaal. 

 

Met betrekking tot de levensduur presteren de ontwikkelde mengsels bovengemiddeld. Het D1.4 

mengsel voldoet aan de meest strikte niveaus van alle milieuklassen volgens de EN 206: 2001. Dit 

wordt bevestigd door de “waterpenetratiediepte onder waterdruk” en de “vorst-dooi” testen. Een 

gemiddelde waterpenetratiediepte van 2,2 mm wordt gemeten na 72 uur onder druk van 5 bar en 

een beschadiging van gemiddeld 700 g/m² na 56 cycli van de vorst-dooi klimaatkamer. Deze 

resultaten tonen aan dat de toepassing van de ontwikkelde lichtgewicht betonsoort niet gelimiteerd 

wordt met betrekking tot milieuinvloeden. 



Naast de mechanische eigenschappen zijn ook de thermische eigenschappen van de lichtgewicht 

betonmengsels onderzocht. De thermische geleidbaarheid varieert tussen 0,24-0,35 W/(m· K) dit is 

circa zes keer lager dan de thermische geleidbaarheid van normaalgewicht beton (1,7 W/(m· K)). In 

vergelijking met literatuur zijn er geen constructieve cementachtige materialen met dergelijke hoge 

druksterkte - warmtegeleiding verhouding. Dat maakt dit materiaal uitermate geschikt voor 

koudebrugonderbrekingen of als toepassing in andere bouwdelen waar een hoge thermische 

weerstand gecombineerd met een hoge druksterkte vereist is. 

 

Concluderend is er tijdens deze studie een betonsoort ontwikkeld met een hoge verwerkbaarheid 

(tussen vloeiklassen F3 en F6 volgens EN 206-1: 2001) gecombineerd met een druksterkte die voor 

96% voldoet aan de behoefte van de Nederlandse markt. Daarnaast zijn de ontwikkelde mengsels 

uitstekend bestand tegen milieu-invloeden en is er een relatief hoge thermische weerstand gemeten. 

Een betonsoort met deze eigenschappen die aansluit bij de markt, heeft een veelbelovende toekomst, 

voor zowel in het werk gestort beton als voor in de prefab-industrie. 

  



 

Abstract 

This study addresses the development of a structural lightweight aggregate concrete (SLWAC), 

aiming at a balance between a low oven dry density, good workability, and mechanical properties, 

with extra attention to density class, sustainability, and cement efficiency.  

 

Literature shows that, 96% of the cast in situ concrete in the Netherlands ranged between 

compressive strength classes of C20/25 and C35/45. Besides, 98% of the measured flow-classes of 

the delivered cast in situ concrete in the Netherlands are F4 or F5 in 2011. Therefore, this study 

focusses on a lightweight concrete which meets the Dutch building industry demand regarding 

compressive strength and workability. 

 

The mix design is performed by applying the modified Andreasen and Andersen model to secure a 

densely-packed matrix which is composed of a quaternary binder and different types of natural, 

lightweight aggregates. To reach a balance between mechanical properties, high workability, 

material costs, and sustainability, the replacement of the cement by an industrial by-product fly 

ash and a micro filler limestone powder has been studied. Up to 25 vol.-% of the binder can be 

replaced without a noticeable decrease in the mechanical properties. 

 

The influence of different fractions and shapes of the natural lightweight aggregate is examined on 

the mechanical properties and the fresh behaviour of the mixtures. Besides the literature study, 

the conclusions of the quaternary binder study and natural expanded pumice study form 

boundaries for the “theoretical” designs of the mixtures for the 3 density classes (D1.0; D1.2 and 

D1.4). These boundary conditions are sharpened or modified after each test mixture so that 

intended targets can be achieved. In order to find the optimum workability within these density 

classes several designs are evaluated by finding an optimum in water amount and superplasticizer 

(SP) amount, with the aim of a water amount as low as possible. This resulted in 3 final mixtures 

with oven dry densities of about 1000, 1200, and 1400 kg/m3 (class of D1.0; D1.2 and D1.4 according 

to EN 206-1:2001). The developed SLWACs show better mechanical properties in comparison with 

other LWC in the same density range, with a 28-day compressive strength of about 23, 28, and 42 

MPa (class of LC20-22, LC25/28 and LC35/38 according to EN 206-1:2001). In most cases the 

compressive strength will be decisive. However, for some applications other mechanical properties 

are required. Therefore the most influential properties, besides the compressive strength, are 

measured as well. The direct tensile strength, flexural strength, and splitting strength presents 

results in an expected linear relationship with the compressive strength. Compared to normal 

weight concrete (NWC), the E-modules of the developed mixtures is relatively low (8,10, and 14 

GPa) and an average to high shrinkage of 670, 870, and 900 micro strain. The adhesion and de-

bonding behaviour between the developed mixtures and steel rebar indicates a strong collaboration. 

The adhesive tension ranges between 6.7 MPa and 9.4 MPa, which is relatively good in relation 

with the density, in comparison with LWC mixtures with approximately similar density. 

In terms of durability, the D1.4 mixture, fits in the strictest levels of all the environmental exposure 

classes according to the EN 206:2001. This is supported by the water penetration depth and the 

freeze thaw tests where a 2.2 mm water penetration is measured after 72 hours under the pressure 

of 5 bar and a scaling of 700 g/m² after 56 cycles in the freeze-thaw climate chamber. These results 

indicate no environmental exposure limits for the forthcoming applications of this SLWAC. 

The thermal conductivity ranges from 0.24 to 0.35 W/(m·K). In comparison with literature (i.e. 

normal weight concrete shows 1.7 W/(m·K)), there are no structural cementitious materials with as 

high a compressive strength to thermal conductivity ratio. This makes the material applicable for 

thermal bridge interruptions or in other construction applications where a high thermal resistance 

is required. 

 

The significant workability (flow classes F3 to F6 according to EN 206-1:2001) of the developed 

concrete under this density, strength, and durability class suggests wide structural application 

potential, for precast and in situ cast purposes. 
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1 Introduction 
 

1.1 Lightweight aggregate concrete (LWAC) 
Concrete is the most used man-made building material worldwide, as illustrated in Figure 1.2. This 

is mainly because its properties include versatility, availability, durability and economic efficiency. 

However, there are some aspects that still limit the concrete application, such as its high density 

and high thermal conductivity. To compensate for high density, the cross section of building 

structures must be designed large enough to meet the loadbearing capacity and spans are limited. 

It is not only the amount of material needed but also the transport and the heavy equipment, which 

make lighter materials more attractive. An alternative is lightweight aggregate concrete (LWAC). 

The use of LWAC was limited until the 20th century. After a new type of manufactured lightweight 

aggregate, expanded shale, became available for commercial use, its applications increased. Many 

multi-story structures were designed using the LWAC during the 1950s. For instance, the 42-story 

Prudential Life Building in Chicago, which used lightweight concrete floors, and the 18-story 

Statler Hilton Hotel in Dallas, executed in a lightweight concrete (LWC) frame and flat plate floors 

[1]. LWC is generally divided into three categories: low density concrete with a dry density lower 

than 800 kg/m3 (ultra-lightweight concrete), moderate strength concrete with a dry density between 

800 kg/m3, and 1400 kg/m3, and structural concrete with a dry density between 1400 kg/m3 and 

2000 kg/m3 [1]. LWAC has been extensively investigated and applied. Many applications of LWAC 

can be found in structures such as long span bridges, high rise buildings, and buildings where 

foundation conditions are poor. On the other hand, the application of LWAC is still limited due to 

certain properties. For example, the decrease in density results in a restriction of mechanical 

properties. Therefore, there is still a need for further research and development of LWAC. As shown 

in Figure 1.1, the density is has great influence on the compressive strength, especially the cement 

based materials < 1200 kg/m³ are still mechanically restricted. 

 
Figure 1.1 Relationship between the compressive strength and the dry density compared with the available 

literature (SLWAC M1: Glas, DJ [2]; ULWAC: Yu, Q [3]; LWAC: Chandra, S [4]; ILWC: Zareef, M [5]; LWC: 

Alduaij, J [6]; LWAC: Liu, X [7]; LWAC: Yu, Q [8]; Porous concrete: Schauerte, M [9]; Foam concrete: Schauerte, 

M [9]; UHPC foam concrete; Schauerte, M [9]; SCLC: Topcu,I [10]; LWC: Kan,A [11]; RLWAC: Kralj, D [12]; 

LWAC: Argex [13]) 
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1.2 Problem statement/ research gap 
Currently, the compressive strength classes of the 

LWAC in the range of 1000 - 1400kg/m³ are 

between LC12/13 - LC20/22 (EN 206-1:2001 [14]), 

as shown in Figure 1.1. While in 2011, 96% of the 

cast in situ concrete in the Netherlands ranged 

between the compressive strength classes of C20/25 

and C35/45, according to the industry 

representatives Cement & Beton Centrum and 

VOBN [15]. Hence, LWAC is not competitive with 

normal weight concrete (NWC) due to its limited 

mechanical properties. However, in comparison 

with normal weight concrete (NWC), a significant 

mass reduction of about 50% would create major 

opportunities from a practical and design point of 

view. This is why Glas et al. [2] studied the 

development of a lightweight concrete with a good 

balance between density, thermal, and mechanical 

properties. The structural lightweight aggregate 

concrete (SLWAC) shows a balance between the 28-

day compressive strength of about 34 MPa (class of 

LC30-33 according to EN 206-1:2001 [14]) and the 

oven dry density of about 1250 kg/m3. In 

comparison with the available literature, shown in 

Figure 1.1, this is strength – density ratio is about  

 

 
Figure 1.2 Global production of building 

materials, where concrete is 21000 million 

tons in 2011 [16] 
 

20% better. However, the fresh behaviour tests show a moderate workability (flowclass F1 

according EN 206-1:2001 [14])) which can limit the applicability, especially in relation to the 

research of Dutch industry representatives [15] which reports 98% of the measured flow classes of 

the delivered cast in situ concrete as F4 or F5 in 2011. Therefore, this study focusses on the 

workability as well, aiming to demonstrate the development a self-compacting lightweight 

composite (SCLC). This leads to increased complexity of  balance as self-compacting concrete (SCC) 

usually contains more powder material, admixture, and water, causing the mixture to be denser 

than plain concrete [17]. Despite this fact, several studies show SCLC with density classes between 

D1.8 and D2.0 [18-20]. Topçu et al. [10] were able to design SCLWACs with a compressive strength 

up to 27 MPa (w/c 0.36) and with densities between 1400-1550 kg/m3 using pumice as a lightweight 

aggregate (LWA). However, from the previous studies, it is evident that this strength-density ratio 

still can be improved and is not yet optimal. Therefore, the aim of this study, as shown in Table 1.1, 

is to develope an optimum strength-density ratio with an acceptable workability. Boundary 

conditions are formed based on the following: 

• Density: when optimizing strength, 1000-1400 kg/m³ can be competitive with normal 

weight structural concrete, however, the mass reduction is significant. 

• Compressive strength: 25-45 MPa; to fit  the demands of the Dutch building industry. 

• Workability: flow class > F4; to fit  the demands of the Dutch building industry. 

 

In developing a SLWAC, the economic and environmental properties of this new concrete will be 

taken into account to make this new product more attractive for market. Table 1.1 gives the 

comparison of normal concrete, the SLWAC designed in the previous study and the aim for this 

final project. 
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Table 1.1 Comparison of normal weight concrete, the developed SLWAC designed by Glas et al. [2] and the 

aim for this final project  

 

The main research questions in this study are: 

• What is the optimal balance between the compressive strength and the dry density 

(between 1000 and 1400 kg/m³) of a self-compacting structural lightweight aggregate 

concrete with a minimum flow class of F4? 

• What is the mechanical property, workability, durability, and thermal property potential 

of this SCLWAC in the density classes D1.0, D1.2, and D1.4?  

Properties  Normal weight 

concrete (C35/45) 

SLWAC [2]  Aim of this 

study 

Dry density [kg/m³] 2240 - 2400 [21] 1250  <1400  

Density class (EN 206-1:2001 [14]) D2.4 D1.4 <D1.4 

Compressive cube strength [MPa] 45 [22] 34  >38 

Compressive strength class (EN 206-1:2001 [14]) C35/45 LC30/33 >LC35/38 

Workability (Slump flow) [mm]  330 >490 

Flow class (EN 206-1:2001 [14])  F1 >F4 
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1.3 Methodology 
 The process to reach this research goal was divided into a literature study phase, a design phase, 

and an experimental phase. These different research phases are connected to and depend on each 

other.  

 

The focus of the literature study phase is on the technical properties, ingredients, and design 

methods of SCLWAC. The following research questions are answered in this phase: 

• What are the parameters that influence the compressive strength, workability, and density 

of (lightweight) concrete? 

• What available materials will contribute optimally to a composite with this research 

target (Table 1.1)? 

• What is the optimum design method to achieve a composite with the given technical 

targets (Table 1.1)? 

The materials selected after the literature study are further investigated in the experimental phase. 

Chapter 3 discusses the optimizing of the proportions of a quaternary binder with the selected 

materials by aiming for a good workability and high compressive strength. In chapter 4 the 

influence of the new LWA type—treated natural expanded pumice (NEP)—on the workability and 

compressive strength is studied. In these chapters the following research questions are raised: 

• What is the optimum combination in the powders CEM III/A 52.5 N, fly ash, and limestone 

powder when considering the 28-day compressive strength and the workability? 

• What is the influence of the treated natural pumice on the compressive strength and 

workability of LWAC? 

 

After gaining knowledge on the parameters of the selected materials, the boundary conditions are 

set for the design phase. Chapter 5 demonstrates an interaction between design and the 

experiment’s outcome. To determine the optimum proportions to serve the research goal, several 

mixtures with inter alia and differing water amounts are investigated. 

• What is the optimal balance between strength and density with maximum flowability by 

using natural expanded pumice and expanded clay as LWA and a quaternary binder 

containing CEM III/A 52.5 N, fly ash, and limestone powder? 

 

The three optimized mixtures in the density classes D1.0, D1.2 and D1.4 are casted in relatively 

large amounts (2x 50L) in order to do experimental research on the mechanical, workable, durable 

and thermal properties of the designed mixtures. Chapter 6, Experimental and result analysis, 

answers the subsequent research question: 

• What is the mechanical, workable, durable and thermal potential of the SLWAC in the 

density classes D1.0, D1.2, and D1.4? 

 

In Chapter 7 and 8 the conclusion will be drawn and recommendations for further research will be 

provided. 
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2 Literature study 
 

2.1 Technical properties 
The first research question of this literature study is: What are the parameters that influence the 

compressive strength, workability and density of (lightweight) concrete? 

 

2.1.1 Compressive strength 
The mechanical properties of LWAC are influenced by different factors. This section shows the 

different factors which influence the compressive strength. First, they can be divided in two groups: 

internal and external factors.  

This study focuses on the mix design, specifically the internal factors, such as the ingredients and 

their proportions in the mixtures. Therefore, with the use of case studies, several factors are 

researched: 

• Properties of the LWA 

o Size (LWA) 

o Crushing strength (LWA) 

o Ceiling strength (LWA) [1,23] 

o Particle density (LWA) 

• Properties of the binder 

o Ceiling strength (binder) [22] 

• Proportions of the mixture 

o W/b ratio [24]  

o Proportion ratio LWA- Binder [25] 

• Aggregate-binder bond 

 

The external factors which influence the mechanical properties consist of 

• Size of concrete sample 

• Age of concrete  

• Exposure to the ambient condition 

• Curing conditions 

• Ambient temperature and relative humidity after exposure 

• Type of mould 

 

Chandra and Berntsson [4] found relationships between the compressive strength of the LWAC 

(fcon), the compressive strength of the mortar (fM), the compressive strength of the LWA (fla) and the 

volume of the LWA (Vla) using Equation 2.1, or the volume of the mortar (VM) using Equation 2.2. 

 
𝑙𝑜𝑔𝑓𝑐𝑜𝑛 = 𝑉𝑙𝑎 ∙ 𝑙𝑜𝑔𝑓𝑙𝑎 + 𝑉𝑀 ∙ 𝑙𝑜𝑔𝑓𝑀 Equation 2.1 

 
𝑙𝑜𝑔𝑓𝑀 = (𝑙𝑜𝑔𝑓𝑐𝑜𝑛 − 𝑉𝑙𝑎 ∙ 𝑙𝑜𝑔𝑓𝑙𝑎)/(1 − 𝑉𝑙𝑎) Equation 2.2 

 

The aim of this study is to reach a compressive strength of 40 MPa. Based on Equation 2.1 and 

Equation 2.2 a prediction can be made about the minimum compressive strength of the LWA (fla) 

and the mortar (fM) when using different volume ratios. This power law relationship is illustrated 

in Figure 2.1. 
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Figure 2.1 The powerlaw relationship between the compressive strength of the mortar and the compressive 

strength of the LWA with a target compressive strength of the LWAC of 40 MPa (Equation 2.1) 

 

2.1.1.1 Properties of the LWA 

In the case of LWAC, the LWA is mechanically the weakest component of the lightweight concrete 

mixture. Therefore the properties of the LWA play an important role on the final mechanical 

properties. By designing a mixture with an optimal strength and density ratio the results are 

dependent on the strength, density, and size of the available lightweight aggregate [4]. The particle 

size and the crushing resistance are the most dominant LWA properties that usually have a direct 

relationship with the final compressive strength of the mixture. These factors determine the ceiling 

strength of the aggregate. A mixture is near its strength ceiling when similar mixtures containing 

the same aggregates and with higher cement contents have only slightly higher strengths [1]. 

Another indication can be when the concrete strength increases only slightly with age [26]. 

Literature suggests that the concrete mortar needs a compressive strength two times higher than 

the strength of the LWA. The mean LWAs compressive strength in concrete (fla) can be determined 

by Equation 2.3 [4]. In this equation ρ is the particle density [kg/m³]. The a and b are factors 

determined by the aggregate type. 

 

𝑓𝑙𝑎 = 𝑎 ∙ 10𝑏𝜌/1000 Equation 2.3 

 

However, the relationship between particle density of LWA and the mean LWAs compressive 

strength is highly dependent on the LWA type. Among other factors, shape and texture can 

influence the interaction with the cement paste or mortar. Therefore, it is necessary to determine 

factors a and b, shown in Table 2.1, in order to find the mean LWAs compressive strength in 

concrete 

 
Table 2.1 Coefficients a and b in Equation 2.3 

Aggregate No. a b 

1 1.52 1.14(1.08,1.03) 

2 1.12 1.22 (1.16, 1.11) 

3 1.00 1.25 (1.15, 1.14) 

4 0.89 1.28 (1.22, 1.17) 

 

The maximum particle size (Dmax) of the LWA can be linked to the final compressive strength. In 

general, contingent upon the aggregate type, the larger the particle size, the lower the particle 

density, and the lower the compressive strength. This can be the influence of lower compaction and 

an unevenly void distribution [4]. For expanded clay a linear relationship is found for this 

phenomenon (Figure 2.2). The Dmax between 5-25 mm shows a decrease of 43%. 
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Figure 2.2 Relationship of the maximum particle size of the LWA (expanded clay) and the compressive 

strength of the mixture [26] 

 

In addition to the maximum particle size, the crushing resistance of the aggregate determines the 

ceiling strength of the aggregate. In two case studies a linear relationship was found between the 

crushing resistance of the LWA and the compressive strength of the concrete as shown in Figure 

2.3 and Figure 2.4. The higher the crushing resistance of the LWA, the higher the final compressive 

strength of the concrete. Chi et al. [24] studied three types of cold-bonded, pelletized, lightweight, 

aggregates, which were made of various ratios of cement to fly ash. Table 2.2 shows the physical 

properties of the used LWA, with relatively high crushing resistance leading to various compressive 

strengths as illustrated in Figure 2.4 and Figure 2.5. Figure 2.4 also indicates the relationships 

between the w/b ratio and the compressive strength. The influence of the crushing resistance of the 

LWA is lower on the final compressive strength when the w/b ratio is higher. The linear relationship 

of the mixture with a w/b ratio of 0.5 remains roughly half as steep as the 0.4 and 0.3. This can be 

explained by Equation 2.1 or Equation 2.2, due to the lower compressive strength of the mortar. 

 
Table 2.2 Properties of the cold-bonded pelletized lightweight aggregates used in the study [24] 

Aggregate type Cement Fly ash Specific density 

[kg/m³] 

Water 

absorption [%] 

Crushing 

resistance 

[MPa] 

I 10 90 1230 34.4 6.01 

II 15 85 1290 30.5 7.53 

III 20 80 1440 20.8 8.57 
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Figure 2.3 Relationship between the mixture compressive strength and LWA (expanded clay) crushing 

resistance [26] 

 

 
Figure 2.4 Relationship between the mixture compressive strength and LWA (cold-bonded flyash- cement 

pelletized) crushing resistance [24] 

  

2.1.1.2 Proportioning of the mixture 

The ratio between the LWA and the binder has a demonstrated impact on the compressive strength, 

as shown  in Figure 2.5. In general, the higher the LWA content, the lower the compressive strength. 

When the crushing resistance of the LWA is higher, the impact on the compressive strength is lower.  

Faust [27] has shown that, despite a high strength matrix, the strength of the LWAC is equal to 

the strength of the LWA when the aggregate volume exceeds 40% of the concrete volume (Figure 

2.6). 

y = 4.8x + 12.5

0

10

20

30

40

50

0 1 2 3 4 5 6 7

C
o
m

p
re

ss
iv

e
 s

tr
e
n

g
h

t 
m

ix
tu

re
 [

M
P

a
]

Crushing strength LWA [MPa]

Strength LWA mixtures

Lineair (Strength LWA mixtures)

y = 3.6x + 14.2

y = 3.8x + 5.0

y = 1.6x + 14.5

20

25

30

35

40

45

50

5 6 7 8 9

C
o
m

p
re

ss
iv

e
 s

tr
e
n

g
h

t 
m

ix
tu

re
 [

M
P

a
]

Crushing strength of the used LWA [MPa]

W/b ratio 0.3

W/b ratio 0.4

W/b ratio 0.5



Literature study 

9 

 
Figure 2.5 Relationship between the proportioning of the LWA and the compressive strength [24] 

 

 
Figure 2.6 Relationship between the volume of aggregates and the LWAC compressive strength [27] 

 

Alduaij et al. [6] used expanded clay as LWA and reported a compressive strength of 15.5 to 29.0 

MPa when increasing the cement content from 250 to 350 kg/m3. Additionally, Unal et al. [28] 

discovered a linear relationship between the cement content and thermal conductivity of the LWAC 

he developed (Figure 2.7). The thermal conductivity increased from 0.22 to 0.30 W/(m·K) as the 

cement content increased from 250 to 400 kg/m3. 
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Figure 2.7 Relationship between the cement content and compressive strength and thermal conductivity 

according to the linear assumptions [6,28] 

 

Blondiau [29] reported that the Abrams’ rule, 

which implies that an increase of the w/c ratio 

results in a decrease in the compressive 

strength, is applicable to blast-furnace slag 

cements and Portland cement-fly ash 

combinations. More water results in larger 

distances between the cement particles. As 

shown in Figure 2.8, the crystals will grow 

further apart and form weaker bonds. 

Additionally, Lo et al. [26] confirmed the 

Abrams’ rule for lightweight aggregate 

concrete by increasing the w/c: 0.40, 0.44, 0.48. 

 
(a)                     (b)                      (c)             

Figure 2.8 Spacing of the Calcium-Silicate-Hydrate 

particles in relation with the w/c ratio, where (a) has 

a w/c lower than 0.35, (b) a moderate w/c of 0.35-0.45 

and (c) a greater w/c ratio than 0.45 [30] 

 

Several studies show that lightweight concrete can achieve high strength levels using various 

pozzolans (fly ash, silica fume, metakaolin, calcined clays, and shales) combined with water-

reducing admixtures. Because of durability concerns, the w/c ratio is specified to be less than 0.45 

and for higher environmental classes, a significantly lower w/c ratio [1]. 

Lo et al. [26] investigated the water/cement ratio in LWAC and concluded that when the w/c ratio 

of the concrete increases, the number of pores within the cement paste and in the aggregate/cement 

paste interfacial zone increases. As indicated in Figure 2.9, this leads to a lower compressive 

strength. For the LWA with the highest crushing resistance it can even present a 35% decrease. 

Moreover, the larger particle size LWA is more influenced by the higher w/c ratio than by the 

smaller particle size LWA. 

When natural sand and ordinary Portland cement are used, the compressive strength of the mortar 

(fM) can be calculated by Equation 2.4 [4]. A and B are factors determined by experiments. For 

ordinary Portland cement after 28 days and w/c or w/b > 0.30, A is 140 and B is 0.87 [4]. 

 

𝑓𝑀 = 𝐴 ∙ 10−𝐵∙𝑊/𝐶 Equation 2.4 
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Figure 2.9 Relation between the water-cement ratio and the decrease in the compressive strength [26] 

 

 
Figure 2.10 The power law relationship between the water- cement ratio and the compressive strength 

(Equation 2.4), A= 140 and B= 0.87  
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2.1.1.3 Aggregate- binder bond 

The interface between the aggregates and the 

hydrated cement paste (HCP) is usually a 

‘weaker’ element of the concrete for the 

following reasons [4]: 

• Free water usually accumulates 

beneath the (larger) aggregates and 

therefore weakens the interfacial zone. 

• The interfacial zone is more porous 

compared to the bulk HCP. 

• The interfacial zone contains more 

large crystals of Portlandite (Ca(OH)2) 

which creates weak spots. 

 

An increase of the concrete strength between 

20-40% can be achieved when the cement 

aggregate bond strength increases from ‘no 

bond’ to ‘perfect bond’. In this case, the cement 

aggregate bonding strength has a slightly 

higher influence on the tensile strength than on 

the compressive strength [31]. 

 

 
Figure 2.11 Diagrammatic representation of the 

transition zone and bulk paste in concrete [4] 

Factors which influence the aggregate binder bond strength: 

• Mechanical interlocking due to the porous surface of the aggregates 

• Free water (e.g. bleeding water) at the surface in the fresh stage of the concrete 

• Chemical interaction in the form of a pozzolanic reaction 

 

On the other hand, in most cases of LWAC, the aggregates themselves are the weakest link 

compared to HCP or the interfacial zones. In these cases, the cracks follow a line through the 

aggregate particles [4]. 
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2.1.2 Workability 
The flowability properties of cementitious mixtures is a complex system. However, the flow 

properties of a fluid can be described by a plate model, which is a laminar flow, and indicates the 

shear stress (𝜏 in [Pa]) between the shear planes, per Equation 2.5, where F is the force [N] and A 

is the shear plane area [m²]. 

 

𝜏 =
𝐹

𝐴
 

Equation 2.5 

 

 

The deformation between the shear planes, due to the 𝜏, is the shear rate (𝛾 in [1/s]), as determined 

by Equation 2.6. The deformation of the velocity (v in [m/s]) is divided by the deformation in height 

(h in [m]). 

 

𝛾 =
𝛥𝑣

𝛥ℎ
 

Equation 2.6 

 

 

Based on these basic models, Wallevik [32] compared three different parameters which influence 

the flowability of cementitious mixtures as shown in Figure 2.12.  

 

 

   
Figure 2.12 The influence of the air, water and SP amount on the flowability of cementitious mixtures [32] 

 

The air amount shows a similar shear stress at a low shear rate, while a high amount of air results 

in higher shear stress at higher shear rates. 

The water amount affects the relationship between the shear stress and shear rate approximately 

the same as the air amount, however, when the shear rate is 0 the shear stress increases as the 

water amount increases. This phenomenon goes for the SP amount as well, even though the slopes 

of the different SP amounts stay the same, the starting point is higher for a higher SP amount. 

Workability is a central parameter of concrete. High workability benefits for both precast and for 

cast in situ applications. It can also lead to a higher compressive strength due to a better compaction. 

Factors influencing the workability (consistency or fluidity) are [33]: 

• W/b ratio - by increasing the w/b factor, the fluidity will also increase. Excess water reduces 

cohesiveness, leading to segregation and bleeding 

• Aggregate mix proportion - by using the optimized particle size distribution method, 

changing the q-modulus of the target line, and fixing the w/c ratio, the cement amount will 

influence the water amount. In terms of cohesiveness: higher fine aggregate/coarse 

aggregate ratio leads to a higher cohesiveness. 

• Aggregate properties - the more spherical and smooth the particles are, the higher the 

fluidity. Fluidity can also be increased by increasing the maximum size of the aggregate. 

This is due to the overall reduction in surface area of the aggregates.  

• Preparation of the aggregates - To lower the water absorption of the LWA, the LWA can be 

pre-wetted. 

• Cement properties - A lower fineness of the cement decreases the fluidity at a fixed w/c 

ratio, but leads to an increase of cohesiveness. 
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• Cement content - with a higher cement content the workability will increase as the water 

content is increasing as well. 

• Admixtures - the use of superplasticizers can improve workability 

• Temperature - at higher temperatures workability will decrease 

• Time - the longer the mixing time, the lower the workability 

The main features of workability are cohesiveness and consistency (or viability). Cohesiveness is 

important in testing the ability of fresh concrete to keep all ingredients together without excessive 

bleeding or segregation, while consistency is measured to show the ease of flow of fresh concrete. 

 

For the design phase of concrete, the factors which influence the workability are:  

• Volume of coarse aggregates 

• Volumetric ratio between the amount of fine materials and fine aggregate 

• Water-binder ratio 

• Admixtures 

 

2.1.2.1 Volume solids 

To achieve ideal flowability, the grading of the solids can have great influence. Therefore, Ramge 

[34] makes a distinction between the ratio of fine particles and coarse aggregates in concrete. As 

illustrated in Figure 2.13, three systems are distinguished. When the coarse particles are dominant, 

as shown in the left illustration, more voids are created and more water will be needed. A low 

coherence will also demand additional stabilisation agents.  

An equal balance between the coarse and fine particles, as shown in the middle illustration, results 

in minimum void content and water demand, as well as a high viscosity. This balance can be 

achieved by reaching the optimum particle size distribution, which will be explained further in 

Section 2.3, Proportioning. The right illustration shows the dominance of the fine particles. This 

can be recognised by a high coherence, a low viscosity, and a high water demand. 

 
        (a)          (b)     (c) 

Figure 2.13 The different paste to aggregate volumetric ratios [34]: (a) indicates that the coarse particles are 

dominant, (b) shows that the coarse and fine particles are co-dominant, and (c) presents that the fine particles 

are dominant. 

 

A minimum value of powder should be guaranteed so that aggregates can be appropriately 

surrounded by paste of a high enough viscosity. Table 2.3 presents the recommended ratios 

concerning a good workability. 

 
Table 2.3 Overview of recommendations for self-compacting concrete   

 Bogas (LWAC) [19] The European Guidelines for SCC [35] 

Powder [kg/m³] 530-600 380-600  

Water [kg/m³] 165-185 150-210 

Coarse aggregates (Vg) [L/m³] 300  270-360 

Water- powder ratio (Vw/Vp) 0.80-0.90 0.85-1.10 

 

2.1.2.2 Water-binder ratio 

The water/cement ratio is an important factor which influences the concrete workability. Generally, 

a w/c ratio of 0.45 to 0.6 is used for a good, workable concrete without the use of any admixture [1]. 

There is a linear relationship found for a normal weight self-compacting concrete and the influence 

of the w/c ratio on the workability (slumpflow), as shown in Figure 2.14, which indicates that the 

w/c ratio is a dominant factor. However, another linear relationship has been found between the 

w/c ratio and the compressive strength which indicates the negative influence of a higher w/c 

ratio.The challenge is to find the optimal balance for a mixture. 
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Figure 2.14 Relationship between the water cement ratio and the slumpflow and compressive strength of 

normalweight self-compacting concrete [36] 

 

2.1.2.3 Water-reducing admixtures 

Water-reducing admixtures can be divided into two categories: normal range (reduce 5-10% of 

water at normal dosages), and high range water- reducing admixture (superplasticizer, can reduce 

water requirement by 15-30%) [33]. Therefore, water reducing admixtures lower the water required 

to attain a given slump value for a batch of concrete. This can lead to several benefits in the concrete 

properties such as, higher consistency, cement saving, strength increase, higher durability and 

lower creep and shrinkage [33]. 

 

Surface active agents, such as super plasticizers, are generally used for high performance concrete 

and high strength concrete to obtain a good workability and homogeneous dispersion of the 

cementitious material [4]. However, the widely available superplasticizers behave differently in 

combination with the same and different binder types. Despite the standard specifications for 

superplasticizers, the large margins create large result deviations in combination with a binder. 

Spiratos et al. [37] categorized SPs in several 

groups: Synthetic Polymers, Carboxylated 

Polymers, and Sulphonated Polymers. 

Schmidt [38] shows that for SCC, 

Polycarboxylate ether (PCE) superplasticisers 

are used, mostly due to the recent state of 

technology. Therefore, in this study, a PCE 

would be the most obvious. 

SPs adsorb on the surface of the binder 

particles and repel the particles due to a steric 

or electrostatic mechanism. Figure 2.16 

presents a visualisation of both mechanisms. 

Figure 2.15 shows the Langmuir isotherm [39-

41], which indicates the adsorption of SPs. At 

low concentrations of SP the impact is 

relatively linear, however, when the amount of 

polymers is increased, there will be an 

absorption maximum. Thus, to reach an 

optimum SP dosage, experimental research is 

performed. 

 
Figure 2.15 Adsorption maximum of SPs [38] 

 

Kinoshita and Okada. [42] concluded that a w/c ratio of 0.30 with Portland cement and different 

SPs has comparable flowabilities. However for lower w/c ratios (0.25-0.20) the flowability depends 

on the length of the longest chain in the polyoxythylene. The longer, the higher the flowability. 
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Figure 2.16 Difference between left; electrostatic repulsion and right; steric repulsion [38] 

 

Disadvantages of superplasticizer can be [33]:  

• Retarding of setting (especially at high dosage) by introduction of surface charges makes it 

more difficult for hydration products to bond. 

• Excessive use can cause more bleeding by dispersion of cement grains releases ‘trapped’ 

water.  

• Entrained too much air-reduced surface tension of water makes it easier for air-bubbles to 

form. 
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2.1.3 Density 
The fresh density of concrete is, generally speaking, the function of the mixture proportions, air 

contents, water demand, particle density, and moisture content of the LWA [43].  

The specific density of cement is about 3150 kg/m³, dependent on the cement type, while the dry 

density of the hardened cementitious matrix fraction hydrated cement paste (HCP) of concrete is 

lower. The oven dry density of HCP is mainly dependent on the w/c ratio and the air content. 

Hydrated Portland cement paste ranges from 1600 kg/m3 for a w/c of 0.4, to 1075 kg/m3 for a w/c of 

0.8 [1]. Another study showed that a concrete with a w/c ratio of 0.5 and 6% air has an oven dry 

HCP with a dry density of 1240 kg/m³ [43]. The results of these studies indicate a relationship 

between the w/c ratio and the oven dry density of HCP as illustrated in Figure 2.17. To calculate 

the oven dry density of the designed concrete the following Equation 2.7 can be used. 

 
ρovendry = 𝑀𝑑𝑓 + 𝑀𝑑𝑐 + 1.2𝑀𝑐𝑡 Equation 2.7 

 

In this equation the ρovendry is oven dry density [kg/m³], Mdf is the mass of the dry fine aggregate in 

the composite [kg], Mdc is the mass of the dry coarse aggregate in the composite [kg/m³], 1.2 is the 

factor to account for the hydrated water, and Mct is the mass of the cement in the composite [kg/m³]. 

 
Figure 2.17 Relationship between the w/c ratio and the oven dry density of HCP [1,43] 

 

The factors that influence the oven dry density of a LWAC are: 

• Solid proportions and their densities 

• Air content 

• W/c ratio 
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2.1.4 Conclusion 
The technical aim of this research is to study the optimum balance between the technical properties 

of LWAC: compressive strength, workability and density. Therefore, it is necessary to gain 

knowledge about the parameters which influence these technical properties. 

The most important parameters which influence the compressive strength in the design phase of a 

SLWAC are: 

• The mean compressive strength of the LWA in concrete (fla); as shown in Figure 2.1. By 

increasing the fla, the final compressive strength of the LWAC will increase. 

• The mean compressive strength of the mortar (fM); as shown in Figure 2.1. By increasing 

the fM, the final compressive strength of the LWAC will increase. 

• The volume ratio between the LWA (vla) and the mortar (vM). Due to this power law 

relationship, the higher the vM, the higher the final compressive strength of the LWAC. 

 

The fla can be determined by Equation 2.3 and is influenced by: 

• Particle density 

• Particle size 

• Interaction with the binder, i.e. the interface between the aggregates and the hydrated 

cement paste due to particle shape, surface structure, and chemical composition 

 

The fM can be determined by Equation 2.4 and is influenced by: 

• Water-cement ratio 

• Type of binder 

 

The aggregate-binder bond plays an important role on the mechanical properties of NWC, however, 

for LWAC, mostly the weakest link of the mixture is the LWA, not the interfacial zones.  

 

To develop a SSC, certain proportions are recommended by literature to reach a high flowability. 

For the coarse-powder ratio it is recommended to obtain a mixture where the fine and coarse 

particles are co-dominant. This leads to minimum void content and water demand and can be 

achieved by reaching the optimum packing of the solid ingredients. However, achieving perfect 

packing is impossible, and high coherence is demanded for LWAC, due to the high-density 

differences in the particles. Therefore, a dominance of fine particles is reasonable as well. 

The water amount in a mixture has major influence on the workability. A linear relationship has 

been found between the w/c ratio and the slump flow which indicates the positive influence of a 

higher w/c ratio, thus a higher workability. However, the compressive strength will decrease when 

increasing the w/c ratio. The challenge is to find the right balance for a particular mixture.  

In general, for SCC, Polycarboxylate ether (PCE) superplasticisers are used, due largely to the 

recent state of technology. Therefore, in this study, a PCE would be the most obvious choice. As 

indicated in Figure 2.15, at low concentrations of SP the impact is linear, however, when the 

amount of polymers is increased, there will be an absorption maximum. Thus, both for the water 

amount and the SP dosage, experimental research is recommended to find suitable proportions. 

 

The oven dry density can be calculated by Equation 2.7, but it must be noted that this only gives 

an indication. The oven dry density is influenced by: 

• Solid proportions and their densities 

• Air content 

• W/c ratio 

 

Consequently, after gaining information about the parameters which influence the important 

technical properties of a LWAC, the materials and proportioning methods can be chosen. 
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2.2 Materials 
 

2.2.1 Introduction 
The second research question: what available materials will contribute optimally to a composite 

with this research target (Table 1.1)? 

This section is divided into two categories: light weight aggregates (LWA), and powders. 

It starts with the evaluation of the available LWA concerning particles which are, in general, larger 

than 250 µm, and do not contribute to the hydration process. In the previous section, it was 

explained which parameters influence the final technical properties. Based on these findings, and 

the research target, the following specific properties of aggregates are evaluated in this section: 

• Density and compressive strength 

• Grading 

• Economic value 

 

The second evaluation discusses the powders in LWAC. Here the particles which form the binder 

are selected based on the findings in section 2.1 Technical properties and the research target. The 

available powders are assessed based upon their influence on the following aspects: 

• Technical properties, such as compressive strength, density, durability and workability 

• Economic value 

• CO2 emissions. 

 

2.2.2 Lightweight aggregates (LWA) 
To create a lightweight concrete with a target density of 1400 kg/m3, for example, the normal weight 

aggregates such as sand and gravel are replaced partially or totally by lightweight aggregates 

(LWA). Generally, these aggregates have cellular structures which result in a lower apparent 

density than that of normalweight aggregates. The range of coarse lightweight aggregate particle 

densities are from 30 to 60% of that for normal weight aggregates [1]. Particle densities below this 

range may require more cement to achieve the required strength.  

These aggregates can be subdivided in two groups: lightweight aggregates produced from natural 

raw materials, and synthetic lightweight aggregates produced from waste materials, such as fly 

ash or glass. Natural raw materials suitable for manufacturing of lightweight mineral granules are 

pumice, perlite, vermiculite, expandable clay, shale and slate. These materials are subjected to a 

thermal treatment causing the formation of gas in the interior of the granules. Figure 2.18 shows 

a spectrum of lightweight aggregate in relation to density and application. 

 

 

Figure 2.18 Spectrum of Lightweight Aggregate Concrete [44] 
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Lightweight aggregates defined in the structural-grade are produced in manufacturing plants from 

raw materials, including suitable shales, clays, slates, fly ashes, or blast-furnace slags. Lightweight 

aggregates existing in nature are mined from volcanic areas, like pumice and scoria [1]. 

 

For this study the following LWA’s are taken into consideration: vermiculite, perlite, pumice, scoria, 

glass bubbles, expanded polystyrene foam (EPS), expanded glass, expanded shale, expanded clay, 

expanded slate, cinders, expanded slag and expanded zeolites. 

Based on availability of the product and their basic properties, such as density and compressive 

strength ratio, this number of LWA types is eventually narrowed down to the following: 

• Expanded glass 

• Foamed glass 

• Glass bubbles 

• Expanded clay 

• Natural expanded pumice 

 

 

2.2.2.1 Density and compressive strength 

The mechanical properties of lightweight aggregate particles differ based on type and source. The 

guide for structural lightweight aggregate concrete [1] reports that, for compressive strengths up 

to 35 MPa, there is no reliable correlation between aggregate strength and concrete strength. This 

makes it difficult to find a suitable aggregate type in order to achieve a certain level of mechanical 

properties. 

 

Usually the compressive strength of mixtures with NWA is higher than LWAC. Nevertheless, Lura 

[23] reported that Liapor 8TM performed the same as NWA. The crushing strength of Liapor 8TM is 

15 MPa, which gives a good indication of a minimum crushing strength of the aggregates. When 

using Equation 2.1, fla is 15 Mpa, the volume ratio of the aggregates is 0.4 and the target 

compressive strength of the LWAC is 40 MPa, the fM is required to be minimally 80 MPa, which is 

a reasonable achievement expectation . 

 

Aggregates with the same particle density can differ in bulk densities because of different void 

percentages between particles due to different particle shapes [1]. Although the same mass of either 

will take the same volume in concrete this can considerably influence the workability and final 

strength.  

In Figure 2.19, an LWA comparison is shown of the relationship between the particle density and 

the crushing strength. The glass bubbles show the best density strength ratio, followed by the 

natural pumice. The expanded clay shows acceptable strength, however, it is relatively dense as 

well. 
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Figure 2.19 LWA comparison of the relationship between particle density and the crushing strength (3MTM 

Glass bubbles [45]; LiaverTM expanded glass [46-49]; PoraverTM Expanded Glass [50]; MisaporTM Foamed 

Glass [51]; ArgexTM Expanded Clay [52-54]; LiaporTM Expanded Clay [55,56]; RotocellTM Natural Pumice [57]) 

 

2.2.2.2 Grading 

As reported by Brouwers [58], Hüsken [59], and Hunger [60], an optimum packing of the solid 

ingredients of concrete is a key for a mechanically strong and durable concrete. This reduces the 

porosity, which is strongly linked to the performance of concrete. A minimum porosity gives a 

maximum strength and can be achieved by an optimal particle size distribution (PSD). This optimal 

particle size distribution can be obtained by using aggregates which are evenly distributed (particle 

sizes) in the mixture. The design method will be explained further in 2.3.1 Methods. 

The PSDs of evaluated LWA are shown in Figure 2.19. When selecting LWA for a new mixture, 

every particle size range needs to be represented.  
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Figure 2.20 Particle size distribution of the investigated LWA: Glass bubbles [45]; Expanded glass (EG 0.25-

1.0) [46]; Expanded clay (EC 1.0-4.0) [55] and (EC 4.0-8.0) [61]. 

 

2.2.2.3 Economic value 

To make a comparison between normal weight and lightweight concrete, the economic value is an 

important factor. Due to the beneficial properties of SLWAC, different design choices can be made 

and less material is needed. But, on the other hand, this product could be more expensive. High 

production costs of LWA could limit the demand for this product, therefore, the economic value of 

the aggregates will be taken into account. The prices of different LWA are evaluated in Figure 2.21. 

The glass bubbles are usually not applied in the concrete industry. Despite the good physical 

properties, when compared with the other considered LWA, the material tends to be approximately 

35 times more expensive. 

Of the more common LWA types, the expanded glass is, depending on the manufacturer, the most 

expansive, followed by natural pumice. Expanded clay is relatively cheap and more or less 

competitive with normal weight aggregates. 

 
Figure 2.21 Prices of the evaluated aggregates compared with normal weight aggregates, according to a 

demand of 1000kg/ year (3M GlassTM Bubbles * [62]; PoraverTM [63]; LiaporTM [64]; RotocellTM [65]; Normal 

weight sand [66]; Limestone aggregate [66];) * The glass bubbles exceed to €3750 / m³ 
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2.2.2.4 Moisture content and absorption 

Dry lightweight aggregates generally absorb from 5 to 25% by mass in 24 hours (ASTM C 127 

absorption test). Liapor reported [61] a 9% absorption by mass in 1 hour and 14% in 24 hours for 

the Liapor 8TM. While normal weight aggregates will absorb less than 2% of moisture [1]. The 

absorption rate of lightweight aggregates depends on the aggregate pore characteristics. This 

absorption rate influences inter alia, the mixture proportioning, and the preparation of concrete. A 

part of the mixing water will be internally absorbed by the lightweight aggregate, which is not 

available for the cement hydration and should not be counted as mixing water. On the other hand, 

the water absorption of LWA also encourages internal curing and the improvement of the paste 

aggregate interface transition zone, which is beneficial for the mechanical properties of the LWAC 

[67]. The difference between NWA and LWA is illustrated in Figure 2.22. 

 

 
Figure 2.22 Difference between LWA and NWA concerning internal curing at the contact zone [68] 

 

Another feature shown by Lura [23] is that early-age expansion, which is strongly dependent on 

the degree of saturation of the LWA (and, to a lesser extent, on the particle size), is larger for 

smaller LWAs. 

 

The amount of the water or/and paste absorption depends on [69]: 

• The microstructure of the surface layer of the aggregate 

• The viscosity of the cement paste (w/c ratio, cement type, admixtures) 
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Saturated 

 

Dry 

     
  (a) (b) (c) (d) (e) 

Figure 2.23 Schematic distribution of water content inside aggregate before concrete mixing [70] where (a) is 

fully saturated, (b) internally saturated, (c) outer shell saturated, (d) partly saturated with a dry core and dry 

surface and (e) is fully oven dry 

 

Bogas et al. [70] determined that aggregates with higher initial water content usually absorb 

moisture at a lower absorption rate. Alternatively, the distribution inside the particles has a great 

influence. The different distributions that can occur in these aggregates are shown in Figure 2.23. 

 

Chandra and Berntsson [4] reported that a denser outer shell of expanded clay causes a reduced 

absorption rate. Additionally, broken particles absorb about 30-50% more water,  faster. 

 

To control the effective water content in a lightweight composite, there are several preparation 

methods for the aggregates. Lightweight aggregates generally require pre-wetting, due to the high 

absorption rate, to achieve a high degree of saturation, although, some lightweight aggregate 

suppliers accommodate vacuum saturated aggregates [71], or hydrophobic aggregates. Some LWA 

types are treated to become water repellent. In this case, the absorption rate of the aggregates can 

decrease significantly. This can lead to an absorption reduction of 66 [72] to 100% [57]. 

One of the ways to prevent the composite from losing workability because of the high water 

absorption rate of the LWA is to pre-soak the aggregates before the concrete mixing process. In 

general, there are three ways to pre-wet the aggregates [1]: 

• Atmospheric, by sprinkling the aggregates with water. 

• Thermal, by immersing cooled aggregates in water. 

• Vacuum, by immersing the aggregates in a vessel where the air can be evacuated. 

 

The natural expanded pumice particles are available to receive after hydrophobic treatment 

(Rotocel PlusTM),  which can prevent free water absorption, or any practical preparation such as 

prewetting.  

The prewetting time is dependent on the aggregate type and the method of wetting used.  

Pre-soaking the aggregates to 70% saturation has, according to Lura [23], with the LiaporTM 

expanded shale aggregates, the best impact on the compressive strength. LWAC prepared with 

Liapor 9.5TM aggregates commonly reached a 28-day compressive strength similar to normal weight 

concrete (NWC) with the same matrix. Figure 2.25 shows a saturation of around 70% has the best 

influence on the compressive strength after 28 days. This same study demonstrates the water 

absorption rate of expanded clay LWA. The measurements of water absorption are performed to 

Liapor 8TM, fractions of 4-8 mm and 8-16 mm respectively. The result is shown in Figure 2.24. 

Especially within the first hour, the water absorption rate is high. 
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Figure 2.24 Percentage of water absorption by weight of Liapor 8TM, 4-8 mm fractions, stored in water at 20°C, 

measured by Lura and Zhang & Gjorv [23] 

 

 
Figure 2.25 Compressive strength development over 28 days of different pre-soaked Liapor 9.5TM aggregates 

[23] 

 

The mixture with 69.3% saturated Liapor 9.5TM (Figure 2.25) had the highest strength at all ages, 

even higher than the NWC. Possibly, it combines the beneficial effects of the internal curing with 

a relatively low w/c ratio. According to the producer, the expanded clay (Liapor 8TM) has a water 

absortion rate of 14% within the first 24 hours. Another effect of pre-soaking is a denser structure 

due to the higher amount of internal moisture. Benefits of this phenomenon include a decrease of 

self-desiccation and prevention of early-age cracking.  
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2.2.3 Powder 
This chapter provides an evaluation of common binders and fillers. The powders are assessed on: 

• Technical properties, such as compressive strength, density, durability and workability 

• Economic value 

• CO2 emissions 

 

Portland cement is a commonly used binder in concrete, consisting of the basic phases of C3S, C2S, 

C3A and C4AF [4], among other factors, mostly due to its rapid strength development. However, 

Portland cement has some disadvantages as well: 

• High CO2 emissions during the production 

• High price 

• The large calcium oxide content (65%) causes chemical interactions and formations of 

adverse products and results in a lack of reaction with clay and dust particles [4]. 

In this section alternatives are researched. For example, the mortar matrix and microstructure can 

be improved by pozzolanic materials. Mostly, waste and industrial by-products are used as a 

mineral admixture, like fly ash, blast furnace slag and silica fume. Since these replacing materials 

contribute to the strength and durability properties, these materials such as silica fume are often 

used to develop high strength lightweight aggregate concretes [73]. Fly ash and slag are more 

commonly used due to their availability. Besides these pozzolanic materials, the microfiller, 

limestone powder, is investigated as well because of the lower CO2 emissions in the production, the 

lower economical value, and the wide availability of the product. Additionally, the literature 

illustrates how the use of limestone powder can be beneficial for some properties of concrete, such 

as density, workability, cracking tendency, permeability and bleeding [74]. 

 

2.2.3.1 Cement 

Firstly, the available cement types which can be already blended by pozzolanic or microfiller 

materials are evaluated. Cement types bring different properties into a mixture. It affects, for 

example, the strength development, the final strength, collaboration with additives, the durability, 

and the environmental category. And, along with its  technical properties, cement is a component 

in concrete, which has a large proportion in the economical and the environmental properties. 

Cement is a comparatively  expensive component and the production of cement involves relatively 

high CO2 emissions. 

 

 
Figure 2.26 Strength development cement types (CEM I [75]; CEM II/B-V 42.5 N [76]; CEM II/B-S 52.5 N [77]; 

CEM III/A 52.5 N [78]; CEM V/A (S-V) 42.5 N [79]) 
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The strength development of different cement types is indicated in Figure 2.26. CEM III/A 52.5 N 

ends with the highest 28 days strength while CEM I 52.5R and CEM II/B-S 52.5 N have higher 

strength in the early hydrating phase. Table 2.4 shows the main components of the different 

cement types. 

Table 2.4 Main components blended cement (CEM I [75]; CEM II/B-V 42.5 N [76]; CEM II/B-S 52.5 N [77]; 

CEM III/A 52.5 N [78]; CEM V/A (S-V) 42.5 N [79]) 

Components by mass [%] CEM I  CEM II/B-V 

52.5 N 

CEM II/B-S 

52.5 N 

CEM III/ A 

52.5 N 

CEM V/A (S-

V) 42.5 N 

Portland cement clinker  100-95 73 76 48 55 

Blast furnace slag  
 

0 24 52 23 

Fly ash  
 

25 
  

22 

Filler 
 

3 
   

Additives [% of the cement] 
     

Binding time regulator 
 

3.40 4.30 5.21 5.00 

Grinding auxiliary 
 

0.02 0.04 0.06 0.13 

Reducing agent 
 

0.20 0.37 0.23 0.15 

 

     
Figure 2.27 Left graph: minimum and maximum amount of clinker in the different cement types, Right graph: 

amount of CO2 emissions of the different parts of the cement production [80] 

 

The CO2 emissions of the production of cement depend highly on the amount of clinker in the 

cement type, as shown in Figure 2.27. CEM III is the cement type with a minimum proportion of 

clinker, the production of which and , therefore, can claim the lowest CO2 emissions. 

According to the cement producer [81], CEM III/A 52.5 N is a cement type which creates concretes 

with a high durability, has  good cooperation with additives, and is therefore often applied in SSC. 

In consideration of the final strength, collaboration with additives, the durability, and the CO2-

emission, the CEM III/A 52.5 N is  selected for this application.  
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2.2.3.2 Pozzolanic cement replacement 

The chemical pozzolanic reaction in a Portland cement mixture, with the addition of a pozzolanic 

material, converts silica-rich premature particles into calcium silicate, which eventually results in 

calcium silicate hydrate (C-S-H). Because of this, the strength development of a mixture with 

pozzolanic materials can be slower. However, Jeong and Lee [82] demonstrated that temperature 

has a significant impact on the pozzolanic reaction. At ambient temperatures this is approximately 

70%, while with temperatures ranging from 90-200°C, the pozzolanic ratio can develop for over 90%. 

The potential of the use of fly ash in a cementitious material is known and much research on this 

topic has been conducted. Liu [83] investigated SCC with up to 80% cement replacement by fly ash 

in mixes adjusted to yield constant fresh concrete properties. Fly ash had negative effects on 

strength.  

Owens [84] showed that the addition of fly ash can reduce the water demand of concrete to achieve 

the same workability, depending on the particle sizes of the fly ash, as shown in Figure 2.28. Also, 

the amount and rate of bleeding can be reduced due to the reduced water demand created by fly 

ash [85]. 

 

 
Figure 2.28 The effect of fly ash fineness and the proportion of fly ash replacement of cement [%] on the water 

demand of concretes proportioned for equal slump [65] 

 

Mustard and Maclnnis [86] studied the effect of temperature development by fly ash on concrete 

dams. This is mainly benificial for concrete with high cement contents in order to prevent for 

example, drying shrinkage. On the other hand, it will decrease the early compressive strength. 

The performance of fly ash in concrete is strongly linked to its physical, mineralogical, and chemical 

properties [87]. These properties depend mostly on the composition of the used coal and the burning 

conditions within the power plant. Thomas [88] showed that the calcium content of fly ash is an 

important factor which influences the final properties of concrete. Low-calcium fly ashes (< 8% CaO) 

often consist of crystalline phases and are pozzolanic and show no clear hydraulic behaviour. High-

calcium fly ashes (> 20% CaO) consist of a wide variety of crystalline phases in addition to those 

found in low-calcium fly ash. Cross et al. [89] showed that, if the calcium content is high enough, 

fly ash can be used to function as a 100% binder to create moderate strength concrete. Table 2.5 

shows a summary of the effect of fly ash on the properties of concrete. 

Malhotra and Mehta [90] reported that high volume fly ash concrete showed big improvements on 

the long-term flexural and tensile strength, besides which, the elastic modulus of HVFA concrete 

may be increased. 
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Table 2.5 Effect of fly ash on the properties of concrete [87] 

Property Effect of fly ash (replacement ≥15%) 

Fresh concrete Workability can improve and the water demand reduced for most fly ashes 

Less segregation and more cohesive 

Bleeding is reduced especially with high replacement levels 

Heat of hydration Class F fly ash reduces the heat at normal levels of replacements 

Class C fly ash reduces the heat at higher levels of replacement (≥50%) 

Early-age strength Reduction, especially with Class F fly ash and at higher replacement levels 

Long-term strength Increased, especially at higher replacement levels 

 

Atkins et al. [91] concluded that blast furnace slag cements result in the same hydration products 

as Portland cement; CSH gel, C3AH6, and Aft, with the footnote that the increase of slag could result 

in the formation of C2ASH8 and siliceous hydrogarnets. However, due to the positive interaction 

between slag and cement particles, cement can be replaced by a high level of slag (40-70%). Fly ash 

generally is used for up to 30% replacement of cement [4]. 

 

Compared to slag or fly ash, silica fume is highly pozzolanic, which leads to higher strengths. Also, 

nano-silica and micro-silica (silica fume) can fill the remaining voids in the young, and partially 

hydrated, cement paste. This optimisation of the PSD will increase the mechanical and durability 

properties (also for LWC). A downside of the addition of nano-silica and micro-silica particles is 

their influence on the workability. It has been shown that cement paste and mortar with an 

addition  of nano-silica needs more water in order to keep the workability of the mixtures constant 

[92]. An optimum content (1% NS in slag cement) was demonstrated by Du et al. [93] to reach the 

highest resistance to water penetration. Nili et al. [94] showed an improvement of compressive 

strength by a cement replacement of 6% microsilica and 1.5% nanosilica in NWC with a 0.45 w/c 

ratio. 

 

Yu et al. [95] showed an optimal amount of the utilized nano-silica (3.74% by the mass of the binder 

amount) achieves the highest compressive strength of UHPC, whereas the viscosity of UHPC 

significantly increases, with the addition of nano-silica. This results in a low slump flow and causes 

more air voids in the fresh mixtures. 

 

The mechanical properties of several LWAC mixtures, containing Portland cement, sintered fly ash 

aggregates (LytagTM), and pozzolanic materials, such as pulverized fly ash (PFA), slag and silica 

fume (SF), are investigated by Swamy and Lixian [96]. The mix proportions are shown in Table 2.6. 

All the mixtures indicate a similar compressive strength, especially in the long term. The strongest 

mixture, with a compressive strength of 63.2 MPa after 180 days, contains 20 kg/m³ silica fume and 

30 kg/m³ slag, a replacement of 14% of the cement by mass. While the weakest mixture reached a 

compressive strength of 59.4 MPa with a 29% replacement of the cement. 

 
Table 2.6 Mix proportions of the LWAC [96]   

Cement 

[kg/m³] 

SF 

[kg/m³] 

Slag 

[kg/m³] 

PFA 

[kg/m³] 

Replacement 

of  cement [% 

by mass] 

Sand 

[kg/m³] 

Lytag 

[kg/m³] 

W/b 

N 350 
   

0 635 715 0.4 

F 300 20 
 

30 14 635 715 0.4 

S 300 20 30 
 

14 635 715 0.4 

SF 250 10 45 45 29 635 715 0.4 

 

Figure 2.29 presents the strength development of the mixtures. The pozzolanic reaction is causing 

a latent strength development and eventually, in the long term, mixture S is even stronger than 

the mixture with no replacement. 

Besides the compressive strength, the flexural strength is evaluated as well. Mix F, with the fly 

ash, showed the highest flexural strength after 180 days. Even though, the compressive strength 

was not that high compared to the other mixtures, the stronger bond between the LWA and the fly 

ash cement matrix could explain the flexural strength. 
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Figure 2.29 Strength development of the different LWAC (Wet curing) [96] 

 

2.2.3.3 Limestone powder 

Nehdi et al. [97] have reported on  the effect of limestone microfiller replacements on the 

mechanical performance and cost effectiveness of low w/c ratio, combined with the use of 

superplasticizer on Portland cement mortars. They demonstrated that limestone microfiller 

replacement of cement did not significantly affect the strength of mortars at early ages, up to about 

10 to 15% by volume. 

Menendez et al. [98] studied the benefits of limestone filler (LF) and granulated blast-furnace slag 

(BFS) as partial replacement of Portland cement. They reported that LF addition to Portland 

cement causes an increase of hydration at early ages, inducing a high early strength, but it can 

reduce the later strength due to the dilution effect.  

Beeralingegowda and Gundakalle [99] observed that the replacement of cement (ordinary Portland) 

with limestone powder in a SCC with 30% fly ash resulted in an improved workability and 

mechanical properties, as shown in Figure 2.30. In this case, a constant binder amount of 465.75 

kg/m3 (Portland cement+ 30% fly ash + the replacement of limestone powder) and a w/b ratio of 

0.39 was used. 
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Figure 2.30 The relationship of the slump flow and compressive strength with the amount of cement 

replacement [%] by limestone powder [99] 

 

Ramezanianpour et al. [100] investigated different limestone volumes containing NWC mixtures. 

The percentages of limestone that replace the Portland cement in this research are 0%, 5%, 10%, 

15%, and 20% by mass. The mixtures have a constant total binder (PC + limestone powder) content 

of 350 kg/m3. The water/binder (w/b) ratios are 0.37, 0.45, and 0.55. Generally, the mixtures in this 

research having up to 10% limestone, and a w/b ratio of 0.37, provide competitive properties with 

PC concretes. Adding higher percentages of limestone to cement, or higher water amounts, 

produces less competitive concrete properties. 

The quality of the limestone can also influence the final properties of the concrete. To indicate the 

quality of the limestone the calcium carbonate content is used. To ensure the performance of the 

limestone powder the purity should be more than 75% by mass [101]. 

A microfiller can contribute to the concrete 

matrix in 2 ways. Firstly a chemical reaction, 

such as a pozzolanic reaction, can benefit the 

amount of CSH gel and therefore increases the 

strength. But the second role might be the 

physical filler effect. Mostly the particles of a 

microfiller are finer or similar to cement 

particles and can therefore fill the voids between 

the larger cement particles, which results in a 

denser packed matrix.  

However, when overdosing the volume of micro  

 

 
(a) (b) (c) 

Figure 2.31 Effect of a filler on the cement paste. (a) 

are the cement particles, (b) is the filler effect and 

(c) is the loosening effect [102] 
 

fillers, the physical properties such as compressive strength may decrease due to the loosing effect. 

Where the volume of the voids between the cement grains increases due to a poor packing of the 

solids. Figure 2.31 shows a schematic overview of these effects.  
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2.2.4 Conclusion 
Based on the parameters influencing the technical properties and the research target, the following 

specific properties of the LWA are evaluated in this section: density and compressive strength, 

grading, and economic value. 

A selection of LWA types is made based on the availability of the product and the basic properties, 

such as density to compressive strength ratio. 

Expanded glass and foamed glass can make a  contribution to lowering the density. However, the 

mechanical properties are not high enough when aiming for SLWAC. 

Glass bubbles are usually not applied in the concrete industry. Despite the very good physical 

properties (such as high strength, low density, smooth surface area, and spherical shape), when 

compared with the other considered LWA, the price is too high, roughly 35 times more expensive. 

This makes it almost impossible to compete with existing structural concretes. 

The natural expanded pumice shows a strong ratio between density and compressive strength and 

is available in a wide range of particle sizes, from 40 µm to 5600 µm and can be hydrophobic. and 

can be hydrophobic. Therefore, this product has been selected  for this study. However, in this case, 

there is still a demand for a LWA in the particle size range between 5600 and 8000 µm. As shown 

in the previous section, larger particle sizes usually have a lower crushing strength as well. That 

is why a high crushing strength is required. Liapor 8TM (expanded clay) meets these requirements. 

Furthermore, there is already a lot of research done on LiaporTM aggregates, including studies of 

the mechanical properties in LWAC and the water absorption. 

Thus, the treated natural expanded pumice (RotocellTM) and the expanded clay (Liapor 8TM) are 

selected for the development of this concrete. Nevertheless, as explained, Liapor 8TM is already a 

commonly used LWA. The treated, natural expanded pumice is relatively new and some  technical 

data are still missing, such as PSD, particle density, and the material’s behaviour in a cementitious 

mixture. For this reason, experimental research has been performed in order to gain insights on 

these matters. This will be further explained in Chapter 4 Natural expanded pumice. 

Due to the uncertainty of the behaviour of the treated natural pumice (mainly) on workability, the 

following research question is raised. 

• What is the influence of the treated natural pumice on the compressive strength and 

workability of SLWAC? 

 

In consideration of the final strength, collaboration with additives, the durability, and the CO2 

emission, the CEM III/A 52.5 N is the optimal cement type for this application. 

Due to the benefits on workability, costs, CO2 emission, and mechanical properties, a partial 

replacement of the cement by limestone powder will be performed. Several references advise a 

replacement of 10 [100] -20% [99] depending on example of the total powder amount. The use of fly 

ash is recommended due to the advantages in terms of workability, costs, CO2 emission, and final 

mechanical properties. In that case, it is advisable to replace a part of the cement with fly ash. This 

amount needs to be minimally 15% [87] and, due to its combination with CEM III/A 52.5 N, it 

should be no more than 30% because of the low clinker amount. The next stage of this research will 

focus on the optimal balance of the different powders, and will answer the following research 

question. 

• What is the optimum proportion combination of the following powders: CEM III/A 52.5 N, 

fly ash, and limestone powder in a concrete mixture, when considering the 28-day 

compressive strength and the workability? 
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2.3 Proportioning 
The proportions of the different concrete ingredients influence all the properties of the concrete. 

Depending on the application, there are several methods. These are discussed in this chapter, along 

with studies of the powder content and the water amount. 

 

2.3.1 Methods 
In the history of making concrete there have been several proportioning methods developed to 

create concrete applicable for various purposes. For normal weight concrete the absolute volume 

method is the most widely used  and is recommended in ACI 211.1. [1]. The absolute volume method 

follows the Equation 2.8. where the Vtotal mortar is the volume of the cement, fine aggregate, water, 

and entrained air. The principle of this method is that the total mortar volume equals the volume 

of the voids of the coarse aggregates (Vvoids aggregates), plus a sufficient mortar volume (Vadditional mortar) 

to create sufficient workability. 

 
𝑉𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑟𝑡𝑎𝑟 = 𝑉𝑣𝑜𝑖𝑑𝑠 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠 + 𝑉𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑚𝑜𝑟𝑡𝑎𝑟 Equation 2.8 

 

Self-compacting concrete (SCC) requires a different approach. Okamura [103] and Okamura and 

Ouchi [104] introduced the ‘Japanese Method’ which explained that the coarse aggregate content 

in the mixture should be half the packing density, while the other half is paste and sand (schematic

shown in Figure 2.32). This method is widely used in Europe and in the Netherlands, but a 

disadvantage is that this method results in a relatively high cement content [58]. Su et al. [105] 

and Su and Miao [106] showed the ‘Chinese method’ which decreases the cement content by packing 

all the aggregates and filling the voids of the aggregates with paste. The Japanese and Chinese 

Methods do not pay attention to the particle size distribution (PSD) of the aggregates. It is, however, 

known that the viscosity of slurry becomes minimal (at constant water content) when the solids 

have higher packing [107]. Also, when particles are better packed (fewer voids), more water is 

available to act as a lubricant between particles. 

 

 
Figure 2.32 Schematic composition of SCC (Ernst [108], Brouwers and Radix [58]) 

 

The performance of concrete is strongly linked to the porosity, i.e. the void fraction. A minimum 

porosity gives a maximum strength and can be achieved by an optimal particle size distribution 

(PSD) (Brouwers [58] , Hüsken [59] and Hunger [60]). The modified Andreasen and Andersen model 

for the mixture PSD reads as follows: 

 

𝑃(𝐷) =  
𝐷𝑞 − 𝐷𝑚𝑖𝑛

𝑞

𝐷𝑚𝑎𝑥
𝑞

−  𝐷𝑚𝑖𝑛
𝑞  

Equation 2.9 

 

  

In this modified Andreasen and Andersen model (Equation 2.9) the P(D) is the fraction of the total 

solids being smaller than size D, where D is the particle size [µm] and q is the distribution modulus. 

To reach an optimal packing the modified Andreasen and Andersen model acts as a target function. 
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The q modulus plays a vital role in the final properties of a mixture and therefore must be chosen 

carefully. Higher values of the distribution modulus (q ≥ 0.5) lead to mixtures with more coarse 

aggregates, while lower values (q ≤ 0.25) result in concrete mixes which contain more fines. For the 

application SCC, Hunger [60] advices a q between 0.22 and 0.25. Elkem [109] exposed the relation 

between gradings. The better the packing (following the modified Andreasen and Andersen (A&A) 

curve), the more water is available to act as lubricant for the solids, and workability is improved. 

 

The proportions are determined by modifying each individual material until the composed mix 

reaches the minimum deviation along the target curve. This is done by using an optimisation 

algorithm based on the Least Squares Method (LSM). The LSM (Equation 2.10) is searching for a 

minimum sum of the squares of the residuals (RSS) at defined particle sizes (D) [110]. Pmix is the 

composed mixture and the Ptarget is the target grading determined by the modified Andreasen and 

Andersen model (Equation 2.9). 

 

𝑅𝑆𝑆 = ∑ (𝑃𝑚𝑖𝑥(𝐷𝑖
𝑖+1) − 𝑃𝑡𝑎𝑟𝑔𝑒𝑡(𝐷𝑖

𝑖+1))
2

𝑛

𝑖=1

 
Equation 2.10 

 

  

2.3.2 Powder Content 
To create a SCC mixture a relatively high powder content is needed. Increasing the cement content 

can result in high drying shrinkage, high heat of hydration, and increasing costs. Therefore, 

alternative (pozzolanic) fillers can be used to optimise the particle packing and the flowability of 

the developed SCC mixtures. Brouwers and Radix [58] aimed for SCC mixtures with a low content 

of powder and evaluated three mixtures following the modified Andreasen and Andersen curve q 

=0.25 as much as possible. The used powder content was 480 kg/m3. All mixes meet the criteria set 

by the workability tests, whereby the use of superplasticizer could be limited to 1% of the powder 

content and the use of a viscosity modifying agent could be avoided. 

The linear relationships between the cement content and the mechanical properties of a LWAC is 

indicated in Figure 2.7. The aim of this study is a SLWAC with a compressive strength higher than 

LC40/44. Therefore, a cement content higher than 475kg/m3 is needed to obtain this mechanical 

objective. 

Several researches [111-114] show that utilizing fillers (such as limestone, quartz powder) to 

replace cement can significantly improve the workability of concrete while keeping the same water 

and superplasticiser amount. Additionally, fly ash also has the ability to decrease the water 

demand. For example, by the use of 30% fly ash cement replacement (with 30% particles >45 µm) 

the water demand will decrease by 10 kg/m³ (according to Figure 2.28). 

When creating a high fluidity to produce a self-compaction concrete, the risk of segregation and 

bleeding is high. By adding enough fines, with particles smaller than 125 µm, this can be prevented 

[115]. 

 

2.3.3 Water amount 
An increased water amount in a concrete mixture will increase the flowability of the mixture. When 

the Vw/Vp ratio is used to indicate the water amount, by lowering this ratio the proportion of fine 

materials increases and the water content decreases. Therefore, an increase of SP is needed to offset 

the loss of fluidity caused by the Vw/Vp reduction.  The SP content also has less influence on the 

viscosity, which will lead to a small increase of flow time t0, t500 and t400 [19,116].  

To determine the water amount the key is finding a good balance between workability and strength. 

Bleeding and segregation are major concerns when using lightweight aggregates which compromise 

the water amount by absorption [2]. With this type of mixture, gravity could have negative 

influence on the homogeneity. In the case of dense particles moving down and lightweight particles 

moving up the primary concern is problem called segregation while the phenomenon concerning 

water migration is called bleeding (water concentration) [1]. 

However, research has shown that Vw/Vp less than 0.8 results in a low deformation of velocities of 

the self-compacting lightweight concreate (SCLC), which makes it less applicable. On the other 

hand, mixtures with Vw/Vp around 1.0, which are linked to lower viscosity mortars, show less 

robustness and less stability. Therefore, an optimum of the Vw/Vp ratio of SCLC is recommended 

between 0.8 and 0.9. This results in a w/c ratio between 0.43-0.48 and a w/b ratio between 0.29-

0.32. 
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2.3.4 Conclusion 
The proportions are determined by modifying each individual material until the composed mix 

reaches the minimum deviation within the target curve. This is done by using an optimisation 

algorithm based on the Least Squares Method (LSM). The LSM (Equation 2.10) is searching for a 

minimum sum of the squares of the residuals (RSS) at defined particle sizes (D) [110]. Pmix is the 

composed mixture and the Ptarget is the target grading determined by the modified Andreasen and 

Andersen model (Equation 2.9). 

To obtain the correct proportions, it is important to define some constants for certain parameters. 

At first the q-modulus, cement content and the water/cement ratio is initially determined (Table 

2.7 and Table 2.3). In order to reach an optimum packing Equation 2.10 is used. 

 

Table 2.7 Overview of the pre-defined constants for the optimization of the PSD 

 Workability (SSC) Compressive strength (>45 MPa) 

Q-modulus Hunger [60] advices a q between 

0.22 and 0.25 

The volume of coarse LWA as low as possible, thus 

a low q-modulus results in a higher strength 

Powder content 380-600 [35] Cement content >475kg/m3 

Water amount Bogas [19] w/c ratio between 0.43-

0.48 and a w/b ratio between 0.29-

0.32. (Vg = 300l/m3) 

<0.48 

 

To prevent the highly flowable mixture from segregating and bleeding it is recommended to involve 

enough fines. With particles smaller than 125 µm, this can be prevented [115]. 

The oven dry density is calculated by Equation 2.7 and can function as a boundary condition in the 

optimization algorithm of the solids.  
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3 Quaternary binder 
 

3.1 Introduction 
The literature study has provided knowledge over the available binder materials and possible 

replacement products. CEM III/A 52.5 N is selected due to its final strength, collaboration with 

additives, the durability and the lower CO2 emission footprint. However, SCC usually requires a 

high powder content and therefore it would be more cost efficient and environmentally friendly to 

replace this cement partly.  

Due to the benefits on workability, costs, CO2-emission and mechanical properties, a partial 

replacement of the cement by limestone powder and fly ash. An optimum for limestone powder 

amount is around 10% [94] depending on inter alia, the total powder amount. The fly ash 

replacement should be around 15% [81] due to the already low amount of clinker in CEM III/A 52.5 

N.  

A lot of research has already been done on replacing Portland cement with limestone powder or fly 

ash, but the combination Portland cement clinker, blast furnace slag, limestone powder and fly ash 

has not been studied yet. Additionally as previously explained, the performance of fly ash in 

concrete is strongly linked to its physical, mineralogical and chemical properties. Therefore, 

experimental research is required on this matter with the aim of answering the following research 

question: What is the optimum proportion combination of the following powders: CEM III/A 52.5 

N, fly ash, and limestone powder in a concrete mixture, when considering the 28-day compressive 

strength and the workability? 

In this chapter, firstly, the materials and method will be explained. Following this, the results are 

analysed, and conclusions will be drawn. 

 

3.2 Materials and methods 
The cement used in this study is blast furnace cement (BFC); CEM III/A 52.5 N, provided by ENCI 

B.V., Heidelberg CementTM (Netherlands). CEM III/A 52.5 N consists of 48% Portland cement 

clinker and 52% blast furnace slag [78]. 

The fly ash (FA) available for this research is a commercial product categorized ASTM class F. The 

limestone powder (LP) used in this study is also a commercial product. The chemical composition 

of the used materials is presented in Table 3.1, while the physical properties are presented in Table 

3.2 

 
Table 3.1 Chemical composition of the used materials [78] 

Oxides  FA [wt. %] CEM III/A 52.5 N [wt. %] Limestone powder [wt. %] 

SiO2 54.62 27 0.8 

Al2O3 24.42 9 0.2 

CaO 4.44 51 54.0 

MgO 1.43 0 1.0 

Fe2O3 7.21 2 0.3 

Na2O 0.73 0.66  

K2O 1.75  0.3 

SO3 0.46 3.1  

LOI 2.80  43.0 

 

Table 3.2 Physical properties according to the measurements presented in the Appendix A - Material 

measurements  
Particle density 

[Kg/m³] 

Specific surface 

area [m²/g] 

Min d(0.1) [µm] Max d(0.9) [µm] 

CEM III/A 52.5 N  3123.3 0.65 1.3 20.9 

Limestone Powder 2650.0 0.43 2.3 52.6 

Fly Ash 2359.7 0.45 3.0 96.0 
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To evaluate the workability and compressive strength of the different powder combinations, 

experimental research has been done on mortar scale. The flowability is measured using a 

truncated conical mould. The flowability is measured two times, the first directly after raising this 

mould on the flow table, and second, after the flow table is jolted 15 times at a constant frequency 

of approximately one per second according to EN 1015-3:1999 [117]. The strength is measured 

following the EN 196-1:2005 [118]. The samples are cured immersed in water and EPS moulds are 

applied. The only deviation on the standard is the different mix proportions. The ratios between 

the powders are shown in Table 3.3 and chosen based on the literature, while the powder amount 

is based on a first mix design reaching an optimal packing with the final material use: BFC, FA, 

LP, all fractions of the available natural pumice, and the expanded clay.  

 
Table 3.3 Proportions: CEM III/A 52.5 N, limestone powder,  fly ash 

Mix BFC LP FA 

P100;0;0 100% 0% 0% 

P95;5;0 95% 5% 0% 

P90;10;0 90% 10% 0% 

P90;0;10 90% 0% 10% 

P85;5;10 85% 5% 10% 

P80;10;10 80% 10% 10% 

P80;0;20 80% 0% 20% 

P75;5;20 75% 5% 20% 

P70;10;20 70% 10% 20% 
 

 

In the determination of the optimal packing the following constraints are used: Q = 0.25; FA = 20% 

of BFC (by mass); and LP= 10% of the BFC + FA. This mixture is performed on a mortar scale to 

determine the minimum water amount. More information about ‘test mixture 2’ is available in 

Appendix B - Workability. This pilot mixture was to determine a realistic powder and water amount. 

The powder and water ratios are shown in Table 3.4. 

 
Table 3.4 Base mortar mixture 

  Content [kg/m³] Density [kg/m³] Volume  

CEM III/A 52.5 N  560 3123 0.18* 

Reference sand 1592 2650 0.60 

Water 220 1000 0.22** 

* Based on an optimal packing, Q=0.25, where Flyash = 20% of the BFC content and LP= 10% of cem + flyash 

** Water volume is based on the test mixture 2 
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3.3 Results and analysis 

 
Figure 3.1 Evaluation workability and compressive strength of the different powder combinations 

 

An overview of the compressive strength and spread flow of the different quaternary binder recipes 

is presented in Figure 3.1. The mixtures with the highest amount of cement reach the highest 28-

day strength, and a relationship is shown in Figure 3.2. However, after 70 days, the ‘later’ strength 

development of the mixtures containing 10% FA, due to the pozzolanic reaction, reaches the highest 

compressive strength. The workability increases clearly as well, due to the addition of FA. The 

impact of jolting the flow table 15 times ranges between 50 mm and 60 mm in comparison with the 

initial flowability after raising the truncated conical mould. 

 

P100;0;0, the mixture with 100% BFC, together with P95;5;0, the 5% LP replacement, and P90;10;0, 

the 10% LP replacement, have the worst workability. Although the 10% replacement has a slightly 

better workability, the single BFC and LP mortars still perform less in comparison with the other 

mixtures. The reason for the negative influence of the LP in combination with the FA is unclear. 

The PSD might be modified slightly but this cannot be the explanation.  

On the other hand, the 28-day compressive strength, without FA, show the best results, especially 

in the case of the 100% BFC. When comparing these values to the 70-day compressive strength, the 

addition of LP shows a linear relationship with the strength, as shown in Figure 3.6. 

 

P90;0;10, the mixture with 10% FA replacement, together with P80;0;20, the 20% FA replacement 

shows the best workability. In this case, the addition of LP negatively influences the workability. 
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Figure 3.2 Relation between compressive strength and the BFC to binder ratio (volume) 

 

The compressive strength mainly depends on the volume of cement, as shown in Figure 3.2. A 

comparison is made between the 28-day strength and the 70-day strength. The trend line of the 70-

day strength is about 4 MPa higher than the 28-day strength trend line. Since the pozzolanic 

materials react slower than the primary hydration material clinker, the strength development 

occurs later as well, as shown in Figure 3.3. However, some powder combinations reach even a 

higher strength than the 100% BFC mixture after 70 days. 

 

 
Figure 3.3 Relation between compressive strength and the fly ash to binder ratio (volume), all binders 

mixtures containing fly ash presented  
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The relationship between the compressive strength and the fly ash content is shown in Figure 3.3. 

In general, the higher the fly ash replacement, the lower the compressive strength, except for two 

mixtures containing 10% (P90;0;10 and P85;5;10). These mixtures achieve similar, or even higher, 

strength up to 90 MPa after 70 days. Therefore, it seems to be the optimum, when considering long 

term strength. 

 

 
Figure 3.4 Relation between compressive strength and the limestone powder to binder ratio (volume), all the 

binder mixtures containing LP presented 

 

Figure 3.4 presents the relationship between the compressive strength and the LP content in the 

mixtures. The influence of the LP content is relatively low on the 28-day strength. Despite the 

replacement of cement, for some mixtures (P95;5;0 and P90;10;0) the strength reaches even higher 

after 28 days. While the long-term strength is negatively influenced by the replacement of LP. 

Figure 3.6 indicates this mechanism even more clearly, where only the combination BFC and LP 

are presented. Menendez et al. [98] reported that LF addition to Portland cement causes an increase 

of hydration at early ages inducing a high early strength, but it can reduce the later strength due 

to the dilution effect. 
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Figure 3.5 Relation between the replacement of 

cement by fly ash (by volume) to the compressive 

strength, only the ratio between BFC and FA  

presented  

 

 
Figure 3.6 Relation between the replacement of 

cement by limestone powder (by volume) to the 

compressive strength, only the ratio between BFC 

and LP presented  

 

The influence of the different quaternary binder proportions on the flexural strength is also 

measured and analyzed. Figure 3.8 indicates a linear relation between the flexural strength and 

the replacement of the BFC. This phenomenon is similar to the compressive strength, however, a 

replacement of only limestone powder can increase the flexural strength after 28 days. Figure 3.7 

shows the relationship between the replacement of BFC by limestone powder or fly ash (by volume). 

The replacement of fly ash here results in a negative linear function. A replacement of 20% results 

in a decrease of about 15% in the flexural strength. 

 
Figure 3.7 Relation between the replacement of BFC 

by limestone powder or fly ash (by volume) to the 

flexural strength after 28 days 

 
Figure 3.8 Relation between flexural strength after 

28 days and the BFC to binder ratio (volume) 
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Figure 3.9 The relationship between the theoretical fresh density (calculated with 3% air), measured dry 

density (after 70 days), and the calculated dry density using Equation 2.7. 

 

Figure 3.9 shows the relationship between the theoretical fresh density, measured dry density, and 

the calculated dry density. Theoretically, the mixtures with a high replacement rate should result 

in  a lower density, due to the lower particle densities of limestone powder and fly ash. However, 

in practice, the actual measured density is not  as low as expected.  

The measured dry density of P70;10;20 is 2150 kg/m³, which is about 40 kg/m³ less than P100;0;0 

while the calculated dry density difference is about 60kg/m³. The deviation between the calculated 

dry density and the measured dry density can be explained by the fact that only the hydration of 

cement is taken into account in Equation 2.7. The equation is based on a w/c ratio of 0.5 and 

ordinary Portland cement while, for these mortars, fixed water amounts (based on a water to 

powder ratio) are chosen, which leads to a range of w/c ratios between 0.39 to 0.56. Therefore, this 

equation must be revised. 

To calculate the oven dry density, based on the results of the previous research, the following 

Equation 3.1 can be used. 

 

𝜌𝑜𝑣𝑒𝑛𝑑𝑟𝑦 = 𝑀𝑑𝑓 + 𝑀𝑑𝑐 + 𝑀𝑐𝑡 + 0.2𝑀𝑤 Equation 3.1 

 

In this equation, where ρovendry is the oven dry density [kg/m³], Mdf is the mass of the dry fine 

aggregate in the composite [kg], Mdc is the mass of the dry coarse aggregate in the composite [kg/m³], 

Mct is the mass of the cement in the composite [kg/m³], and 0.2 is the factor to account for the 

hydrated water. Mw is the mass of water in the mixture [kg/m³]. 

 

3.4 Conclusion 
It is known that a combination of fly ash, limestone powder, and a cementitious material can benefit 

the workability, costs, CO2-emission, and mechanical properties of the mixture. However, these 

properties are highly dependent on the chemical composition and physical properties of these 

products. Also, the combination of these material types have not been previously researched. To 
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gain insights on the optimum combination, it is prudent to research different proportions and 

compare them based on the resulted workability and mechanical properties. 

 

Workability 

• The highest workability can be found in the mixtures where FA is involved, especially 

where FA is the only replacement material 

• The influence of LP on the workability, when combined with BFC, will slightly improve the 

workability. However, in combination with FA, the influence is negative. Further research 

need to point out the reasons for this behaviour.  

 

Compressive strength 

• A higher cement content results in a higher compressive strength after 28 days, however, 

after 70 days the mixtures containing 10% fly ash reach slightly higher compressive 

strengths. 

• The replacement of cement by limestone powder (up to 10%) has no noticeable effect on the 

28 day strength. The missing BFC is compensated by the improved hydration rate due to 

the present LP. 

• On the 70 days strength the replacement has a negative linear effect (Figure 3.6), due to a 

dilution effect. 

 

Density 

• Equation 2.7 found in the literature study was not applicable for this research and therefore 

Equation 3.1 is proposed. 

• The higher the replacement rate, the lower the dry density, due to the lower densities of LP 

and FA in comparison with BFC. Nevertheless, the measured dry density is not as 

significantly low as theoretically expected. This is likely due to a better compaction. 

 

Flexural strength 

• As with the compressive strength, the flexural strength decreases as the replacement rate 

increases, however, a replacement of only limestone powder can increase the flexural 

strength at 28 days. 

• The replacement of fly ash negatively influences the flexural strength. 

 

To conclude this quaternary binder research, an overview of the optimum mixtures for several 

aims is presented below, in Table 3.5. 

Table 3.5 Optimum proportions [% by volume] of the binder amount 

Optimum for: CEM III/52.5 A Limestone powder Fly ash 

High 28-day compressive strength 95 5 0 

High 70-day compressive strength 80-85 0-5 10 

High 28-day flexural strength 90-95 5-10 0 

High flowability 80 0 20 

Low density 70-75 5-10 20 

 

For the mixtures with a lower density, P75;5;20 (20% fly ash and 5% limestone powder by volume) 

is preferable due to its high cement replacement rate, high workability, low density and still 

expectable compressive strength. 

 

Discussion 

• When using the same water amount (Vw/Vp), the w/c ratio changes when the BFC is 

replaced by LP and FA, which can greatly influence the strength. However, for this purpose, 

where workability and strength are assessed, this proportioning method of the test 

mixtures is the most sufficient. 

The pozzolanic reaction could be stimulated by other curing circumstances. In this case, 20 ºC and 

immersed under water may not encourage the reaction enough, especially for the higher 

replacement rates. However, the energy and costs of raising the temperature high enough to 

increase the reaction rate might not be worth.  
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4 Natural expanded pumice (NEP) 
 

4.1 Introduction 
Several different LWA types are evaluated in this research (as explained in section 2.2 Materials). 

When considering the density, mechanical strength, moisture absorption, economic value, particle 

shape, and surface, the following LWAs are chosen: treated natural pumice and expanded clay.  

Most properties of expanded clay (including Liapor 8TM) are already known due to years of research. 

However, treated natural pumice is not commonly used for this application. Therefore, it is 

recommended to research the influence of this material on the workability and mechanical 

properties of the concrete mixture. Due to the uncertainty of the behaviour of the treated natural 

pumice (mainly) on the workability, the following research question is raised: 

• What is the influence of the treated natural pumice on the compressive strength and the 

workability of SLWAC? 

4.2 Materials and methods 
In Europe, Natural pumice can be found in the Rhineland in Germany, Iceland, Yali in Greece, and 

Lipary Island in Italy [4].The natural pumice used in this research is Rotocell PlusTM and is 

extracted from Urmitz. The crude pumice is withdrawn by open-cast mining. After washing, 

crushing, and sieving, the particles are hydrophobized by mixing with dimethylsiloxane (< 1%) and 

water [57]. Due to this production process, the material is meant to be water repellent. However, 

the interaction with a binder is still uncertain, therefore, the surface area of the aggregates is 

investigated by using a microscope. Additionally, in order to evaluate workability and compressive 

strength of different particle sizes, experimental research has been done on mortar scale. The 

flowability is measured similar  to the quaternary binder research following EN 1015-3:1999 [117] 

and the strength is measured following the EN 196-1:2005 [118]. The samples are cured immersed 

in water and EPS moulds are applied. The only deviation on the standard is differing mix 

proportions and the replacement of reference sand by the different NEP fractions.  

The proportions and ratios of the materials 

are shown in Table 4.1. The proportions of 

each mixture are presented in Table 4.2, 

where the volumes of cement, aggregates and 

water are in every mixture the same. A 

relatively high w/c ratio of 0.7 was needed to 

make all the mixtures flowable. A 

polycarboxylic ether-based superplasticizer 

(SP) is used to adjust some of the mixtures in 

order to reach a similar workability for all the 

mortars. 

  

Table 4.1 Mix proportions  
[kg/m3] v/v 

CEM III/A 52.5 N  465 15% 

Reference sand 1394 53% 

Water 325 33% 
 

 
Table 4.2 Proportions of the mixtures used for the experimental research on the behaviour of natural 

expanded pumice in concrete mortar   
Ref1 R0.04 R0.09 R0.25 R0.5 R1.0 R2.0 

CEM III/A 52,5 N  [kg/m3] 465 465 465 465 465 465 465 

Reference sand [kg/m3] 1394 0 0 0 0 0 0 

NEP 0.04-0.09  [kg/m3] 0 394 0 0 0 0 0 

NEP 0.09-0.3 [kg/m3] 0 0 368 0 0 0 0 

NEP 0.25-0.5 [kg/m3] 0 0 0 368 0 0 0 

NEP 0.5-1.0 [kg/m3] 0 0 0 0 316 0 0 

NEP 1.0-2.0 [kg/m3] 0 0 0 0 0 289 0 

NEP 2.0-4.0 [kg/m3] 0 0 0 0 0 0 263 

Water [kg/m3] 325 325 325 325 325 325 325 
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Due to different sources or production methods, the particle shape and texture can vary 

significantly. Both fine and coarse aggregates influence the following factors [1]: 

• Workability 

• Pumpability 

• Fine-to-coarse aggregate ratio 

• Binder content 

• Water requirement  

• Surface texture 

• Surface specific area 

 

The German LiaporTM is an expanded clay produced by a dry process. The basic raw material is 

shale, a soft rock, which is crushed and dried and milled into powder. This powder then is blended 

and can be used for pelletization. The surface area is coated by finely processed limestone powder 

after the pelletization process. The desired density and size are achieved after the controlled 

expansion process in the rotary kiln. Because of the preformation of the pellets, the production of 

fine fractions is limited [4].  

The shape and surface texture is analysed by an optical microscopic camera (Figure 4.1, Figure 4.2, 

Figure 4.3, and Figure 4.4). The expanded clay LWA has a smoother surface area in comparison 

with the treated natural pumice, due to the production process. The spherical shape of the expanded 

clay can also benefit the workability due to its shape and relatively low surface area. The shape can 

also be more efficient mechanically. 

 

 

 
Figure 4.1 Expanded clay (EC 4.0-8.0) 

 
Figure 4.2 Natural expanded pumice (NEP 2.0-4.0) 

  

 
Figure 4.3 Natural expanded pumice (NEP 1.0-2.0)  

 
Figure 4.4 Natural expanded pumice (NEP 0.5-1.0)  
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Table 4.3 Chemical analysis of the LWA  

  ROTOCELL PlusTM 

natural pumice [57] [%] 

Liapor 8TM expanded 

clay [61] [%] 

Silicic acid SiO2 56.0 55.0 

Clay Al2O3 22.0 24.0 

Alkalis K2O Na2O 6.0  

Iron oxide Fe2O3 3.0 14.0 

Calcium oxide CaO 2.0 5.0 

Magnesium oxide MgO 0.5  

Titanium dioxide TiO2 0.5  

Dimethylsiloxane C2H6OSi 0.8  

 
Table 4.4 Technical data of the used superplasticizer, ‘MasterGlenium 51’, obtained in 20C and 50% relative 

humidity conditions 

Structure of the material Polycarboxylic ether based [119] 

Colour Amber 

Chlorine content [%] (EN 480-10:2005 [120]) <0.1 

Alkaline content [%] (EN 480-12:2005 [121]) <3 

Density [kg/m³] 1112 

 

 
Figure 4.5 Skeletal density natural expanded pumice in relation with the particle size 

 

The chemical compositions of the LWA and SP are presented above in Table 4.3 and Table 4.4. 

In order to evaluate the pore structure of the natural expanded pumice (NEP), the particle density 

is measured of the used material. By using a AccuPyc IITM Pycnometer, the specific density is 

measured. For the porous particles such as NEP and EC the value is the “skeleton” density (specific), 

due to the penetration of the helium into the pores. Figure 4.5 provides the relation between the 

specific density of the used NEP and the particle sizes. It can be concluded that the particle sizes 

above 1 mm have a similar pore structure, due to the same specific density. The finer particles are 

denser, which indicates a lower porosity, when assuming the density of the material itself stays 

equal. 

Most properties of expanded clay are known, and this also applies to Liapor 8TM. However, treated 

natural pumice is not commonly used for this application. Therefore,  research on the influence of 

this material on the workability and mechanical properties of the concrete mixture is recommended. 

The different fractions of the natural pumice may have different influences on the workability and 

strength due to the  differed particle shapes, water absorption, and surface area. 

To find the influence of the particle fraction and the workability of concrete different mortars are 

compared. Based on the mortar test (EN 196-1:2005 [118]), the workability and strength tests are 

performed. The reference sand is replaced by the different fractions.  
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4.3 Results and analysis  

 
Figure 4.6 Evaluation workability of the different fractions of treated natural pumice 

 

The influence of aggregate size on workability is presented Figure 4.6. The reference mixtures show 

the highest flowability, likely a result of the reference sand which has a better particle size 

distribution, smoother surface area, more spherical shape, no water uptake, and higher density 

then the natural pumice LWA.  

The smaller LWA fractions R0.04-R0.25 demanded the use of SP in order to reach a comparable 

workability. 

The larger LWA fractions show acceptable workability without the use of SP. The larger the particle 

size, the better the workability. This phenomenon can be explained by the higher specific surface 

area for smaller fractions. Besides the specific surface area, the microscopic views indicate a 

smoother surface for the larger fractions, as in Figure 4.2, in comparison with the smaller fractions, 

as in Figure 4.4. 

 
Figure 4.7 Relationship between the maximum particle size of the LWA (natural pumice) and the compressive 

strength of the mixture 

 

The relationship between the particle size of the LWA and the compressive strength of the mixture 

is presented in Figure 4.7. It indicates a logarithmic relationship where the smaller particle sizes 

reach significantly higher compressive strength after 28 days. A linear relationship is found 

0

0.3

0.6

0.9

1.2

1.5

0

50

100

150

200

250

Ref1 R0.04 R0.09 R0.25 R0.5 R1.0 R2.0

S
P

-
b

in
d

e
r 

ra
ti

o
 [

%
]

S
lu

m
p

 f
lo

w
 [

m
m

]

Mixture type

Mini slump flow Mini slump flow (after jolting the flow table 15 times) SP content

y = -5.8ln(x) + 23.6

10

15

20

25

30

35

40

0 1 2 3 4 5 6

C
o
m

p
re

ss
iv

e
 s

tr
e
n

g
th

 o
f 

th
e
 m

ix
tu

re
 

[M
P

a
]

Maximal (0.9) fraction[mm]



Natural expanded pumice (NEP) 

49 

between the given crushing resistance of the LWA and the final compressive strength after 28 days, 

in Figure 4.9. On the other hand, it might be explained by the assumption that the smaller particle 

sizes, despite the fact they are hydrophobic, still have a certain water uptake. In that case, the w/c 

ratio could be compromised and leads to a higher strength. 

After 28 days, the oven dry density of the mixture was measured and the linear relationship 

between the dry density and the compressive strength can be found in Figure 4.8. In line with the 

expectations, the higher the density, the higher the strength, and when comparing these values 

with the literature shown in Figure 1.1, the density to strength ratio is very high. 

 
Figure 4.8 Relationship between the oven dry density 

of the natural pumice mortar mixtures and the 

compressive strength (28 days) 

 

  
Figure 4.9 Relationship between the mixture 

compressive strength and LWA (Natural Pumice) 

crushing resistance [57] 

 

 

4.4 Conclusion 
Despite the hydrophobic treatment of the natural pumice, the particles still have a certain moisture 

uptake capacity. The broken shape of the particles also has a negative influence on workability. 

And, due to shape and surface texture, the particles have a high specific surface area which results 

in a high water demand. This can explain the negative influence of the smaller particle sizes on the 

workability, as shown in Figure 4.6. 

The mechanical properties of the mortars created with the LWA show good density to strength ratio. 

Besides the density to strength ratio, a logarithmic relationship between the particle size and the 

compressive strength is found, where the smaller particle sizes show a significantly higher 

compressive strength after 28 days than the larger particle sizes. This can be elucidated by the pore 

structure of the finer particles, which are less porous according to the specific density. On the other 

hand, the LWA are the weakest links in the matrix. When including larger LWA particles, the 

“clustered” volume of this weak link increases which ensures a lower strength. Even though the 

total volume of LWA remains the same, due to the “bridging effect”, the greater interruptions into 

the cement matrix cause a lower strength. 

 

Discussion 

It is nearly impossible to measure the particle density of the different LWA particle sizes. Therefore, 

the information provided by the manufacturer must be used. However, this information is 

presented with a large deviation: ±15%.  
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5 Designs 
 

5.1 Introduction 
From to previous studies, it is indicated that this strength to density ratio of LWC is not yet the 

optimum. Thereby, the aim of this study, as shown in Table 1.1, is to find an optimum strength 

density ratio with an acceptable workability. The boundary conditions are formed based on the 

following reasons: 

• Density; when optimizing the strength, 1000-1400 kg/m³ can be competitive with normal 

weight structural concrete, however, the mass reduction is significant. 

• Compressive strength; 25-45 MPa; to fit  the demands of the Dutch building industry. 

• Workability; flow class >F4; to fit into the demand of the Dutch building industry. 

 

By using a combination of an optimized quaternary binder, and the natural expanded pumice, and 

expanded clay as LWA, the optimum density strength ratio can be found in the density classes D1.0 

- D1.4. Therefore, the research question is formulated: 

• What is the optimal balance between strength and density with a minimum flow class of 

F4, and by using the previously mentioned material combination? 

 

The treated natural pumice is not often used in concrete. Especially not in combination with 

expanded clay and the quaternary binder presented in Chapter 3. The research of the optimum 

strength to density efficiency is done by designing several different SLWAC’s in different density 

classes. With the aim of a minimum flow class of F4 (Table 10.43), three acceptable mixtures are 

found in density classes D1.0; D1.2 and D1.4 (Table 10.41).  

The optimization of the proportion of all the solid materials is realised by applying the PSD-

optimization algorithm. Based on the literature study the following parameters are pre-defined or 

have certain boundaries: q-modulus, cement content, and the water/ cement ratio (Table 2.7). Apart 

from the literature study, the conclusions of the quaternary binder study and natural expanded 

pumice study form the basic boundaries for the theoretical designs of the mixtures for the three 

density classes (D1.0; D1.2 and D1.4). These boundary conditions are adjusted, after each test 

mixture so that intended targets can be achieved. To find the optimum workability within these 

density classes several designs are evaluated by finding an optimum in water amount and SP 

amount with the aim of finding the lowest possible amount of water. These mixtures are made on 

a mortar scale where the flowability is measured and the compressive strength after 28 days. The 

flowability is measured following EN 1015-3:1999 [117], and the strength is measured following 

the EN 196-1:2005 [118]. These specimens are cured immerged in water and steel moulds are 

applied. 

 

5.2 Fresh state behaviour analysis 
As stated earlier, the water and SP dosage are determined by the fresh state behaviour analysis. 

Overdosing SP can result in segregation, bleeding, blocking, or can have a negative influence on 

the hardened mechanical properties [8]. In this study the fresh state behaviour is assessed on 

mortar scale by the mini-slump flow test following the EN 1015-3:1999 [117]. Several studies [35,58] 

indicate flow values from 240 mm to 330 mm to create a self-compacting mixture. Therefore, this 

study aims for a minimum flow of 240 mm. In this section, the design steps are briefly explained. 

In Appendix B - Workability, more information about the test mixtures can be found, such as mix 

proportions, PSDs, fresh behaviour measurements, and pictures of the spread flow. 

 

5.2.1 Test mixtures 1 & 2 
In an early stage of the study when all the materials are delivered, the first two test mixtures are 

made. The main goal was to discover a starting point in terms of water to powder ratio, total water 

content, and SP amount, by using these ‘new’ materials for the next steps in the research including 

the quaternary binder, and the natural expanded pumice research. 

For these first mixtures a Q-modulus of 0.25 and a maximum particle size of 5.6 mm is chosen. 

Only NEP aggregates are used. By using Equation 2.10 to optimize the PSD the sum of the squares 

of the residuals (RSS) is 56.7. The proportions can be found in Appendix B - Workability. By 



Development of a structural lightweight concrete 

52 

modifying the water and SP dosage an optimum was found: ‘test mixture 1’. With a Vw/Vp ratio of 

0.89 and a SP/b ratio of 1.8%, the mixture reaches a slump flow of 310 mm.  

Test mixture 2 is made to investigate the influence of a different mixing procedure, where 80% of 

the intended water is earlier dosed. Due to this faster mixing procedure, the Vw/Vp ratio could have 

been reduced slightly to 0.85 and the SP/b ratio to 1.4% while still reaching a comparable slump 

flow of 315 mm. 

 

5.2.2 Test mixture D1.4 
After gaining knowledge about the natural expanded pumice and the quaternary binder, the design 

phase began. It became clear that the use of micro silica had no positive effect on the compressive 

strength or on the flowability so this pozzolanic material was not further investigated and, 

therefore, not added to the mix designs. 

As a starting point for density class D1.4, a Q-modulus of 0.25 was chosen in order to reach a self-

compacting mixture [58]. The fraction size of the NEP aggregates are thereby limited to up to 2.0 

mm, due to the negative influence of the mechanical strength. A very low RSS of 51.7 was achieved 

after optimizing the PSD. With a Vw/Vp ratio of 0.73, and a SP/b ratio of 0.7%, D1.4A reached a 

slump flow of 160 mm, after jolting the table 15 times. However, with the same solid mix 

proportions, a slightly higher Vw/Vp ratio of 0.80, and the same SP/b ratio of 0.7%, D1.4B reached a 

slump flow of 200 mm, after jolting the table 15 times. This lead to a reducing of more than 20% of 

the 28-day strength, which is indicated in Figure 5.1. 

Test mixture D1.4C was modified on the powder scale, in comparison with D1.4A and D1.4B. Where 

the previous mixtures have a quaternary binder with the following proportions P0.85;0.05;0.1, test 

mixture D1.4C doubled the fly ash amount up to P0.75;0.05;0.2. This has the intention of improving 

flowability without adding more water and benefitting the density. 

This modification leads to a slightly less optimal PSD (RSS of 65.5), however, it also resulted in a 

significant improvement of the flowability, to 250 mm, with the use of less water. Despite the slight 

increase of the Vw/Vp ratio to 0.84, the total water amount significantly decreased due to the lower 

density of fly ash. As well as the decrease in water demand, the SP use was significant, up to 1.1% 

of the binder. 

Finally, the optimized test mixture for density class D1.4: D1.4D was studied. Some minimum 

modifications in the proportioning of the solids had taken place, i.e., the removing of fraction NEP 

0.25-0.5. A minor increase of the water amount and a minor decrease in SP resulted in a slump 

flow of 261.5 mm. 

 

5.2.3 Test mixture D1.2 
To achieve a density lower than 1200 kg/m³ some more boundary conditions are inserted into the 

PSD optimisation algorithm, such as the cement amount > 400 kg/m³, total water amount < 180 

kg/m³, no NEP 0.25-0.5, φ NEP1.0-2.0 < 20%, and φ NEP2.0-4.0 < 12%. Because more coarse 

particles are required to obtain a lower density the Q-modulus is increased from 0.25 to 0.28. This 

results in a RSS of 71.8. 

Due to an overdose of SP (SP/b ratio: 1.4%), the first test mixture, D1.2A, showed segregation and 

bleeding. More water was needed to reach an acceptable flowability without causing segregation 

and bleeding. Another method to prevent segregation and bleeding is to lower the Q-modulus from 

0.28 to 0.25 which leads to more fines in the mixture. φ NEP0.04-0.09 increased from 0.4% to 6.6%. 

Also, a new boundary condition was created by removing the NEP fraction 2.0-4.0 mm. Thus, in 

test mixture D1.2B a total water amount of 195 kg/m³ is reached. This in combination with a still 

very high SP/b ratio of 1.2% leads to a spread flow of 225 mm. 

The significant increasing of the φ NEP0.04-0.09 might lead to a higher water demand, therefore 

this fraction is restricted to a maximum of 3% which results in a higher demand of NEP0.09-0.3 in 

order to reach the optimal PSD. φ NEP0.09-0.3 increased from 12% to 16%. These modifications 

result in a considerably higher water demand of 235 kg/m³, and a higher SP/b ratio of 1.4%, which 

leads to a similar slump flow of 231.3 mm. This major increase of the water amount results in a 

significant decrease of compressive strength after 28 days, from roughly 38 MPa to 27 MPa. In this 

case a lower flowability is accepted. Even though the target is to reach a SCC, the balance between 

strength and density is the priority. An improvement of the flowability might be possible by 

introducing a higher water amount or reaching a more optimal PSD, however, this will lead to a 

poor strength/ density ratio. Therefore, a lower slump flow is accepted in this study.  
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5.2.4 Test mixture D1.0 
To obtain a dry density of less than 1000 kg/m³ by using the LWA selected to reach high compressive 

strength (thus relatively dense), and still find an acceptable slump flow is a major challenge in this 

study. The previous test mixtures proved already how ambitious this can be. 

Firstly, more boundary conditions are inserted into the PSD optimisation algorithm, i.e. cement 

amount > 300 kg/m³, total water amount < 180 kg/m³, maximum particle size < 5.6 mm, φ NEP1.0-

2.0 < 30% and φ NEP2.0-4.0 < 30%. Because more coarse particles are required to obtain a lower 

density the Q-modulus is increased to 0.3. This results in a RSS of 102.0. 

Like the first test mixture of density class D1.2, D1.0A suffers from segregation and bleeding due 

to an overdose of SP (SP/b ratio: 1.8%). More water is needed to reach an acceptable flowability 

without causing segregation and bleeding. And, more fines are required to ensure the connection 

between the coarse and the fine solids. Therefore, D1.0B consists of a minimum of 360 kg/m³. Even 

though more water is used, the mixture reached an overdose of SP at SP/b ratio of 1.5%, which 

leads to segregation and bleeding. Here it can be concluded that the cement amount is still not high 

enough. Hence, the cement amount for D1.0C is increased to 400 kg/m³. By this, combined with a 

significantly higher water amount to Vw/Vp ratio of 1.23 and a decrease of SP/b ratio to 0.3%, a 

slump flow of 180 mm is realised. For test mixture D1.0D the aim is to reduce this high water 

content by dosing more SP while keeping the solid proportions similar as D1.0C. In the end, the 

Vw/Vp ratio could be reduced to 1.08 by using an SP/b ratio of 0.4% to reach a slump flow of 187.5 

mm. Here the same conclusion can be drawn as when regarding D1.2: certainly, the flowability 

could be optimized by dosing more water, however, this has a significantly negative influence on 

the compressive strength. 

 

5.3 Compressive strength 
When a test mixture reached an adequate enough flowability, it was cast in the steel-prism-moulds 

(40 mm × 40 mm × 160 mm) and the strength was measured following the EN 196-1:2005 [118].  

Figure 5.1 shows the strength development of the test mixtures. The denser test mixtures reach 

higher strengths compared to the less dense test mixtures, as expected. The influence of the water 

amount is clearly visible when comparing D1.4A with D1.4B.  

 

 
Figure 5.1 Compressive strength development of test mixtures (40 mm × 40 mm × 160 mm)  
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Table 5.1 Overview of the technical properties of the test mixtures (slump flow is measured following EN 

1015-3:1999 [117] and the strength is measured following the EN 196-1:2005 [118])  
fprism [MPa] Dry density [kg/m³] Slump flow 

[mm] 

D1.4A 49.6 1372 160 

D1.4B 38.4 1331 200 

D1.4C 48.0 1425 250 

D1.4D 40.8 1334 262 

D1.2A 33.3 1225 178 

D1.2B 37.9 1263 225 

D1.2C 26.7 1278 231 

D1.0C 21.4 1017 180 

D1.0D 24.5 1023 188 

 

An overview of the technical properties of the castable test mixtures (based on acceptable 

workability) is provided in Table 5.1. 

Based on the preliminary results of these workability and mechanical tests three final mixtures 

are developed. The proportions of these mixtures are presented below, in Table 5.2. The particle 

size distributions of these mixtures are shown in Figure 5.2, Figure 5.3 and Figure 5.4. 

As mentioned in Chapter 4 Natural expanded pumice (NEP), the particle density of the NEP has a 

large deviation. This leads to higher densities than intended. 

Table 5.2 Proportions of the final mixtures 

Proportions D1.0 [V/V] D1.2 [V/V] D1.4[V/V] 

CEMIII/A 52.5N  0.13 0.13 0.14 

Limestone powder 0.01 0.01 0.01 

Fly ash 0.05 0.03 0.03 

NEP 0.61 0.59 0.41 

EC 8 0.00 0.04 0.19 

Water 0.24 0.19 0.17 

Super plasticizer 0.00 0.00 0.00 

Water/cement (by mass) 0.60 0.49 0.40 

Water/binder (by mass) 0.55 0.46 0.38 

SP/ binder (by mass) 0.00 0.01 0.01 
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Figure 5.2 Particle size distribution (PSD) of the optimized mixture in density class D1.0 

 

 
Figure 5.3 Particle size distribution (PSD) of the optimized mixture in density class D1.2 
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Figure 5.4 Particle size distribution (PSD) of the optimized mixture in density class D1.4 

 

5.4 Conclusion 
By applying the PSD-optimization algorithm the optimization of the proportions of all the solid 

materials is realised. Based on the literature study the following parameters are pre-defined or 

have a certain boundary: q-modulus, cement content, and the water/ cement ratio (Table 2.7).  

In addition to the literature study, the conclusions of the quaternary binder study, and LWA study 

form boundaries for the theoretical designs of the mixtures for the 3 density classes (D1.0; D1.2 and 

D1.4). By slightly modifying the proportions of the solids, and by changing the water content and 

SP dosage, test mixtures are made in order to find the optimum workability. The test mixtures with 

sufficient workability are measured on strength and dry density as well so that an optimum balance 

can be found. Finally, the following conclusions can be drawn: 

• It is possible to create LWACs with density classes D1.0; D1.2 and D1.4 with acceptable 

flowability, a mini slump flow ranging from 180 mm to 262 mm. However, the mixtures for 

D1.0 and D1.2 have slightly higher densities than intended, mainly due to the deviation in 

the NEP particle densities. 

• It shows that the flowability can be improved by increasing the water amount, however, at 

a certain point this has major influence on the compressive strength. Therefore, a lower 

flowability is accepted. 

• The 28-day compressive strength of the different developed mixtures has a better density 

strength ratio compared with literature, as shown in Table 5.1 and Figure 6.7. However, 

these are measured on 40 mm × 40 mm × 160 mm prisms, which might explain the deviation 

between mixtures. 
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6 Experiments and results analysis  
 

6.1 Introduction 
This chapter contains the results of the fresh behaviour, mechanical, durability, and thermal 

properties of the final mixtures, as shown in the previous chapter. 

The mixtures with the best strength potential are chosen to be studied on a larger scale in order to 

analyse the workability (flowability, f-funnel and j-ring), mechanical (E-modules, shrinkage, 

compressive strength, flexural strength, tensile strength, and adhesion with profiled rebar), 

durability (water penetration and freeze-thaw resistance), and thermal (thermal resistance) 

properties. This will answer the following research question: 

• What is the mechanical property, workability, durability, and thermal property potential 

of this SCLWAC in the density classes D1.0, D1.2 and D1.4? 

6.2 Workability 
 

6.2.1 Introduction 
To obtain a SCC, a high flowability is required. The literature laid out some guidelines which can 

be followed to achieve a SCC. Table 6.3 shows the important factors that influence the flowability, 

such as the powder content, water content, coarse LWA content, water to powder ratio, and the SP 

amount. This section shows the results of the fresh behaviour tests. The three final mixtures 

presented in Chapter 5 are prepared on a relative large scale, 50 L each mixture, to complete the 

fresh behaviour tests and cast the samples for the mechanical property tests. 

 

6.2.2 Results and analysis 
According to the fresh behaviour tests (shown in Table 6.1) following Self-compacting concrete – 

Slump flow test EN 12350-8:2010 [122], Self-compacting concrete - V-funnel test EN 12350-9:2010 

[123], and J-ring test EN 12350-12:2010 [124], the mixtures reach inter alia, flowability classes of 

F1, F3 and F6. Table 6.2 shows pictures of these fresh behaviour tests. 

 
Table 6.1 Results of the fresh behaviour tests 

  D1.0 D1.2 D1.4 

  10-10-2016 13:45 11-10-2016 15:15 10-10-2016 16:15 

Slump flow [mm] 435 260 780 

Flowclass (EN 206-1:2001 [14]) F3 F1 F6 

T500 [s] NA NA 6 

F-funnel 1st/2nd [s] 20 24 NA 17 27 

F-funnel gem [s] 22 NA 22 

Fresh density [kg/m3] 1193 1316 1504 

J500 [s] NA NA 12 

Jring flow [mm] 385 NA 820 
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Table 6.2 Pictures of the fresh behaviour tests 

 D1.0 D1.4 

Spread flow 

  
 

J-ring- 

spread flow 

  
 

 
Figure 6.1 The ratio of the flow classes of the registered “cast in situ” concrete deliveries in 2008 and 2011 in 

the Netherlands [15] 

 

The ratio of the flow classes of the “cast in situ” concrete deliveries in the Netherlands is shown in 

Figure 6.1. As concluded earlier, it is the minimum demand of the flow class in the Netherlands for 

“cast in situ” which is greater than class F4. When comparing the flow classes of the developed 

mixtures with this observation, only mixture D1.4 fits in the Dutch “cast in situ” flowability demand.   
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6.2.3 Conclusion and discussion 
Despite the hydrophobic treatment of the natural pumice, it can be assumed that the particles still 

have a certain moisture uptake. The broken shape of the particles has a negative influence on the 

workability. Additionally, due to the shape and surface texture, the particles have a high specific 

surface area which results in a high water demand. Even though the natural pumice fraction 

evaluation already demonstrated that their fraction size can influence the workability, 

compromises needed to be made in order to reach a certain density class optimum.  

Table 6.3 shows the final mixture properties which affect the workability compared to the literature 

guidelines.  

• It was possible to develop a self-compacting concrete in the density class of D1.4 

• The higher amount of treated natural pumice will negatively influence the workability. 

• Despite the flowable paste in case of the D1.0, the mixture shows a moderate slump flow 

due to the low density of the aggregates. 

 
Table 6.3 Final mixture proportions which affect the workability, compared to the literature guidelines 

 Bogas [19] 

LWAC 

The 

European 

Guidelines 

for SCC 

[35] 

D1.4 D1.2 D1.0 

Powder [kg/m³] 530-600 380-600  551 530 572 

Water [kg/m³] 165-185 150-210 169 235 240 

Coarse aggregates (Vg) [L/m³] 300  270-360 620 580 560 

Water- powder ratio (Vw/Vp) 0.80-0.90 0.85-1.10 0.85 1.17 1.08 

NEP aggregates [L/m³]   430 570 590 

EC aggregates [L/m³]   200 40 0 

Water- binder ratio (Mass)   0.38 0.55 0.56 

Water- cement ratio (Mass)   0.40 0.58 0.60 

Super plasticizer- binder ratio (Mass)    1.0% 1.4% 0.4% 
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6.3 Density and physical structure 
 

6.3.1 Introduction 
As mentioned earlier, there are some advantages when a material has a low density and still retains 

good mechanical properties. Therefore, the aim of this research is to find the optimal balance 

between compressive strength and dry density between 1000 and 1400 kg/m³. The fresh density of 

concrete is, in general, the function of the mixture proportions, air contents, water demand, particle 

density, and moisture content of the LWA [43]. However, when the dry density must be predicted,  

Equation 3.1 can be followed. The factors which influence the oven dry density of a LWAC are: the 

solid proportions and their densities, air content, and  water content. Dry density is relevant 

because this makes the density comparable with other concretes. Nevertheless, in practice, the 

density of the 28-day-old demoulded concrete is relevant. Because all the samples in this study are 

wet cured, this practical density will be referred to as ‘wet cured density’.  

This section will  discuss the particle densities of the solid material and then measured dry, wet, 

and fresh densities.  

Factors which affect density such as proportioning of the mixture can be controlled in the mix 

design, yet, the air content is harder to control. One way to influence the air void system is by 

changing the w/c ratio [4]. Besides the right w/c ratio, air entrainment agents can be used to provide 

an adequate pore structure to reduce the density, improve the workability, and improve the freeze-

thaw resistance. By manually influencing the air content, the designer must keep in mind that an 

increasing of the porosity will negatively influence the mechanical properties. In this study, the air 

content is expected to be high enough without the use of air entrainment. Still, the value is 

uncertain. To measure the air volume of LWAC in a traditional way (such as the pressure method 

according to EN 12350-7:2009 [125]) is not reliable because of the porous LWA. Thus, another 

method must be used. The method used to investigate the air volume is based on the analysis of a 

picture of a hardened-specimen-cross-section of the developed mixtures. The picture is taken in a 

conditioned environment where a light source creates an even light, almost perpendicular to the 

cross-section surface, which provides shading of the pores. By using AxioVisionTM, photo analysis 

software, the number of pixels with the colour gradient of this shadow can be counted. The accuracy 

of this method is around a pore size of 40 µm. When considering porosity, a distinction can be made 

between pore sizes [4]: 

• CSH-gel pores (0.0015-0.002 µm) 

• Capillary cavities (0.5 µm) 

• Bubbles of entrained air (1-5000 µm) 

In this perspective, only the bubbles of entrained air are measured with this method.  
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6.3.2 Density 
To start the mix design, the particle density of 

the material is measured. By using a AccuPyc 

IITM Pycnometer, the specific density is then 

measured. For solid, airtight particles, such as 

cement, fly ash, or limestone powder, this gives 

the specific density. For the porous particles, 

such as natural expanded pumice (NEP) and 

expanded clay (EC) this value differs from the 

particle density, where the volume of the total 

particle is taken into account. A comparison is 

made in Figure 6.2. The actual measurement 

data can be found in Appendix A - Material 

measurements. 

 

The density of the developed mixtures is 

measured in several concrete phases. By 

measuring the weight inside and outside of the 

water, the volume and density of a sample can 

be determined. Figure 6.3 indicates the 

different densities of the developed mixtures. 

 

 

 
Figure 6.2 Particle density of the individual 

materials 

 
Figure 6.3 Overview of densities in different concrete phases 
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6.3.3 Pore structure and homogeneity  
Figure 6.4 shows the pictures used for analysing the porosity of the developed mixtures. A result 

overview of the measured volume fractions of the pores and EC is indicated in Table 6.4. To obtain 

the porosity of the cement paste, the dark LWA: expanded clay 4.0-8.0 mm (EC 4.0-8.0), is filtered 

out of the picture, yet the highest porosity can be found in mixture D1.4. Even though, this mixture 

has the highest flowability and the lowest w/c ratio, the entrained air content is over 1% greater 

than the other developed mixtures. ACI [1] reports several case studies of LWAC with considerably 

lower air content. A LWAC developed at a U.S. East Coast prestressed plant consists of 3-4% air. 

Thereby a sanded structural lightweight concrete, with a density of 1985 kg/m³ and a compressive 

strength of 50 MPa consists of 6.4% air.  

 
Table 6.4 Overview measured densities and measured volume fractions of the pores and EC  

D1.0 D1.2 D1.4 

Oven dry density [kg/m³] 1057 1182 1404 

Fresh density [kg/m³] 1189 1324 1504 

Wet cured density (after 28 days) [kg/m³] 1226 1324 1544 

Theoretical density (without air content) [kg/m³] 2263 2571 2485 

Total air volume in fresh state [%] 47.5 48.5 39.5 

Air volume in the cement paste of pores > 40 µm [%] 7.4 7.9 8.9 

EC 4.0-8.0 volume [%] 0.0 5.0 26.7 

 

Based on Equation 6.1 the total air volume in fresh state (φtotal air) is calculated. The fresh density 

(ρfresh) [kg/m³] is divided by the summation of the solids and water. For the density of the solids 

(ρsolids), the values are measured by the Pycnometer, indicating the density of the material which 

cannot be penetrated by helium, thus no air. 

 

𝜑𝑡𝑜𝑡𝑎𝑙 𝑎𝑖𝑟 = 1 −  
𝜌𝑓𝑟𝑒𝑠ℎ

∑ (𝜑𝑚𝑖𝑥(𝜌𝑠𝑜𝑙𝑖𝑑𝑠𝑖
𝑖+1))

𝑛

𝑖=1

 

 

Equation 6.1 

The total air volume in fresh state ranges, from 48.5 to 39.5%, which is influenced by the volume 

fraction and porosity of the different LWA. Besides the influence of the LWA, the fresh behaviour 

and the method of compaction affect this total air volume as well. 

For all the mixtures, the same compaction method is used for compacting the concrete into the 

moulds. Because of the intended self-compacting application field of the developed mixtures, only 

a poke stick is used to compact the concrete by poking it in 15 straight repeats. 

When comparing the pore sizes, D1.0 has larger pores reaching 5 mm, while D1.2 and D1.4 have 

more smaller size pores with a maximum pore size of 3 mm. The larger pore sizes might occur due 

to the poor packing of the solids. The pore size distribution shown by mixture D1.0 will likely result 

in an eventual lower mechanical strength and durability issues. The distribution of the pores is 

acceptable in every sample, however, D1.2 has a slightly higher concentration at the right side of 

the picture.  

More visualises of this measurement method can be found in Appendix C - Porosity cross-sections. 
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(a) 

 
(b) 

 
(c) 

Figure 6.4 Pictures used for analyzing the porosity of the developed mixtures: (a) D1.0, (b) D1.2 and (c) D1.4 

 

6.3.4 Conclusion and discussion 
After 28 days the mixtures developed in this study achieve a dry density ranging between 1050 and 

1400 kg/m³. To achieve these low densities a high porosity is needed, this is partly provided by the 

LWA and partly by the porosity of the cement matrix (Bubbles of entrained air). 

The total air volume in fresh state ranges between 48.5 and 39.5%. While D1.4 reaches the lowest 

air content ratio when considering the total air volume, the air porosity of the cement matrix is 

approximately 1% greater than D1.2 and D1.0, ranging from 7.4% to 8.9%. This can be explained 

by the different volume ratios between the different LWA. For example, D1.4 consists of 

approximately 25% expanded clay aggregates, while D1.0 consists of none.  

When comparing the pore sizes, D1.0 has larger pores reaching 5 mm, while D1.2 and D1.4 have 

more smaller sizes with a maximum pore size of 3 mm. The larger pore sizes might occur due to the 

poor packing of the solids. The pore size distribution shown by mixture D1.0 probably will result in 

a lower mechanical strength and may present durability issues. 

 

Discussion 

As concluded previously, the natural expanded pumice aggregates show relatively large deviations 

in specific density. It is nearly impossible to measure the particle density of the different LWA 

particle sizes, therefore, the information provided by the manufacturer is used. However, this 

information is presented with a large deviation: ± 15%. It is recommended for future use of this 

material to find a reliable method of measurement for the particle density. 

The current method used to investigate air volume is based on a software which analyses the colour 

gradients in a picture of a hardened-specimen-cross-section of the developed mixtures. This is a 

fast method to get a general indication of the air amount in this cross-section, however, when a 

more precisely indication is needed this might not be the best method due to the following 

uncertainties: 

• A contrast given by shading is unreliable, due to the many factors which influence the shape 

of the shadow, such as the angle and position of the light source or the finishing of the 

surface. 

• The software uses boundary conditions like the accuracy of the colour gradient, which needs 

to be counted. These settings can lead to high deviations. 

• This measurement was taken to get an indication of the porosity, therefore only one cross-

section is measured. For more accurate measurements, more cross-sections are needed.  

• The LWA have pores as well, which requires a manual differentiation between cement past 

and coarse LWA. In this case, this was done for the mixtures containing the expanded clay 

particles. 

• The natural expanded pumice aggregates consist of pores as well, however, some of these 

could be measured by the software. 
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6.4 Mechanical properties 
Apart from the density and workability, the mechanical properties stand as one of the major focuses 

of this study. Especially the compressive strength, since this is a commonly accepted indicator of 

strength.  

 

6.4.1 Compressive strength 
 

6.4.1.1 Introduction 

Generally, the compressive strength has a relationship with density. The comparison shown in 

Figure 6.7 indicates the higher the density, the higher the strength. However, in this study the aim 

is to optimize this relationship, especially in the density classes between 1000 and 1400 kg/m³. 

Therefore, sample cubes (150 mm × 150 mm × 150 mm) are cast in plastic moulds, demoulded after 

1 day, and wet cured to measure the compressive strength after 1, 7, 28 and 91 days, respectively 

following EN 12390-3:2009 [126]. 

The characteristic cube compressive strength (fck,cube) is needed for assessing concrete in a strength 

class and is calculated with Equation 6.2. Where fcm is the mean cube compressive strength and σ 

the standard deviation. 1.64 is used in order to set the under boundary for a 90% confidence interval. 

 
𝑓𝑐𝑘,𝑐𝑢𝑏𝑒 = 𝑓𝑐𝑚,𝑐𝑢𝑏𝑒 − 1.64𝜎 Equation 6.2 

 

6.4.1.2 Results and analysis 

 
Figure 6.5 Compressive strength development of the 3 final 

mixtures  

 
Figure 6.6 Picture of the ‘sandglass’ shaped 

samples after the compressive strength test 

(left to right: D1.4; D1.2; D1.0) 

 

Figure 6.5 shows the strength development of the compressive strength (150 mm × 150 mm × 150 

mm) of the  final three mixtures (D1.0; D1.2 and D1.4), compared with the strength development 

of the NWM (prisms 40 mm × 40 mm × 160 mm). 

 

Figure 6.7 indicates the relationship between the compressive strength and the dry density 

compared with the available literature. The mixtures, as discussed in the previous chapter (prisms 

40 mm × 40 mm × 160 mm), reach a better ratio between density and compressive strength in 

comparison with available literature. 
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Figure 6.7 Relationship between the compressive strength and the dry density compared with the available 

literature (ULWAC: Yu, Q [8]; LWAC: Chandra, S [4]; ILWC: Zareef, M [5]; LWC: Alduaij, J [6]; LWAC: Liu, 

X [7]; LWAC: Yu, Q [8]; Porous concrete: Schauerte, M [9]; Foam concrete: Schauerte, M [9]; UHPC foam 

concrete; Schauerte, M [9]; SCLC: Topcu,I [10]; LWC: Kan,A [11]; RLWAC: Kralj, D [12]; LWAC: Argex [13]) 

 

 
Figure 6.8 The ratio of the compressive strength classes of the registered “cast in situ” concrete deliveries in 

2008 and 2011 in the Netherlands [15] 
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Figure 6.8 shows the ratio of the compressive strength classes of the registered “cast in situ” 

concrete deliveries in 2008 and 2011 in the Netherlands. In 2011, 83% of the registered concrete 

deliveries ranged between C20/25 and C30/37. This is the range where the developed mixtures of 

this study will fit in as well. Which would indicate a great potential. On the contrary, this is already 

more than 5 years ago and the trend is that the average compressive strength class is increasing. 
 

6.4.1.3 Conclusion and discussion 

As explained in Section 2.1.1, the compressive strength is influenced by many factors. Table 6.5 

shows the 28-day strength of the final mixtures in comparison with the NWM, with a quaternary 

binder, with similar proportions as the final mixtures. The most dominant factors which influence 

the compressive strength, as explained in section 2.1.1, are compared as well. The crushing 

resistance of the largest, and therefore weakest, aggregates is taken into account. The limestone 

powder counts for 30% and the fly ash for 20% as a binder, for the w/b ratio. 
 

Table 6.5 Compressive strength in comparison with de normal weight mortar (used to find the optimum 

proportions for the quaternary binder)  
Dmax [mm] Crushing 

resistance 

aggregates 

[MPa] 

Vol-

Aggregate  

Water 

amount 

[w/b ratio] 

28 day 

strength 

[MPa] 

Compared 

NWM 

NWM P0.75;0.05;0.2 2.0  60% 0.49 75 100% 

D1.0 5.6 12 58% 0.56 22 30% 

D1.2 8.0 15 63% 0.55 28 37% 

D1.4 8.0 15 61% 0.38 42 56% 

 

The strength development of the final mixtures indicates a ceiling strength of the LWA 

combinations. After 7 days the compressive strength reaches already 90-95% of the final 28-day 

strength, while the NWM P75;5;20, as explained in Chapter 3 Quaternary binder, still develops 

30% from 7 days to 28 days. When the strength development of this NWM P75;5;20 and mixture 

D1.4 is compared, one may conclude that D1.4 shows a faster strength development than the NWM 

P75;5;20, which is probably a result of the lower w/b ratio. The point where NWM P75;5;20 reaches 

a higher compressive strength is around 30 MPa. When the binder reaches this strength level, the 

weakest link in the mixture chain becomes the LWA, which eventually leads to a ceiling strength 

of around 42 MPa. Yu et al. [8] showed a similar effect, however, their LWAC mixtures reached 

already the final strength after 7 days. In this study the development of the binder matrix still 

increases the final strength of the total matrix from 5-10%. Which implies that the binder in this 

study develops to an higher extend or that the LWA show higher compressive resistance. 

D1.2 shows a relatively lower final 28-day strength. Despite the use of the same aggregates, the 

proportions differ in comparison with the D1.4. A significant part of the (strong) expanded clay 

aggregates is replaced by (weaker) natural expanded pumice. And, to reach a comparable 

flowability the w/b ratio needs to be increased, which results in a strength reduction.  

To acquire a density of around 1000 kg/m³ all the expanded clay aggregates are replaced by natural 

pumice aggregates. The natural pumice aggregates, especially the larger particle sizes, have a 

lower crushing resistance in relation with the expanded clay. The D1.0 requires a higher w/b ratio 

to achieve a more acceptable flowability. 

A market research [15] indicates that 83% of the registered concrete deliveries range between 

C20/25 and C30/37 which is the range where the developed mixtures of this study will fit in. 

Although, this research is already more than 5 years ago and the trend is a swift to increasing 

compressive strength classes, it can be expected that the demand for these compressive strength 

classes will still be substantial. 

When comparing the developed mixtures with the literature, it becomes clear that the density to 

compressive strength ratio is about 20% better than mixtures within the same density range. The 

reason for this is a combination of a number of factors: 

• The relatively small maximum particle size (for D1.0 this is 5.6 mm and for D1.2 and D1.4 

this is 8.0 mm) improves the mechanical properties. This gives the cement matrix a more 

obvious opportunity to ‘bridge’ the weaker components in the mixture in order to relieve 

these parts from higher mechanical loads. In addition to the lower maximum particle size, 
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the larger particle size fractions of the natural expanded pumice are kept to a minimum as 

well, due to their lower mechanical properties, even when this results in inferior packing. 

• The pre-soaking of the expanded clay aggregates might lead to a better interfacial zone 

between the cement paste and the LWA, which can lead to better mechanical properties. 

• The high binder content results in higher strengths. 

• The optimum use of SP dosage leads to lower water amounts, which increases the strength.  
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6.4.2 Flexural- tensile-and splitting strength 
 

6.4.2.1 Introduction 

Generally, the weakest mechanical link in a concrete matrix is the coarse LWA. When analysing 

the cracking pattern in LWACs, the cracks are inclined to follow a straight line through the LWA 

in the crack path [127]. While fore NWC, the cracks tend to follow the interfacial regions between 

HCP and aggregates. An increase of the concrete strength can be achieved between 20-40% when 

the cement aggregate bond strength increases from ‘no bond’ to ‘perfect bond’ [31]. In this case the 

cement aggregate bonding strength has a slightly higher influence on the tensile strength than on 

the compressive strength. It sounds logical when taking into account that tensile strength is 

depending on the surface area of the weakest link, therefore the length of the cracking-line which 

is longer when following the interfacial regions instead of a straight line through the aggregates. 

Alexander and Toplin [128] proposed a simple relationship between the bond strength and the 

flexural strength which concluded that an improvement of the flexural strength of the cement paste 

is two times more effective than improving the bond strength. Thus, the higher bonding strength 

of LWAC, due to the physical properties of most LWA, might not be a great advantage considering 

the flexural-, tensile- and splitting strength. In fact, due to lower mechanical strength of the LWA, 

the flexural-, tensile- and splitting strength is expected to be lower in comparison to NWC. 

This section presents the flexural-, tensile-, and splitting strength. The flexural strength is 

measured according to the EN 12390-5:2009 [129]. Where prisms (100 mm × 100 mm × 400 mm) 

are wet cured and measured after 28 days. The waste halves are used, after sawing a perpendicular 

surface, as samples for the direct tensile strength tests measured following the NBN-B 15-211. The 

splitting strength is tested according to the EN 12390-6:2000 [130]. The cubic samples (150 mm × 

150 mm × 150 mm) are water cured and received an ongoing 5 bar of water pressure 72 hours before 

the splitting test in order to measure the water penetration depth as well (Section 6.5  Durability). 

 

6.4.2.2 Results and analysis 

Figure 6.9 gives the relationship between the flexural strength and the compressive strength of the 

developed mixtures in this study compared to similar mixtures shown in literature. The flexural 

strength of the developed mixtures ranges between 3.5 MPa for D1.0 and 5.1 MPa for D1.4. This is 

line with the of other LWAC [131].  

 

 
 

 

Figure 6.9 Left; relationship between compressive strength and flexural strength compared with similar 

concrete mixtures [131], right; picture of the flexural strength test setup 
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Figure 6.10 Left; relationship between compressive strength and the tensile strength of 28 day NWC [132] 

and SLWAC developed in this study, right; picture of the tensile strength test setup in this study 

 

A linear relation can be found between the tensile strength and compressive strength of concrete. 

In comparison with normal weight concrete, the tensile strength is significantly lower, in relation 

with the compressive strength, as shown in Figure 6.10. This can probably be explained by the 

lower tensile strength of the LWA. For NWC the weakest link tends to be the bonding strength 

between the aggregates and the HCP. When comparing the cracking patterns, the cracking-line of 

NWC is longer due to the previously mentioned fact and therefore leads to a higher tensile strength. 

According to the ACI [1], the splitting tensile strength of LWAC ranges from 70 to 100% in 

comparison with NWC with a similar compressive strength. 

In order to improve the splitting tensile strength, Pfeifer [133] recommends a replacement of the 

fine LWA by normal weight sand. 

Figure 6.11 gives the relation between the compressive- and splitting tensile strength of the 

developed mixtures in comparison with other LWACs using different LWAs. In order to translate 

the tensile splitting strength fmt,cube measured of cubical samples (150 mm × 150 mm × 150 mm) 

into cylindrical samples fmt,sp (100 mm × 200 mm ), Equation 6.3 is used. 

 

𝑓𝑚𝑡,𝑠𝑝 = 𝑓𝑚𝑡,𝑐𝑢𝑏𝑒
2/3

 Equation 6.3 

 

In relation with the other mixtures shown in Figure 6.11, the splitting tensile strength of the 

developed mixtures is higher. This while ACI [1] reports that LWAC ranges from 70 to 100% in 

comparison with NWC with similar compressive strength. The high splitting tensile strength can 

be explained by the curing method. In this research the specimens are cured immersed in water 

which is proven by Hanson [134] and Pfeifer [133] that this can lead to an improvement of 

approximately 20%. 
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Figure 6.11 Left; the relationship between the compressive- and splitting tensile strength, calculated following 

Equation 6.3, of different LWACs [131] compared with the developed mixtures in this study, right; picture of 

the splitting tensile strength test setup 

 

Figure 6.12 shows the comparison of the tensile strength, flexural strength and the splitting 

strength of the developed mixtures and the NWM (with the quaternary binder proportions for 75% 

CEM III/A 52.5 N, 5% limestone powder and 20% fly ash). The NWM gives a remarkable high 

flexural strength, especially in relation with the 28 days compressive strength (75 MPa).  

 

 
Figure 6.12 Comparison of the tensile strength, flexural strength and the splitting tensile strength of the 

developed mixtures and the NWM with the optimum proportions for the quaternary binder  
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6.4.2.3 Conclusion and discussion 

The flexural strength of the developed mixtures, ranging from 3.6 to 5.1 MPa, performs in relation 

with the compressive strength in line or slightly under average in comparison with other LWAC. 

However, a comparison of the relation between dry density and flexural strength leads probably to 

a more optimistic result.  

Another explanation can be the high fly ash proportions in the developed mixtures. As concluded 

in Chapter 3 Quaternary binder, a high fly ash content has a negative influence the flexural 

strength. 

The tensile strength of the developed mixtures is significantly lower, in relation with the 

compressive strength, compared with NWC as shown in Figure 6.10. This can probably be explained 

by the lower tensile strength of the LWA. For NWC the weakest link tends to be the bonding 

strength between the aggregates and the HCP. When comparing the cracking patterns, the 

cracking-line of NWC is longer due to the previous mentioned fact and therefore leads to a higher 

tensile strength. 

The splitting tensile strength of the developed mixtures ranges from 3.2 to 5.3 MPa, which is in 

relation with the compressive strength above average. This can partly be explained by the wet 

curing of the specimen. Hanson [134] and Pfeifer [133] show that wet curing can improve the 

splitting tensile strength of approximately by 20% in comparison with dry curing. 

Another reason that the developed mixtures achieve high splitting tensile strength could be due to 

the relatively small maximum particle size. 
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6.4.3 Modulus of elasticity 
 

6.4.3.1 Introduction 

To determine the modulus of elasticity in compression, prisms (100 mm × 100 mm × 400 mm) are 

prepared and tested after 28 days of curing, immersed in water, which are then subjected to the E-

modulus test according to EN 12390-13:2013 [135]. Figure 6.13 shows a picture of the used test 

setup. The upper stress is based on the 28 day cube compressive strength of the mixtures. The 

upper stress of the different mixtures are as follows: D1.0: 5.9 MPa, D1.2: 7.2 MPa and D1.4: 11.2 

MPa. The lower stress is determined on 0.5 MPa for every mixture. 

 

6.4.3.2 Results and analysis 

Several factors influence the modulus of elasticity (E-modulus) of concrete [4]: 

• Type of aggregates 

• W/b ratio  

• Volume of cement 

• Volume of voids 

• Curing method 

Generally, NWC has a higher E-modulus because the moduli of the normal weight aggregates are 

greater than the moduli of LWA. The stiffness of a concrete matrix can be increased by increasing 

the density of the fine aggregates (sand) [4]. Besides the modulus of elasticity of the LWA, the w/b 

ratio and volume is cement affects the E-modulus of the matrix. Chandra and Berntsson [4] show 

an increase of the E-modulus from 12 to 26 GPa by decreasing the w/b ratio. By increasing the air 

volume, e.g. by the addition of air-entraining agents, the E-modulus increases.  

Figure 6.13 indicates the relationship between the 28-day compressive strength and the E-module 

of different mixtures, using different aggregates. The mixtures developed in this study have a 

relatively low E-modulus. The E-modules in relation with the compressive strength of the NWC is 

clearly higher than the LWACs. 

The developed mixtures in this study result in relatively low E-modulus in relation with the 

compressive strength. This can be explained by the low relatively low E-modules of the LWA. All 

the aggregates used in this study are lightweight, while density affects the E-modules [4]. Besides, 

the mixtures have a relatively high cement content and the high air content. Which negatively 

influences the E-modulus as well. 

 

 
 

Figure 6.13 Left; relationship between E-modules and compressive strength of different matrices. (Natural 

sand, Natural sand/ Expanded clay, Expanded shale, Cement paste, Expanded clay, Expanded glass [4,131] 

and NWC [136]), right; picture of the E-modules test setup used in this study. 
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An overview of the compressive strength, splitting tensile strength and the E-modules of the 

developed mixtures is given in Table 6.6. This in comparison with a NWC and LWACs with the use 

of expanded clay aggregated. The splitting tensile strength is relatively similar, however, mixture 

D1.4 performs about 25% better than the other mixtures. The compressive strength and the E-

modules are significantly lower in comparison with the mixtures found in literature.  

 

Table 6.6 An overview of the compressive- and splitting tensile strength and the modulus of elasticity in 

comparison with mixtures with a similar splitting tensile strength  
NWC 

[137] 

Liapor 
TM [137] 

Lytag TM 

[137] 

D1.4 D1.2 D1.0 

Compressive strength (cubes 150 

mm × 150 mm × 150 mm) [Mpa] 

62.5 60.0 61.2 42.3 27.5 22.3 

Splitting tensile strength (cubes 150 

mm × 150 mm × 150 mm) [MPa] 

3.91 3.69 4.29 5.33 3.97 3.23 

Modulus of elasticity [Gpa] 34.5 25.7 26.8 13.9 10.2 7.8 

 

6.4.3.3 Conclusion and discussion 

The E-modulus of the mixtures developed in this study, in relation with the compressive strength, 

are relatively low (8,10 and 14 GPa) when compared to other LWAC and NWC. This is mostly due 

to the high volume of the cement paste and the high air content. On the other hand, when 

comparing the other LWAC in relation with the compressive strength to E-modulus ratio, the 

density is not taken into account. This while, air content and density of the aggregates affect the 

E-modulus.  

In order to increase the E-modulus, it can be considered to replace the fine LWA by normal weight 

sand [1]. 
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6.4.4 Adhesion and de-bonding between the concrete and profiled rebar 
 

6.4.4.1 Introduction 

The adhesion between the concrete and profiled rebar could be a barrier in the applicability of 

LWAC. Therefore Marinus [138] investigated the adhesion between ULWAC and profiled rebar 

and compared this with NWC. ULWAC performed poorly, which would result in a demand for 

longer transmission lengths and therefore a larger volume of rebar, subsequently leading to a 

denser and more expensive matrix which limits the applicability. This mechanical property is 

therefore crucial for the succeeding of the SLWACs developed in this study. 

To measure the adhesion between the concrete and profiled rebar, a ‘rebar pull-out’ test is 

performed according to the EN 10080:2005 [139]. Figure 6.14 and Figure 6.15 indicate the specimen 

and test setup. 

 

 

1. The part of the rebar where the movement 

measurer is placed, in this case a LVDT. 

2. Contact length for the adhesion (5d). 

3. Free front length, with no contact with the 

concrete. 

4. Part of the rebar where the pull force is 

introduced. 

5. Rebar 

6. Concrete 

7. Sealing (tape) 

8. Synthetic sleeve 

9. Attachment to the pull force  device, in this 

case the anchor for the push force of the 

jackscrew. 

Figure 6.14 Specimen setup according to the EN 10080:2005 [139] 

 

 

1. The movement measurer, in this case a 

LVDT. 

2. Specimen 

3. Steel sheet (>10 mm thick) 

4. Pull force 

5. Supporting structure, in this study the 

specimen setup is mirrored horizontally, 

therefore the supporting structure of this kind 

is not necessary. As shown in Figure 6.21. 

6. Rubber sheet (5 mm thick) 

  

Figure 6.15 Test setup according to the EN 10080:2005 [139] 

 

In this study two types of traditional steel rebar is used: cold formed 3- sided profiled rebar (FeB 

500 HKN Ø 8 mm) as shown in Figure 6.16  and hot rolled 2-sided profiled rebar (FeB 500 HWL 

Ø 16 mm) as shown in Figure 6.17. The profiling is measured by an optical scanner which 

measures the row distance, ribheigth, ribangle, ribwidth on 10 µm accurately. The results of the 

these scans can be found in the Appendix D - Rebar pull-out test. The rib height of FeB 500 HKL 

Ø 8 mm rebar is in average 0.5 mm while the rib height of FeB 500 HKL Ø 16 mm rebar is in 

average 1.1mm. 
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Figure 6.16 Side view and cross section of a FeB 500 

HKN cold formed 3- sided profiled rebar [138] 

 
Figure 6.17 Side view and cross section of a FeB 500 

HKL hot rolled 2- sided profiled rebar [138] 

 

The load rate (vp) in [N/s] is calculated by Equation 6.4, where d is the diameter in [mm]. 

 
𝑣𝑝 = 0.56𝑑2 Equation 6.4 

 

The measured maximum pull force (Fa) is translated to the adhesive tension (τdm) by Equation 6.5. 

 

τ𝑑𝑚 =
1

5𝜋
∙

𝐹𝑎

𝑑2
 

Equation 6.5 

 

6.4.4.2 Results and analysis 

The two different rebar types are casted in the D1.0 and D1.4 mixture. For each combination 3 

samples are tested. The last-slip diagrams of both rebar types are presented in Figure 6.18 and 

Figure 6.19. All the combinations show relatively clustered results, except D1.4;8A which deviates 

the most. The shape of all the last-slip diagrams look similar, with an early peak followed by 

downward linear function which curves into a less steep downward linear function. For Ø 8 mm 

rebar this turning point is around 8000 µm while for Ø 16 mm rebar this turning point is around 

12000 µm. Another deviation between the two rebar types is the more or less plateau shape at the 

peak of the last-slip diagrams of Ø 8 mm rebar while the last-slip diagrams of Ø 16 mm rebar show 

a shorter peak followed by the downwards linear function. This could be explained by the higher 

load rate. Besides, there seems to be a relationship between the length of the last-slip (plateau 

shape) and the maximum pull force. When the maximum pull force is higher, the adhesion between 

the rebar and concrete is supposed to be stronger, which leads in general to a longer last-slip. This 

could also be a result of the load rate in relation with the maximum pull force. 

In the starting phase of the measurement, a complete collaboration between the rebar and concrete 

takes place, however, when reaching the maximum pull force the adhesion decreases abruptly. The 

maximum pull force is in average for mixture D1.0 after 440 µm while for D1.4 after 630 µm 

movement. Mixture D1.4 has a higher compressive strength, which could imply a relationship 

between the slip length and the compressive strength of the mixture. However, when comparing 

the results to ULWAC and NWC in Table 6.7, this does not apply in general. Nevertheless, it could 

be for mixtures containing similar LWA. 

Another theory of the short last-slip length is the transition to  dilatancy [140] which is not possible 

due to the low crushing resistance of the LWA. While Short and Kinniburgh [141] claim that it is 

due to the low E-modules of the LWAC which leads to a pulverization of the matrix at the position 

of the rebar ribs. 
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Figure 6.18 Last-slip diagram of the samples with FeB 500 HKN Ø 8 mm rebar 

 

 
Figure 6.19 Last-slip diagram of the samples with FeB 500 HKL Ø 16 mm rebar 
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(a) 

 
(c) 

 
(e) 

 
(b) 

 
(d) 

 
(f) 

Figure 6.20 Pictures of the pulled out rebar: (a) D1.0;8C, (b) D1.4;8A, (c) D1.0;16A, (d) D1.4;16C, (e) ULWAC 

8 mm [138] and (f) NWC 8 mm [138] 

 

The pictures of the pulled out rebar shown in Figure 6.20 indicate different failing patterns. The 

mixtures with a higher maximum pull force show more concrete residues between the ribs in 

comparison with the mixtures with a lower adhesion between concrete and rebar. Especially the 8 

mm rebar indicates a large difference in the amount of concrete residues. This phenomenon implies 

that the compressive forces which are produced as a result of dilatancy are higher than the crushing 

resistance of the LWA which leads to a pulverization of the LWA and less concrete residues. 

Figure 6.21 gives a comparison of the adhesive tension and the dry density of the different matrices. 

A linear relationship is found based on these 4 mixtures and indicates that the mixtures developed 

in this research perform about 1-2 MPa above the linear relationship. This is probably related to 

the relatively high compressive strength of the mixtures. 

 
Table 6.7 Measured technical properties compared with  literature (ULWAC and NWC)  

fc [Mpa] Density [kg/m³] τdm [N/mm²] Sm,bz [mm] 

ULWAC  [138] 8 768 1.6 0.58 

D1.0 22 1057 6.7 0.44 

D1.4 42 1404 9.4 0.63 

NWC  [138] 35 2400 15.9 1.27 
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Figure 6.21 Left; relationship between the adhesive tension (τdm)  and the dry density of different matrices. 

(ULWAC [138], LWC [5] and NWC [138]), right; picture of the rebar pull out test setup used in this study 

 

6.4.4.3 Conclusion and discussion 

Two different rebar types are casted in the D1.0 and D1.4 mixture which resulted in the last-slip 

diagrams of both rebar types, as presented in Figure 6.18 and Figure 6.19. This leads to an average 

maximum adhesive tension of 6.7 MPa at 0.44 mm for mixture D1.0 and 9.4 MPa at 0.63 for mixture 

D1.4. Figure 6.21 and Table 6.7 show a comparison with ULWAC and NWC from which it can be 

concluded that the mixtures developed in this study perform about 1-2 MPa above the relationship 

between adhesive tension and dry density of concrete. Due to this performance the applicability of 

the developed mixtures in combination with rebar is increased. Despite the fact that, the adhesive 

tension is lower than NWC, the mixtures still perform better compared to ULWAC. As shown in 

Figure 6.21, the results of the developed mixtures can be found above the average line which 

implicates a better relation between adhesive tension and density in comparison with the ULWAC 

and the NWC. 

 

In order to improve the maximum adhesive tension to the rebar and therefore the transmission 

length be shortened, the profile geometry of the rebar could be changed so that the compressive 

forces on the LWA could be decreased. 
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6.4.5 Shrinkage 
 

6.4.5.1 Introduction 

Shrinkage is the decrease in volume of hardened concrete over time. Shrinkage in LWC is usually 

higher than NWC, therefore a higher risk on cracks. There are several kinds of shrinkage: 

• Plastic shrinkage appears due to evaporation of water in the plastic phase. 

• Autogenous shrinkage takes place due to the hydration process, the internal water will dry 

out. This internal drying leads to a reduced volume of the hydrated cement paste. 

• Drying shrinkage occurs when the concrete dries. The negative pressure in water is caused 

by the capillary meniscus, which gives compressive stresses in the solid cement paste. This 

process causes compaction, and the deformation increases with the decrease of the capillary 

radius. 

• Carbonation shrinkage occurs due to the interaction of calcium hydroxide and calcium 

silicates with carbon dioxide. 

 

Neville [74] indicated the following factors influence the (drying) shrinkage: 

• Modulus of elasticity of the LWA. A lower E-modules results in higher shrinkage values. 

• A higher proportion of fine aggregate results in a higher shrinkage value, due to a greater 

voids content. 

• A low water- binder ratio results in a higher shrinkage value. [142] 

• A high cementitious material content results in higher shrinkage values. [142] 

• Presence of water in the LWA can decrease the drying shrinkage values [143] 

• As the modulus of elasticity of concrete decreases, the shrinkage value increases [144].  

• Shrinkage depends upon the type of cement and its contents [4]. 

 

The correlation suggested by Reichard [145] predicted a shrinkage value of about 600 micro strain 

for concrete whose modulus of elasticity is 21 GPa. 

The drying shrinkage of concrete can be a considerable factor which affects i.e. the extent of 

cracking, effective tensile strength, prestress loss and warping [1]. Therefore, the mixtures 

developed in this study are examined on this property. In order to perform the measurements, 

prisms of 40 mm × 40 mm × 160 mm are made with cast-in steel pins, according to NBN B 14-217: 

1983 [146]. The specimen are dried in a climate chamber with 60 ± 5 % RH and an ambient 

temperature of 20 ± 1 oC. 

ACI [1] reports that low-strength LWAC usually have a higher drying shrinkage in comparison 

with NWC. Higher strength LWAC exhibits lower shrinkage. It appears that LWAC with the use 

of normal weight sand show shrinkage levels after 1 year between 700-1100 micro strain. Which is 

in average higher than NWC, due to the to a higher air content and the lower E-modules of LWA. 
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6.4.5.2 Results and analysis 

Figure 6.22 shows the shrinkage development of several LWACs and NWC. Compared to NWC the 

developed mixtures of this study show higher shrinkage levels of 670, 870 and 900 micro strain 

while the NWC in this matter exceeds to 350 micro strain. Here it has to be noted that the NWC 

and the LiaporTM 10 25% are vacuum cured at the first 7 days, which leads to lower shrinkage levels.  

However, compared to other LWACs e.g. NSB 035 and NSA 035 or to the results of ACI [1], the 

results of this study can be put in perspective. When considering the relatively low E-modules, the 

high cement content, high porosity, the lack of normal weight aggregates and the low w/c ratio, a 

higher shrinkage is expected. Nevertheless, the mixtures still perform in average compared to other 

LWAC and mixture D1.4 even performs better than average. This can be explained by the higher 

E-modules and the fact that the expanded clay aggregates are pre-soaked 1 hour before mixing. 

 

  
Figure 6.22 Left; shrinkage of the developed mixtures compared with flyash aggregate LWAC (NSA 035 and 

NSB 035) [142], NWC (MIX I) [147] and NWC with 25% Liapor 10TM (Mix IV)* [147], right; picture of the 

shrinkage measurement formation used in this study  
* Mix I and Mix IV are vacuum cured for the first 7 days 

 

When the relatively high shrinkage levels are limiting the applicability of the newly developed 

mixtures it could be considered to partial or fully replace the light weight fine aggregates by natural 

sand. Besides, the curing conditions have major influence on the shrinkage. As shown in Figure 

6.22 vacuum curing can reduce the shrinkage significantly. In addition, steam curing can reduce 

the shrinkage levels from 10 to 40% [1]. 
 

6.4.5.3 Conclusion and discussion 

The shrinkage of the mixtures developed in this study exceed to 670, 870 and 900 micro strain. This 

is in line with other LWAC, even better when considering the shrinkage of D1.4. When a 

comparison with NWC is made, the mixtures perform below average with higher shrinkage levels. 

This is mostly due to the relatively low E-modules, the high cement content, high porosity, the lack 

of normal weight aggregates and the low w/c ratio, a higher shrinkage is expected. In that 

perspective the mixtures perform quit well. Still, the mixtures show an average shrinkage. 

Nevertheless, when the shrinkage levels are limiting the applicability of the newly developed 

mixtures it could be considered to partial or fully replace the light weight fine aggregates by natural 

sand. Besides, the curing conditions have major influence on the shrinkage. Thus, wet-, vacuum- 

or steam curing can limit the shrinkage significantly. 

As stated, the curing conditions have great influence on the shrinkage, therefore it should be 

recognized that in practice the circumstances are not comparable with the laboratory measurement 

setup. When considering the curing conditions for concrete in precast elements or especially 

concrete cast in situ, factors such as temperature, relative humidity, size of the specimens and loads 

vary all the time.  
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6.5  Durability 
The durability of the developed LWAC is evaluated on three aspects: environmental exposure 

classes, water penetration depth and freeze thaw resistance. 

 

6.5.1 Environmental exposure classes 
 

6.5.1.1 Introduction 

Environmental classification is a common tool to asses a concrete on the aspect of durability. Most 

of the building or infra designs use this classification in order to  achieve certain durability levels. 

Therefore, the developed mixtures are reviewed based on the assessment components, according to 

the EN 206:2001 [14]. These assessment components for the different final mixtures are shown 

below, in Table 6.8. The requirements to meet a certain classification class can be found in Appendix 

F - Environmental exposure classes 

. 

 
Table 6.8 Assessment components, due to the EN 206:2001 [14], for the environmental exposure classes  

Water 

amount [w/b 

ratio] 

Water 

amount [w/c 

ratio] 

28d strength 

[MPa] 

Cement 

[Kg/m³] 

Binder 

[Kg/m³] * 

Air volume 

in the 

cement 

paste [%] 

D1.0 0.55 0.60 22.3 400 432 7.4 

D1.2 0.46 0.49 27.5 400 425 7.9 

D1.4 0.38 0.40 42.3 423 449 8.9 

* The binder content includes 100% of the used cement, 30% of the used LP and 20% of the used FA in the mixture. 

 

6.5.1.2 Results and analysis 

The EN 206 shows six environmental 

exposure classes: 

• XO: No risk of corrosion (inside 

buildings with very low air 

humidity) 

• XC: Corrosion of the reinforcement 

induced by carbonation 

• XD: Corrosion of the reinforcement 

induced by chlorides other than 

from sea water 

• XS: Corrosion of the reinforcement 

induced by chlorides from sea water 

• XF: Freeze-thaw attack with or 

without de-icing agents 

• XA: Chemical attack 

In order to reach a subclass of each 

environmental exposure class, the EN 206, 

recommends certain terms of w/c ratio, air 

content, cement factor, and strength class. 

Figure 6.23 shows the classification of the 

developed mixtures based on these terms. 

 
Figure 6.23 Environmental classification of the developed 

mixtures, based on the EN 206:2001 [14] terms. (w/c ratio, 

air content, cement content and strength class.) 
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Figure 6.24 The ratio of the environmental exposure classes of the registered “cast in situ” concrete 

deliveries in 2008 and 2011 in the Netherlands [15] 

 

Figure 6.24 presents the ratio of the environmental exposure classes of the registered “cast in situ” 

concrete deliveries in 2008 and 2011 in the Netherlands. In 2011, 62% of the registered concrete 

deliveries are labelled by an environmental exposure class XC. Thus, in the Netherlands, 

environmental exposure class corrosion of the reinforcement induced by carbonation is by far the 

most relevant exposure class. The developed mixtures in this study range between XC1 and XC4, 

as shown in Figure 6.23. 

 

6.5.1.3 Conclusion and discussion 

By assessing the developed mixtures according to the EN 206:2001 [14], as presented in Figure 

6.23, mixture D1.4 reaches the highest subclass in every environmental exposure classes and can 

therefore be applied in all environmental exposure situations. Unfortunately, mixture D1.0 and 

D1.2, can only be applied in XO: No risk of corrosion (inside buildings with very low air humidity) 

and XC: Corrosion of the reinforcement induced by carbonation. This is mainly due to the relatively 

high w/c ratio and low compressive strength. However, the requirements given by EN 206:2001 [14] 

might be very strict in order to guarantee a certain level of durability. Therefore the water 

penetration depth and the freeze thaw resistance are measured to possibly prove the contrary. 
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6.5.2 Water penetration depth 
 

6.5.2.1 Introduction 

In general LWAC has a higher permeability to liquids and gases compared to NWC [4], which could 

lead to problems in the applicability of the material. The most dominant factors which influence 

the permeability of concrete are the porosity and the connectivity of the pores [148]. The porosity 

is generally very high at LWAC, therefore, the interconnectivity of the pores as well. However, 

literature [7,149,150] shows that the permeability performance of LWAC could be similar or even 

better than NWC, with the same w/c ratio. It was concluded that the reason for this low 

permeability is the internal curing effect caused by the pre- soaked aggregates, which leads to good 

quality of the interfacial zone between LWA and HCP. Although the guide for structural 

lightweight aggregate concrete [68] reported the importance of the quality of the interfacial zone 

as well, some sources claim other influences on the permeability. The permeability of the LWA and 

the porosity of the HCP play a major role when it comes to the permeability of the LWAC [151]. 

Dhir et al. [152] claims that LWACs, produced by pumice, are relatively porous, which could 

promote the corrosion of the reinforcing steel. Therefore it is concluded that outdoor applications 

create problems of reinforcement corrosion, however indoor applications would be possible. In order 

to determine the water permeability of the developed mixtures, the depth of penetration of water 

under pressure is measured on cubic samples (150 mm × 150 mm × 150 mm) according to EN 12390-

8:2009 [153]. 

 

6.5.2.2 Results and analysis 

Figure 6.25 shows the results of the water penetration 

test on the different developed mixtures. Mixture D1.2 

has the highest permeability with an average water 

penetration of 5.5 mm. D1.4 gives the lowest average 

penetration depth of 2.1 mm. Figure 6.26 shows the split 

open cross sections of the different mixture samples. 

Concrete with less than 50 mm intrusion is regarded as 

impermeable [154]. The mixtures developed in this 

study fit in this range. In comparison with the 

literature, this result is better than similar LWC 

matrices and creates a wide application range for these 

developed mixtures. As explained earlier, the interfacial 

zone between HCP and the LWA plays a major role on 

the water permeability of the LWAC. One could argue 

the same  

 
Figure 6.25 Water penetration of the 

developed mixtures 

 

here, where the expanded clay is pre-soaked 1 hour before casting, the internal curing effect could 

occur. Therefore, the quality of the interfacial zones is better for mixture D1.4, which shows the 

lowest permeability. Besides, a lower w/c ratio could lead to a denser HCP,which influences the 

permeability positively as well. With the conclusion of Dhir et al. [152] in mind, that natural pumice 

as a LWA leads to higher porosity, the results shown by D1.0 and D1.2 are relatively good. 

Especially D1.0 where only natural expanded pumice as LWA is used. Besides D1.0 is the mixture 

with the highest w/c ratio and still the water penetration, after 72 hours of 5 bar water pressure, is 

only around 4 mm. 

  

0

2

4

6

8

10

D1.0 D1.2 D1.4

W
a

te
r 

p
e
n

e
tr

a
ti

o
n

 

[m
m

]

Mixture type



Development of a structural lightweight concrete 

84 

 

   
Figure 6.26 Pictures of split open cross sections after the water penetration test (from left to right: D1.0; D1.2; 

D1.4) 

 

Spiesz et al. [148] developed 3 LWAC mixtures with densities ranging from 1280-1490 kg/m³. The 

two self-compacting lightweight composites (SCLC) failed the water penetration depth under 

pressure by leaking from the side walls of the cubes, which indicates high permeability. This while 

the third mixture: vibrated cement-based lightweight composite (VCLC) shows an average 

penetration depth of 6.4 mm. This significantly difference can be explained by the different mix 

proportions. Where the SCLC consist of fine LWA (expanded glass), the cement paste including the 

fine LWA is more permeable in comparison with the dense cement paste used for the VCLC, 

including impermeable fillers such as normal weight sand and microsand. 

In comparison with the developed mixtures in this study, the powder content and the w/c ratios are 

within the same range, however, the materials are different. Where Spiesz et al. [148] used ordinary 

Portland cement and a combination between normal weight sands and expanded glass, this study 

makes use of a quaternary binder (consisting of blast furnace cement, fly ash and limestone powder) 

and only LWA consisting of natural expanded pumice and expanded clay. When considering the 

binder of the same order of magnitude when it comes to permeability, due to the same volume and 

w/c ratio, the LWA are decisive. Despite the fact that the manufacturer claims that blast furnace 

cement reaches a better durability [81], the permeability of the paste is significantly lower than the  

porous LWA. Thus, it can be concluded 

that the combination of expanded natural 

pumice and expanded clay result in a 

lower permeability in comparison with 

mixtures made by expanded glass. This 

can probably be explained by the better 

quality of the transition zone between the 

LWA and the HCP. The improved 

transition zone with the expanded clay 

can be elucidated by the internal curing 

effect, but to understand the ITZ between 

the NEP and the HCP better a 

microscopic picture is made of the cross 

section of the first test mixture. As shown 

in Figure 6.27, the cement paste interacts 

quite well with the NEP particle, due to 

the porous and broken surface structure 

the interaction is supposed to be strong. 

Besides the quality of the ITZ, a different 

pore structure can explain a difference in 

permeability. Expanded glass shows a 

relatively dense shell, however, the pore 

structure inside is very well 

interconnected [148]. 

 

 
Figure 6.27 optical microscopic picture of a cross section of 

the first test mixture, where the ITZ is shown between a 

NEP aggregate (left) and the HCP (right) 
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6.5.2.3 Conclusion and discussion 

In general LWAC has a higher permeability to liquids and gases compared to NWC [4], which could 

lead to problems in the applicability of the material. After performing the depth of penetration of 

water under pressure measurements on the developed mixtures, the following conclusions can be 

drawn.  

Mixture D1.2 has the highest permeability with an average water penetration of 5.5 mm. D1.4 gives 

the lowest average penetration depth of 2.1 mm. In comparison with the literature, this result 

creates a wide application range for these developed mixtures.  

The deviation between the mixtures can be elucidated due to the lower w/c ratio and higher 

expanded clay amount of the D1.4 mixture. 

In comparison with literature, the developed mixtures reach a very low permeability, compared to 

mixtures with in the same density range. The reason for the relatively low permeability can be 

found in the high quality of the ITZ between the LWA and the HCP. The higher quality of the ITZ 

at the surface of the expanded clay particles can be explained by the internal curing effect. While 

the higher quality of the ITZ at the surface of the natural expanded pumice particles can be clarified 

by the porous and broken surface structure. 

The depth of penetration of water under pressure can be an indicator for the durability of concrete. 

For example, in order to prevent reinforcing steel from corrosion EN 10080:2005 [139] advices a 

minimum concrete cover from 10 to 50 mm. This is dependent on the environmental exposure class 

and the construction class. When using reinforcing steel in the developed mixtures it can be 

concluded that the reinforcing steel is still safe from corrosion due to water penetration, considering 

the minimum concrete cover of 10 mm and the results of the measurements. 

 

Discussion 

In this case the depth of penetration of water under pressure is used as an indicator, however, it 

could be recommended to measure the capillary water absorption as well. In this case the specimen 

are immersed in water for a longer period. 
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6.5.3 Freeze thaw resistance 
 

6.5.3.1 Introduction 

A freeze-thaw cycle is the process where concrete undergoes a thermal shock along with a volume 

change due to the freezing of water. The water in concrete which transforms to ice leads to a 9% 

volume expansion and make concrete very sensitive for these temperature cycles and become even 

more sensitive when salts are involved [4]. For instance in a marine environment, where air is  

laden with salts or on pavements where de-icing salt 

is used. De-icing salt not only creates more moisture 

by melting the ice and snow, which can penetrate the 

concrete but can also leads to osmotic pressure inside 

the concrete pores. This osmotic pressure is created 

by introducing a difference in NaCl concentration, 

when the water begins to freeze, in the capillaries. 

This creates a pressure gradient in the direction of 

the capillary pore and opposite to the flow of water, 

what is illustrated in Figure 6.28.  

A solution of 2-4% sodium chloride results in an 

optimum of most damage when performing the 

freeze-thaw test according to Verbeck and Klieger 

[155]. This due to the high amount of freeze-able 

water and the hereby developed osmotic pressure. 

Higher concentrations of salt would decrease the 

freezing temperature of the solution which lowers the 

content of freeze-able water as well. 

  

 
Figure 6.28 Illustration osmotic pressure 

[156] 

The freeze-thaw resistance of concrete is dependent on the following aspects according to the EN 

206:2001 [14]: 

• Air void system 

• Cement content 

• W/c factor 

• Compressive strength  

 

For the highest  exposure class for freeze-thaw attack (XF4) the EN 206:2001 [14] insist a minimum 

air volume of 4%, minimum cement content of 340 kg/m³, minimum strength class of LC30/37 and 

a maximum w/c ratio of 0.45. This class is applicable for horizontal surfaces of road structures and 

vertical surfaces exposed to direct spray of de-icing salts. Only mixture D1.4 of the developed 

mixtures in this study meet these requirements. The requirements of the other exposure classes 

can be found in Appendix F - Environmental exposure classes. Besides the EN 206:2001 [14], 

Powers [157] concludes an air volume of 4-6% as well, in order to achieve a good freeze-thaw 

resistance. However, there are still examples which fail under these conditions, i.e., concrete with 

4% air volume and a spacing factor of 0.16 mm [158]. Which indicates that other factors might 

affect the freeze-thaw resistance also, such as the bond between aggregates and the cement matrix 

[4]. 

 

The air void system can be distinguished in the pore size distribution and the pore-spacing factor, 

which is 50% of the mean distance between the pores. Woods [159] showed that 5 to 6 % air volume 

in a concrete mixture produced by different air-entraining agents resulted in an expansion of 0.1% 

after up to 550 freeze-thaw cycles. 

About the influence of the pore size distribution and the pore-spacing factor on the freeze-thaw 

resistance are several case studies known. Mather [160]  claims an immune concrete to freezing 

and thawing due to a pore- spacing factor of 0.2 mm combined with a compressive strength of 25 

MPa. While Chatterji [158] developed a concrete with similar properties which did get damaged by 

freezing and thawing.  

Spiesz et al. [148] developed 3 LWACs where mixture SCLC1 and SCLC2 are self-compacting as 

well. These mixtures showed high freeze-thaw resistance. In this section a comparison to these 

mixtures will be made as well. 
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Section 6.3 Density and physical structure gives insights about the pore structure of the developed 

mixtures. In order to find a relationship between the porosity and the freeze-thaw resistance of the 

developed mixtures, the freeze-thaw resistance is measured following EN 12390-9:2002 [161].  

 

6.5.3.2 Results and analysis 

After 56 freeze- thaw cycles, mixture D1.0, indicates the lowest freeze-thaw resistance. Both for the 

de-ionized water and 3%NaCl samples the D1.0 is the most vulnerable. Figure 6.29 and Figure 6.30 

give the scaling development of the samples. According to the Swedish standard [162] the most 

strict classification of the surface scaled material, by using de-ionized water, after 56 cycles is lower 

than 100 g/m². For the use of de-icing salt the strictest classification is lower than 1000 g/m² 

according to Boos and Giergiczny [163]. In both cases mixtures D1.2 and D1.4 fit into the strictest 

classes in regard to freeze-thaw resistance. For the results of the measurements using the de-

ionized water mixture D1.4 ends with an average scaling of 920 g/m², however, when considering a 

confidence interval of 95%, the boundary will exceed the 1000 g/m². In comparison to the LWACs 

developed by Spiesz et al. [148] which result in a scaling of 21-28 g/m² for mixtures with dry 

densities ranging from 1280-1490 kg/m³, the freeze- thaw resistance of the mixtures in this study 

is significantly lower. While the compressive strength of the LWACs developed by Spiesz et al. [148] 

are lower, ranging from 23.3-30.2 MPa. Still the freeze-thaw resistance is higher. This might be 

due to the different aggregates. Figure 6.31 and Figure 6.32 give a visualisation of the tested scaled 

surfaces of the specimen of this study. Mixture D1.2 and D1.4 contain expanded clay aggregates, 

which are clearly less freeze- thaw resistant than the surrounding hardened cement paste. While 

Spiesz et al. used normal weight sand and expanded glass aggregates which have a higher freeze-

thaw resistance based on the pictures shown in the article [148]. Besides, they report a significantly 

higher water permeability which might indicate a more interconnected pore structure.  

The measurements with the de-icing salt result in more grouped results for D1.2 and D1.4 with 600 

g/m² and 700 g/m². In this case D1.0 shows a significantly lower freeze-thaw resistance. This can 

be explained by the lower compressive strength and the inadequate pore size distribution. Section 

6.3 Density and physical structure gives insights about the pore structure of the developed mixtures 

where D1.0 shows an air volume of 7.4%, D1.2; 7.9% and D1.4; 8.9%. When comparing the pore size 

distributions, D1.0 has more larger pores till a maximum of 5 mm while D1.2 and D1.4 show a 

maximum pore size of approximately 3 mm. 

When comparing the results of the water penetration depth under pressure and the freeze-thaw 

scaling with literature, there seems to be a relation permeability and the freeze-thaw resistance. It 

is obvious that both factors are affected by the interconnectivity of the pores structure in the 

mixture. Where a higher interconnectivity results in a higher permeability, it leads as well to a 

higher freeze-thaw resistance. As shown in Table 6.9 the mixtures with the highest permeability 

show a lower amount of scaling due to freeze-thaw cycles as well. 
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Figure 6.29 Freeze-thaw resistance (De-ionized 

water) in comparison with the strictest 

classification [162] 

 
Figure 6.30 Freeze-thaw resistance ( 3% NaCl) in 

comparison with the strictest classification [163] 

  

 
Figure 6.31 Picture of a specimen of mixture D1.0 

after 56 cycles ( 3% NaCl) 

 
Figure 6.32 Picture of a specimen of mixture D1.4 

after 56 cycles ( 3% NaCl) 

 
Table 6.9 Comparison with the developed mixtures of Spiesz et al. [148] 

Mixture Water 

amount [w/c 

ratio] 

28d 

compressive 

strength 

[MPa] 

Cement 

content 

[kg/m³] 

Binder 

content 

[kg/m³] 

Water 

penetration 

depth [mm] 

Freeze-thaw 

surface 

scaling 

Sn 56 cycles 

[g/m²] 

D1.0 0.60 22.3 400 432 4.2 101.2 

D1.2 0.49 27.5 400 425 5.6 37.4 

D1.4 0.40 42.3 423 449 2.2 92.9 

VCLC 0.38 27.5 420 420 6.4 28.3 

SCLC1 0.59 23.3 425 459 NA 21.4 

SCLC2 0.54 30.2 424 501 NA 23.9 
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6.5.3.3 Conclusion and discussion 

In order to find the freeze-thaw resistance of the developed mixtures, the freeze-thaw resistance 

test is performed. Mixtures D1.2 and D1.4 fit into the strictest classes [162,163] for both the de-

ionized water and the salt solution with regard to freeze-thaw resistance. Mixture D1.0 shows the 

lowest freeze-thaw resistance especially when considering the freeze-thaw resistance in 

combination with a salt solution (3% NaCl).  

According to the EN 206:2001 [14], the freeze-thaw resistance of concrete is dependent on the 

following aspects: air void system, cement content, w/c factor and compressive strength. This is also 

applicable to the mixtures developed in this study. Where mixture D1.0 has a higher w/c ratio and 

a lower compressive strength. Besides the pore size distribution might not be as adequate in 

comparison with mixture D1.2 and D1.4 as explained in section 6.3 Density and physical structure. 

Another conclusion which can be drawn is that there seems to be a relationship between the 

permeability and freeze-thaw resistance. Where a higher interconnectivity between the pores 

results in a higher permeability, it leads as well to a higher freeze-thaw resistance. 

 

Discussion 

The freeze-thaw resistance of the developed mixtures is measured following EN 12390-9:2002 [161]. 

However, this might not be the most reliable way when considering realistic climate exposure. The 

following criticism can be given when looking at this measuring method: 

• The freezing time-periods are very short, according to the set temperature cycles. Therefore 

not comparable with natural freezing conditions outdoors, where freezing periods are 

significantly longer. 

• According to the code, the cross section of a cubical specimen is to be examined. This cross 

section, sawed, surface has an higher permeability located at the cut open LWA, which are 

exposed to the surface, as shown in Figure 6.32. This higher permeability leads to an 

accumulation of liquid into the LWA and the ITZ, which eventually can result in the 

aborting of the total LWA. Therefore, this method might not be representative for LWAC. 

• The examination is the amount of scaling by mass, while when considering LWAC, the 

volume might be more relevant, since the materials scaling of the surface have a lower 

density compared to NWC.  
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6.6 Thermal conductivity 
 

6.6.1.1 Introduction 

NWC has a relatively high thermal conductivity which results in a high demand for insulation 

material to meet the thermal insulation requirements. LWAC usually shows lower thermal 

conductivity, which can be a big advantage of this building material. 

Several studies investigated the thermal conductivity of lightweight concrete. Chandra and 

Berntsson [4] concluded that the thermal properties of LWAC are related to density and thermal 

conductivity which are both influenced by the pore structure of the LWA and the matrix. Loudon 

[164] reported that the density and moisture content are the main factors affecting the thermal 

conductivity. Besides, the influence of LWA can be up to 25%. 

As shown in Figure 2.7, Ünal et al. [28], found a relationship between the cement content and the 

thermal conductivity. The mixtures developed in this study consist of 400-423kg/m³ blast furnace 

cement and based on the previous relationship the thermal conductivity would be around 0.30 

W/(m·K).  

Demirboga and Gul [165] reported that the replacement of cement by silica fume and fly ash can 

be reduce the thermal conductivity up to 15%, however, the compressive strength is also decreased 

up to 30%. 

To evaluate the thermal properties of the developed mixtures in this study cubic samples (100 mm 

× 100 mm × 50 mm) are used for the thermal conductivity measurements. These samples are the 

waste halves of the samples used for the freeze- thaw resistance. After sawing these specimen, they 

are dried at 105 oC in a ventilated oven until the mass becomes constant according to EN 12390-

7:2009 [166]. The thermal conductivity tests are performed by using a heat transfer analyzer 

(ISOMET Model 2104). The testing methodology is based on the analysis of the temperature 

response of the tested specimen to heat flow impulses. Heat flow is excited by electrical heating of 

resistor heater inserted in to the probe which is in direct heat connect with the analysed material. 

The evaluation of thermal conductivity is based on periodically sampled temperature records as a 

function of time [167]. In this study the surface probe is used which measures on a flat surface with 

a diameter of 60 mm and into a depth ranging from 10 mm to 15 mm [167]. Figure 6.33 gives an 

indication of the test setup of the thermal conductivity measurements. 

 

 
Figure 6.33 Picture of the test setup of the thermal conductivity 
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6.6.1.2 Results and analysis 

The developed mixtures in this study have relatively low thermal conductivity, especially in 

relation to the compressive strength. Figure 6.34 shows the relationship between the thermal 

conductivity and the compressive strength of the developed mixtures in comparison with the 

available materials. This makes the developed mixtures very attractive for loadbearing thermal 

bridge isolation. In Table 6.10 an overview of the physical properties of the developed mixtures is 

presented. 

The developed mixtures indicate a high relationship between compressive strength and thermal 

conductivity. Mixture D1.4 shows almost 200% higher compressive strength in comparison with 

mixtures with a similar thermal conductivity. The major reason for this fortunate relationship is 

the optimum density- compressive strength ratio. Where the thermal conductivity is influenced by 

the density, the relationship between compressive strength and thermal conductivity should be 

optimum as well. 

 

 
Figure 6.34 Relationship between thermal conductivity and compressive strength in comparison by available 

literature (ILWC: Zareef, M [5]; LWC Bricks: Ling, I.H. [168]; LWC: Porous concrete: Schauerte, M [9]; Foam 

concrete: Schauerte, M [9]; UHPC foam concrete; Schauerte, M [9]; SCLC: Topcu,I [10]; RLWAC: Kralj, D [12]; 

ULWAC: Yu, Q [3]) 

 
Table 6.10 Overview of the physical properties of the developed mixtures  

D1.0 D1.2 D1.4 

Dry density [kg/m³] 1057 1182 1404 

Thermal conductivity [W/(m·K)] 0.24 0.27 0.35 

Compressive strength [MPa] 22 28 42 

 

6.6.1.3 Conclusion and discussion 

The developed mixtures in this study have relatively low thermal conductivity, especially in 

relation to the compressive strength. With a thermal conductivity ranging from 0.24-0.35 W/(m·K) 

in relation with 28 day compressive strengths ranging from 22-42 MPa, the developed mixtures are 

very attractive for loadbearing thermal bridge isolation. 

In comparison to the literature, this low thermal conductivity can be explained by the optimum 

density-strength ratio. Since, the density has a great influence on the thermal conductivity. 

0

5

10

15

20

25

30

35

40

45

0.0 0.2 0.4 0.6 0.8

C
o
m

p
re

ss
iv

e
 s

tr
e
n

g
th

 [
M

P
a

]

Thermal conductivity [W/(m·K)]

ILWC; Zareef, M

LWC Bricks; Ling, I.H.

UHPC foam concrete;

Schauerte, M

Porous concrete;

Schauerte, M

Foam concrete;

Schauerte, M

SCLC; Topcu,I

RLWAC; Kralj, D

ULWAC; Yu, Q

This study D1.0

This study D1.2

This study D1.4



Development of a structural lightweight concrete 

92 

The thermal conductivity and the dry density are measured in oven dry conditions in order to 

compare it to the literature. However, in practice this is never the case. Obviously, the moisture 

content which is dried out by the oven has a great influence on the thermal conductivity, as well on 

the density. 

  



Experiments and results analysis 

93 

6.7 Overview results 
After applying the described design methodology, 3 final mixtures are developed with an oven dry 

density of about 1000, 1150 and 1350 kg/m3 respectively (class of D1.0; D1.2 and D1.4 according to 

EN 206-1:2001 [14]). Table 6.11 shows the results of the mechanical, durable and fresh behaviour 

of the developed mixtures. 

 
Table 6.11 Technical properties evaluation 

Property Code D1.0 D1.2 D1.4 

Mechanical (28-day) 

Shrinkage [µm/m] NBN B14-217:1987 [146] 855 896 654 

Compressive strength [N/mm²] EN 12390-3:2009 [126] 22.3 27.5 42.3 

Flexural strength [N/mm²] EN 12390-5 [129] 3.6 4.3 5.1 

Direct tensile strength [N/mm²] NBN B 15-211  1.2 1.4 2.0 

Modulus of elasticity in compression 

[GPa] 

EN 12390-13 [135] 7.8 10.2 13.9 

Thermal (28-day)     

Thermal resistance [W/(m.K)]   0.24 0.27 0.35 

Durability 

Depth of penetration of water under 

pressure [mm] 

EN 12390-8 [153] 4 6 2 

Freeze-thaw resistance NaCl [g/m²] EN 12390-9 [161] 2750 600 720 

Freeze-thaw resistance D- water [g/m²] EN 12390-9 [161] 100 40 90 

Workability 

Slump flow test [mm] EN 12350-8 [122] 435 260 780 

V-funnel test [sec] EN 12350-9 [123] 22 x 22 
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7 Conclusion 
This study addresses the development of a SLWAC, aiming at a good balance between density, 

workability, and mechanical properties, with the extra attention on the density class and the 

cement structural efficiency. The designed structural lightweight concrete has a wide structural 

application potential, both for precast and in situ cast purposes. Based on the investigation 

presented in this report, the following conclusions are drawn: 

• By applying the described design methodology (Chapter 5 Designs), three mixtures are 

developed with an oven dry density of about 1000, 1150 and 1400 kg/m3 (class of D1.0; D1.2 

and D1.4 according to EN 206-1:2001 [14]) respectively. The developed SLWAC’s show 

better mechanical properties in comparison with similar LWC, with a 28-day compressive 

strength of about 23, 28 and 42 MPa (class of LC20/22, LC25/28 and LC35/38 according to 

EN 206-1:2001 [14]).  

• It is possible to make a structural lightweight aggregate self-compacting concrete with the 

an optimal balance between dry density and compressive strength with the use of natural 

treated pumice and expanded clay as LWA and CEM III/A 52.5 N (Portland cement clinker 

and blast furnace slag), limestone powder and  fly ash as a quaternary binder. 

• To reach a balance between mechanical properties, high workability, material costs and 

sustainability, the replacement of the cement by an industrial by-product: fly ash and a 

micro filler limestone powder has been studied. Up to 25% (by volume) of the binder can be 

replaced without a noticeable decrease on the mechanical properties. In addition, the 

workability is significantly improved and the density decreased due to this replacement. 

• The treated natural pumice has a negative influence on the workability due to the irregular 

shape, rough surface texture, and high specific surface area. However, due to the great 

density-strength ratio this material can be recommended to use for structural lightweight 

concrete applications. 

• The final compressive strength of LWAC is strongly limited by the applied LWA and its 

maximum particle size. While there is still hydration ongoing after 7 days, the compressive 

strength will only increase about 5% after 7 days, due to the weakness of the used LWA. 

• The direct tensile strength, flexural strength and splitting strength presents results with, 

an expected, linear relationship with the compressive strength.  

• Due to the relatively high binder content and the low E-modules of the LWA the E-modules 

of the developed mixtures is compared to NWC, relatively low (8,10 and 14 GPa) and an 

moderate shrinkage of 670, 870 and 900 micro strain. 

• The adhesion and de-bonding behaviour between the developed mixtures and steel rebar 

indicates a good collaboration. The adhesive tension ranges between 6.7 MPa and 9.4 MPa, 

which is relatively good in relation with the density, in comparison with LWC mixtures 

with approximately similar density. 

• In terms of durability, the D1.4 mixture, fits in the strictest levels of all the environmental 

exposure classes according to the EN 206:2001 [14]. This is grounded by the water 

penetration depth and the freeze thaw tests. Where a 2.2 mm water penetration is 

measured after 72 hours under the pressure of 5 bar and a scaling of 700 g/m² after 56 

cycles of in the freeze-thaw climate chamber. These results indicate no environmental 

exposure limits for the forthcoming applications of this SLWAC. 

• The thermal conductivity ranges from 0.24 to 0.35 W/(m·K). In comparison with literature 

(i.e. normal weight concrete shows 1.7 W/(m·K)), there are no structural cementitious 

materials with such a high compressive strength – thermal conductivity ratio. This makes 

this material applicable for thermal bridge interruptions or in other construction parts 

where a high thermal resistance is required. 

• The workability (flow classes F3 to F6 according to EN 206-1:2001) of the developed 

concrete under this density-, strength- and durability class can find a wide structural 

application potential, both for precast and in situ cast purposes. 
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8 Recommendations for further research  
Despite the intended results regarding the balance between the low oven dry density, good 

workability, and mechanical properties there are some aspects which are recommended for further 

research: 

• The influence of LP on the workability: when combined with BFC, LP will slightly improve 

the workability. However, in combination with FA, the influence is negative. Further 

research needs to point out the reasons for this behaviour.  

• In order to improve the E-modulus it could be considered to use natural sand or other 

aggregate types with higher E-modules. 

• When natural expanded pumice is desired to use in further research as a LWA, it is highly 

recommended to measure the physical properties more precisely. For example the particle 

density of the different particle fractions or the true water absorption. 

• The ceiling strength of LWA is mostly determined by particle size and pore-structure. 

Therefore it would be interesting to analyze the pore structure of the used LWA. 

• The pore structure of the matrix has a major influence on the hardened physical properties. 

Therefore it would be recommended to analyze the pore size distribution and the pore- 

spacing factor of the matrix more precisely. 
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10 Appendix 
 

Appendix A - Material measurements 
 

Particle density 
 

CEM III/A 52.5 N 

                           AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 

 

 

Sample ID: CEM III/A 52.5 N DJ Glas                          Started: 10/06/16  14:00:35 

Sample Mass:   6.3460 g                 Completed: 10/06/16  14:07:45 

Temperature: 22.0 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3       g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      2.0293    -0.0025     3.1271     0.0039    0:03:25      22.0 

      2      2.0328     0.0010     3.1218    -0.0015    0:05:15      22.0 

      3      2.0334     0.0016     3.1208    -0.0024    0:07:02      22.0 

 

 

Average Volume:   2.0319 cm3            Standard Deviation:  0.0018 cm3 

Average Density:  3.1233 g/cm3          Standard Deviation: 0.0028 g/cm3 
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Fly ash 

 

                          AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 

 

 

Sample ID: Fly ash DJ Glas                            Started: 10/06/16  14:11:57 

Sample Mass:   7.5720 g                 Completed: 10/06/16  14:57:51 

Temperature: 21.9 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3       g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      3.1339    -0.0001     2.4162     0.0001    0:29:36      21.9 

      2      3.1361     0.0021     2.4144    -0.0016    0:37:06      21.9 

      3      3.1320    -0.0020     2.4176     0.0016    0:45:45      21.9 

 

 

Average Volume:   3.1340 cm3            Standard Deviation:  0.0017 cm3 

Average Density:  2.4161 g/cm3          Standard Deviation: 0.0013 g/cm3 
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Limestone powder 

                           AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 

 

 

Sample ID: Limestone powder DJ Glas                            Started: 14/06/16  08:08:43 

Sample Mass:   6.6340 g                 Completed: 14/06/16  08:15:09 

Temperature: 20.9 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3       g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      2.3530    -0.0016     2.8194     0.0019    0:03:36      20.9 

      2      2.3547     0.0001     2.8173    -0.0001    0:04:54      20.8 

      3      2.3561     0.0015     2.8156    -0.0018    0:06:18      20.9 

 

 

Average Volume:   2.3546 cm3            Standard Deviation:  0.0013 cm3 

Average Density:  2.8174 g/cm3          Standard Deviation: 0.0015 g/cm3  
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Micro silica 

                           AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 

 

 

Sample ID: Micro silica DJ Glas                            Started: 10/06/16  13:45:47 

Sample Mass:   2.7400 g                 Completed: 10/06/16  13:54:43 

Temperature: 22.1 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3       g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      1.1612     0.0001     2.3595    -0.0002    0:04:43      22.0 

      2      1.1593    -0.0019     2.3635     0.0038    0:06:56      22.0 

      3      1.1629     0.0018     2.3562    -0.0036    0:08:48      22.1 

 

 

Average Volume:   1.1611 cm3            Standard Deviation:  0.0015 cm3 

Average Density:  2.3597 g/cm3          Standard Deviation: 0.0030 g/cm3  
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Rotocell 40-90 

                           AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 

 

 

Sample ID: Rotocell 40-90 DJ Glas                            Started: 14/06/16  08:56:15 

Sample Mass:   5.1930 g                 Completed: 14/06/16  09:06:24 

Temperature: 21.0 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3       g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      2.1967    -0.0014     2.3640     0.0015    0:05:38      21.0 

      2      2.1970    -0.0012     2.3637     0.0012    0:07:52      21.0 

      3      2.2007     0.0026     2.3597    -0.0028    0:10:01      21.0 

 

 

Average Volume:   2.1982 cm3            Standard Deviation:  0.0018 cm3 

Average Density:  2.3624 g/cm3          Standard Deviation: 0.0020 g/cm3 
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Rotocell 90-300 

 

                           AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 

 

 

Sample ID: Rotocell 90-300 DJ Glas                            Started: 14/06/16  09:27:27 

Sample Mass:   2.9470 g                 Completed: 14/06/16  09:35:37 

Temperature: 21.1 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3      g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      1.2989    -0.0023     2.2689     0.0040    0:04:37      21.1 

      2      1.3010    -0.0001     2.2651     0.0002    0:06:17      21.1 

      3      1.3036     0.0025     2.2606    -0.0043    0:08:02      21.1 

 

 

Average Volume:   1.3012 cm3            Standard Deviation:  0.0020 cm3 

Average Density:  2.2649 g/cm3          Standard Deviation: 0.0034 g/cm3 
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Rotocell 250-500 

                           AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 

 

 

Sample ID: Rotocell 250-500 DJ Glas                            Started: 14/06/16  09:42:46 

Sample Mass:   2.6600 g                 Completed: 14/06/16  09:50:40 

Temperature: 21.2 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3       g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      1.2525    -0.0016     2.1238     0.0028    0:04:19      21.2 

      2      1.2531    -0.0010     2.1228     0.0018    0:06:00      21.2 

      3      1.2568     0.0027     2.1165    -0.0045    0:07:46      21.2 

 

 

Average Volume:   1.2541 cm3            Standard Deviation:  0.0019 cm3 

Average Density:  2.1210 g/cm3          Standard Deviation: 0.0032 g/cm3 
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Rotocell 500-1000 

                           AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 

 

 

Sample ID: Rotocell 500-1000 DJ Glas                           Started: 14/06/16  10:01:22 

Sample Mass:   2.6180 g                 Completed: 14/06/16  10:09:57 

Temperature: 21.2 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3       g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      1.3355    -0.0028     1.9603     0.0040    0:04:29      21.2 

      2      1.3411     0.0028     1.9522    -0.0040    0:06:28      21.2 

      3      1.3383     0.0000     1.9562    -0.0000    0:08:27      21.2 

 

 

Average Volume:   1.3383 cm3            Standard Deviation:  0.0023 cm3 

Average Density:  1.9562 g/cm3          Standard Deviation: 0.0033 g/cm3 
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Rotocell 1000-2000 

                           AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 

 

 

Sample ID: Rotocell 1000-2000 DJ Glas                           Started: 14/06/16  10:18:45 

Sample Mass:   2.7400 g                 Completed: 14/06/16  10:27:08 

Temperature: 21.3 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3       g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      1.4048    -0.0021     1.9505     0.0030    0:04:25      21.3 

      2      1.4066    -0.0003     1.9479     0.0004    0:06:24      21.3 

      3      1.4093     0.0024     1.9442    -0.0033    0:08:15      21.3 

 

 

Average Volume:   1.4069 cm3            Standard Deviation:  0.0019 cm3 

Average Density:  1.9475 g/cm3          Standard Deviation: 0.0026 g/cm3 
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Rotocell 2000-4000 

                           AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 

 

 

Sample ID: Rotocell 2000-4000 DJ Glas                           Started: 14/06/16  10:42:28 

Sample Mass:   2.6520 g                 Completed: 14/06/16  10:51:48 

Temperature: 21.3 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3       g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      1.3619    -0.0029     1.9473     0.0041    0:05:06      21.3 

      2      1.3639    -0.0009     1.9445     0.0013    0:07:16      21.3 

      3      1.3686     0.0038     1.9377    -0.0054    0:09:12      21.4 

 

 

Average Volume:   1.3648 cm3           Standard Deviation:  0.0028 cm3 

Average Density:  1.9432 g/cm3          Standard Deviation: 0.0040 g/cm3 

 

  



Appendix A 
 

119 

Liapor 8 

                           AccuPycII 1340 V1.05 

                            Serial Number: 1076 

                         Density and Volume Report 
 

 

Sample ID: Liapor 8 DJ Glas                          Started: 14/06/16  11:10:03 

Sample Mass:   1.4480 g                 Completed: 14/06/16  11:18:30 

Temperature: 21.3 °C 

Number of Purges:   3                   Equilibration Rate: 0.0050 psig/min 

Cell Volume:  15.5300 cm3               Expansion Volume:  73.9420 cm3 

 

 

            Volume    Deviation   Density   Deviation   Elapsed  Temperature 

   Cycle#     cm3        cm3       g/cm3      g/cm3      Time        °C 

   ------  --------   ---------   -------   ---------  --------  ----------- 

      1      0.5688    -0.0031     2.5457     0.0137    0:04:40      21.4 

      2      0.5718    -0.0001     2.5323     0.0003    0:06:30      21.3 

      3      0.5750     0.0032     2.5180    -0.0140    0:08:19      21.4 

 

 

Average Volume:   0.5719 cm3            Standard Deviation:  0.0026 cm3 

Average Density:  2.5320 g/cm3          Standard Deviation: 0.0113 g/cm3 
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Particle size distribution  
 

CEM III/A 52.5 
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Fly ash 
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Limestone powder 
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NEP 40-90 
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NEP 90-300 
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NEP 250-500 
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Appendix B - Workability 
 

Test mixture 1 
 

Table 10.1 Proportions mixture 1 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 N  12 

Limestone 

powder 

3 

Micro silica 1 

Fly ash 5 

NEP  55 

EC 4.0-8.0 0 

Water 23 
 

 
Figure 10.1 Picture spread flow on mortar scale 

(2016.06.09 09:30) 

 
Table 10.2 Ratios mixture 1 

Ratios 
 

Total powder [kg/m³] 615 

Total binder [kg/m³] 438 

Water/cement (by mass) 0.64 

Water/binder (by mass) 0.52 

Water/powder (by mass) 0.37 

Water/powder (by volume) 0.89 

SP/ binder (by mass) 1.79% 
 

 
Table 10.3 Measurements mixture 1 

Measurements   

Spread flow [mm] 310 

Spread flow (after 15 table drops) 

[mm] 

NA 

Fresh density [kg/m³] 1360 

Casted in prisms for mechanical 

research 

No 

 

 

 

 
Figure 10.2 Particle size distribution (PSD) mixture 1 (RSS= 56.7)  
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Test mixture 2 
 

Table 10.4 Proportions mixture 2 

Proportions Volume 

ratio 

[%] 

CEM III/A 52.5 N  12 

Limestone 

powder 

3 

Micro silica 1 

Fly ash 5 

NEP  56 

EC 4.0-8.0 0 

Water 23 
 

 
Figure 10.3 Picture spread flow on mortar scale 

(2016.06.09 12:00) 

 
Table 10.5 Ratios mixture 2 

Ratios 
 

Total powder [kg/m³] 615 

Total binder [kg/m³] 438 

Water/cement (by mass) 0.62 

Water/binder (by mass) 0.50 

Water/powder (by mass) 0.36 

Water/powder (by volume) 0.85 

SP/ binder (by mass) 1.39% 
 

 

Table 10.6 Measurements mixture 2 

Measurements   

Spread flow [mm] 315 

Spread flow (after 15 table drops) 

[mm] 

NA 

Fresh density [kg/m³] 1396 

Casted in prisms for mechanical 

research 

Yes 

 

 

 

 
Figure 10.4 Particle size distribution (PSD) mixture 2 (RSS= 56.7)  
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Test mixture D1.4A 
 

Table 10.7 Proportions mixture D1.4A 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 

N  

14 

Limestone 

powder 

1 

Micro silica 0 

Fly ash 2 

NEP 46 

EC 4.0-8.0 20 

Water 18 

Super 

plasticizer 

0 

 

 
Figure 10.5 Picture spread flow on mortar scale 

(2016.07.28 16:00) 

 
Table 10.8 Ratios mixture D1.4A 

Ratios 
 

Total powder [kg/m³] 547 

Total binder [kg/m³] 438 

Water/cement (by mass) 0.41 

Water/binder (by mass) 0.40 

Water/powder (by mass) 0.32 

Water/powder (by volume) 0.73 

SP/ binder (by mass) 0.71% 
 

 

Table 10.9 Measurements mixture D1.4A 

Measurements   

Spread flow [mm] 145 

Spread flow (after 15 table drops) 

[mm] 

160 

Fresh density [kg/m³] 1574 

Casted in prisms for mechanical 

research 

Yes 

 

 

 

 
Figure 10.6 Particle size distribution (PSD) mixture D1.4A (RSS=51.7)  
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Test mixture D1.4B 
 

Table 10.10 Proportions mixture D1.4B 

Proportions Volume 

ratio 

[%] 

CEM III/A 

52.5 N  

14 

Limestone 

powder 

1 

Micro silica 0 

Fly ash 2 

NEP  46 

EC 4.0-8.0 20 

Water 19 
 

 
Figure 10.7 Picture spread flow on mortar scale (2016.07.28 

16:15) 

 
Table 10.11 Ratios mixture D1.4B 

Ratios 
 

Total powder [kg/m³] 547 

Total binder [kg/m³] 438 

Water/cement (by mass) 0.45 

Water/binder (by mass) 0.44 

Water/powder (by mass) 0.35 

Water/powder (by volume) 0.80 

SP/ binder (by mass) 0.71% 
 

 

Table 10.12 Measurements mixture D1.4B 

Measurements   

Spread flow [mm] 160 

Spread flow (after 15 table drops) [mm] 200 

Fresh density [kg/m³] 1556 

Casted in prisms for mechanical research Yes 

 

 

 

 
Figure 10.8 Particle size distribution (PSD) mixture D1.4B (RSS=51.7)  
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Test mixture D1.4C 
 

Table 10.13 Proportions mixture D1.4C 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 N  14 

Limestone powder 1 

Micro silica 0 

Fly ash 4 

NEP 43 

EC 4.0-8.0 20 

Water 17 

Super plasticizer 0 
 

 
Figure 10.9 Picture of the casted mixture (2016.09.12 

15:15) 

 
Table 10.14 Ratios mixture D1.4C 

Ratios 
 

Total powder [kg/m³] 547 

Total binder [kg/m³] 446 

Water/cement (by mass) 0.40 

Water/binder (by mass) 0.37 

Water/powder (by mass) 0.30 

Water/powder (by volume) 0.84 

SP/ binder (by mass) 1.13% 
 

 

Table 10.15 Measurements mixture D1.4C 

Measurements   

Spread flow [mm] 250 

Spread flow (after 15 table drops) [mm] NA 

Fresh density [kg/m³] 1599 

Casted in prisms for mechanical research Yes 

 

 

 

 
Figure 10.10 Particle size distribution (PSD) mixture D1.4C (RSS=65.5)  
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Test mixture D1.4D 
 

Table 10.16 Proportions mixture D1.4D 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 N  14 

Limestone powder 1 

Micro silica 0 

Fly ash 4 

NEP 43 

EC 4.0-8.0 20 

Water 18 
 

 
Figure 10.11 Picture spread flow on mortar scale 

(2016.09.13 10:45) 

 
Table 10.17 Ratios mixture D1.4D 

Ratios 
 

Total powder [kg/m³] 551 

Total binder [kg/m³] 449 

Water/cement (by mass) 0.40 

Water/binder (by mass) 0.38 

Water/powder (by mass) 0.31 

Water/powder (by volume) 0.85 

SP/ binder (by mass) 0.97% 
 

 

Table 10.18 Measurements mixture D1.4D 

Measurements   

Spread flow [mm] 261.5 

Spread flow (after 15 table drops) [mm] NA 

Fresh density [kg/m³] 1537 

Casted in prisms for mechanical research Yes 

 

 

 

 
Figure 10.12 Particle size distribution (PSD) mixture D1.4D (RSS=65.6)  
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Test mixture D1.2A 
 

Table 10.19 Proportions mixture D1.2A 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 N  13 

Limestone powder 1 

Micro silica 0 

Fly ash 3 

NEP  58 

EC 4.0-8.0 6 

Water 18 
 

 
Figure 10.13 Picture spread flow on mortar scale 

(2016.09.13 14:15) 

 
Table 10.20 Ratios mixture D1. 2A 

Ratios 
 

Total powder [kg/m³] 511 

Total binder [kg/m³] 425 

Water/cement (by mass) 0.45 

Water/binder (by mass) 0.42 

Water/powder (by mass) 0.35 

Water/powder (by volume) 1.03 

SP/ binder (by mass) 1.38% 
 

 

Table 10.21 Measurements mixture D1. 2A 

Measurements   

Spread flow [mm] 177.5 

Spread flow (after 15 table drops) [mm] NA 

Casted in prisms for mechanical research Yes 

 

 

 

 
Figure 10.14 Particle size distribution (PSD) mixture D1.2A (RSS=71.8)  
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Test mixture D1.2B 
 

Table 10.22 Proportions mixture D1.2B 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 N  13 

Limestone powder 1 

Micro silica 0 

Fly ash 3 

NEP  60 

EC 4.0-8.0 4 

Water 20 

Super plasticizer 0 
 

 
Figure 10.15 Picture spread flow on mortar scale 

(2016.09.19 10:15) 

 
Table 10.23 Ratios mixture D1. 2B 

Ratios 
 

Total powder [kg/m³] 557 

Total binder [kg/m³] 425 

Water/cement (by mass) 0.49 

Water/binder (by mass) 0.46 

Water/powder (by mass) 0.35 

Water/powder (by volume) 0.82 

SP/ binder (by mass) 1.22% 
 

 

Table 10.24 Measurements mixture D1. 2B 

Measurements   

Spread flow [mm] 225 

Spread flow (after 15 table drops) [mm] NA 

Casted in prisms for mechanical research Yes 

 

 

 

 
Figure 10.16 Particle size distribution (PSD) mixture D1.2B (RSS=138.8)  
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Test mixture D1.2C 
 

Table 10.25 Proportions mixture D1.2C 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 N  12 

Limestone powder 1 

Micro silica 0 

Fly ash 3 

NEP  57 

EC 4.0-8.0 4 

Water 23 

Super plasticizer 0 
 

 
Figure 10.17 Picture spread flow on mortar scale 

(2016.09.19 13:15) 

 
Table 10.26 Ratios mixture D1.2C 

Ratios 
 

Total powder [kg/m³] 530 

Total binder [kg/m³] 425 

Water/cement (by mass) 0.59 

Water/binder (by mass) 0.55 

Water/powder (by mass) 0.44 

Water/powder (by volume) 1.17 

SP/ binder (by mass) 1.42% 
 

 

Table 10.27 Measurements mixture D1.2C 

Measurements   

Spread flow [mm] 231.25 

Spread flow (after 15 table drops) [mm] NA 

Casted in prisms for mechanical research Yes 

 

 

 

 
Figure 10.18 Particle size distribution (PSD) mixture D1.2C (RSS=149.6)  
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Test mixture D1.0A 
 

Table 10.28 Proportions mixture D1.0A 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 N  9 

Limestone powder 1 

Micro silica 0 

Fly ash 3 

NEP  69 

EC 4.0-8.0 0 

Water 17 
 

 
Figure 10.19 Picture spread flow on mortar scale 

(2016.09.20 12:00) 

 
Table 10.29 Ratios mixture D1.0A 

Ratios 
 

Total powder [kg/m³] 431 

Total binder [kg/m³] 323 

Water/cement (by mass) 0.59 

Water/binder (by mass) 0.55 

Water/powder (by mass) 0.41 

Water/powder (by volume) 1.00 

SP/ binder (by mass) 1.82% 
 

 

Table 10.30 Measurements mixture D1.0A 

Measurements   

Spread flow [mm] Failed 

Spread flow (after 15 table drops) [mm] NA 

Casted in prisms for mechanical research Yes 

 

 

 

 
Figure 10.20 Particle size distribution (PSD) mixture D1.0A (RSS=102.0)  
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Test mixture D1.0B 
 

Table 10.31 Proportions mixture D1.0B 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 N  12 

Limestone powder 1 

Micro silica 0 

Fly ash 3 

NEP  66 

EC 4.0-8.0 0 

Water 19 
 

 
Figure 10.21 Picture spread flow on mortar scale 

(2016.09.20 16:00) 

 
Table 10.32 Ratios mixture D1.0B 

Ratios 
 

Total powder [kg/m³] 454 

Total binder [kg/m³] 381 

Water/cement (by mass) 0.52 

Water/binder (by mass) 0.49 

Water/powder (by mass) 0.41 

Water/powder (by volume) 1.22 

SP/ binder (by mass) 1.49% 
 

 

Table 10.33 Measurements mixture D1.0B 

Measurements   

Spread flow [mm] Failed 

Spread flow (after 15 table drops) [mm] NA 

Casted in prisms for mechanical research Yes 

 

 

 

 
Figure 10.22 Particle size distribution (PSD) mixture D1.0B (RSS=170.7)  
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Test mixture D1.0C 
 

Table 10.34 Proportions mixture D1.0C 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 N  12 

Limestone powder 1 

Micro silica 0 

Fly ash 4 

NEP  57 

EC 4.0-8.0 0 

Water 25 
 

 
Figure 10.23 Picture spread flow on mortar scale 

(2016.09.28 9:45) 

 
Table 10.35 Ratios mixture D1.0C 

Ratios 
 

Total powder [kg/m³] 572 

Total binder [kg/m³] 432 

Water/cement (by mass) 0.68 

Water/binder (by mass) 0.63 

Water/powder (by mass) 0.48 

Water/powder (by volume) 1.23 

SP/ binder (by mass) 0.27% 
 

 

Table 10.36 Measurements mixture D1.0C 

Measurements   

Spread flow [mm] 180 

Spread flow (after 15 table drops) [mm] NA 

Casted in prisms for mechanical research Yes 

 

 

 

 
Figure 10.24 Particle size distribution (PSD) mixture D1.0C (RSS=81.9)  

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100 1000 10000

C
u

m
u

la
ti

v
e
 c

u
rv

e
 [

%
]

Particle size [Micron]

Optimized mix D1.0C

Target curve (Q=0.30)

CEM III/A 52.5 N

Limestone powder

Fly ash

NEP 0.04-0.09

NEP 0.09-0.3

NEP 0.25-0.5

NEP 0.5-1.0

NEP 1.0-2.0

NEP 2.0-4.0

EC 4.0-8.0



Appendix B 
 

139 

Test mixture D1.0D 
 

Table 10.37 Proportions mixture D1.0D 

Proportions Volume 

ratio [%] 

CEM III/A 52.5 N  12 

Limestone powder 1 

Micro silica 0 

Fly ash 5 

NEP  59 

EC 4.0-8.0 0 

Water 23 
 

 
Figure 10.25 Picture spread flow on mortar scale 

(2016.09.28 13:15) 

 
Table 10.38 Ratios mixture D1.0D 

Ratios 
 

Total powder [kg/m³] 572 

Total binder [kg/m³] 432 

Water/cement (by mass) 0.60 

Water/binder (by mass) 0.55 

Water/powder (by mass) 0.42 

Water/powder (by volume) 1.08 

SP/ binder (by mass) 0.40% 
 

 

Table 10.39 Measurements mixture D1.0D 

Measurements   

Spread flow [mm] 187.5 

Spread flow (after 15 table drops) [mm] 0 

Casted in prisms for mechanical research Yes 

 

 

 

 
Figure 10.26 Particle size distribution (PSD) mixture D1.0D (RSS=87.1)  
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Appendix C - Porosity cross-sections 
 

Mixture D1.0 
 

 

Figure 10.27 Print screen of the cross-section analysis software, mixture D1.0 
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Mixture D1.2 
 

 

Figure 10.28 Print screen of the cross-section analysis software, mixture D1.2 
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Mixture D1.4 
 

 

Figure 10.29 Print screen of the cross-section analysis software, mixture D1.4 
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Appendix D - Rebar pull-out test 
 

Table 10.40 Rebar geometry measured by the optical scan measurements 

# Diameter 

[mm] 

Ribheight Rib 

dist. C 

[mm] 

Inclin. Head 

width 

[mm] 

Rib 

length 

[mm] 

Relative 

rib area 

fR 
Center 

[mm] 

1/4 pnts 

[mm] 

3/4 pnts 

[mm] 

Alpha 

[o] 

Beta 

[o] 

1 8.0 0.52 0.44 0.37 5.0 51 45 1.90 10.5 0.063 

2 8.0 0.52 0.35 0.43 5.1 49 42 1.83 11.4 0.061 

3 8.0 0.55 0.42 0.40 5.1 52 43 1.87 11.1 0.065 

4 8.0 0.52 0.39 0.43 5.1 50 46 1.93 10.2 0.062 

5 8.0 0.53 0.41 0.41 5.1 50 48 1.90 10.2 0.065 

6 8.0 0.52 0.42 0.41 5.1 49 45 1.97 10.4 0.063 

7 16.0 1.05 0.74 0.85 9.1 42 50 2.33 14.8 0.070 

8 16.0 1.06 0.77 0.83 9.1 42 50 2.43 16.1 0.077 

9 16.0 1.08 0.80 0.87 9.1 41 51 2.28 14.8 0.073 

10 16.0 1.08 0.80 0.78 9.1 40 49 2.30 16.3 0.076 

11 16.0 1.07 0.83 0.80 9.1 44 50 2.33 14.8 0.071 

12 16.0 1.06 0.83 0.82 9.1 42 49 2.30 14.9 0.071 
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Appendix E - Technical classification light-weight  concrete  
 

 
Table 10.41 Classification 

of light-weight concrete 

by density (EN 206-

1:2001 [14]) 

Density 

class 

Range of 

density 

[kg/m³] 

D1.0 800-

1000 

D1.2 1000-

1200 

D1.4 1200-

1400 

D1.6 1400-

1600 

D1.8 1600-

1800 

D2.0 1800-

2000 

 

 

 
Table 10.42 Classification of 

slump classes (EN 206-

1:2001 [14]) 

Class Slump 

[mm] 

S1 10-40 

S2 50-90 

S3 100-150 

S4 160-210 

S5 >220 

 
Table 10.43 Classification of 

flow classes (EN 206-1:2001 

[14]) 

Class Flow 

diameter 

[mm] 

F1 <340 

F2 350-410 

F3 420-480 

F4 490-550 

F5 560-620 

F6 >630 

 

 

 
Table 10.44 Compressive strength classes for 

light-weight concrete (EN 206-1:2001 [14]) 

Compressive 

strength 

Minimum 

characteristic 

cylinder 

strength fck,cyl 

[MPa] 

Minimum 

characteristic 

cube strength 

fck,cube [MPa] 

LC8/9 8 9 

LC12/13 12 13 

LC16/18 16 18 

LC20/22 20 22 

LC25/28 25 28 

LC30/33 30 33 

LC35/38 35 38 

LC40/44 40 44 

LC45/50 45 50 

LC50/55 50 55 

LC55/60 55 60 

LC60/66 60 66 

LC70/77 70 77 

LC80/88 80 88 
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Appendix F - Environmental exposure classes 
The EN 206:2001  shows six environmental exposure classes. In order to reach a subclass of each 

environmental exposure class, the EN 206:2001 ,  recommends certain terms of water-cement ratio 

(w/c) , air content, cement factor, and strength class. 

 
Table 10.45 Exposure classes 

Class 

Designation 

Description of the environment Number of 

subclasses 

XO No risk of corrosion (inside buildings with very low air humidity) 1 

XC Corrosion of the reinforcement induced by carbonation 4 

XD Corrosion of the reinforcement induced by chlorides other than from sea 

water 

3 

XS Corrosion of the reinforcement induced by chlorides from sea water 3 

XF Freeze-thaw attack with or without de-icing agents 4 

XA Chemical attack 3 

 
Table 10.46 Exposure class XC: Corrosion of the reinforcements induced by carbonation 

Class 

designation 

Environment 

description 

Examples where exposure 

classes may occur 

Max 

w/c 

Minimum 

strength 

class* 

Minimum 

cement 

content 

[kg/m³] 

XC1 Dry or 

permanently wet 

Inside building with low air 

humidity 

0.65 20/25 260 

XC2 Wet, rarely dry Water retaining structures, 

foundations 

0.60 25/30 280 

XC3 Moderate 

humidity 

Inside building with moderate/ 

high air humidity, External 

structures sheltered from rain 

0.55 30/37 280 

XC4 Cyclic wet and 

dry 

External structures exposed to 

rain water 

0.50 30/37 300 

 

Table 10.47 Exposure class XD: Corrosion of the reinforcements induced by chlorides other than from the 

sea 

Class 

designation 

Environment 

description 

Examples where exposure 

classes may occur 

Max 

w/c 

Minimum 

strength 

class* 

Minimum 

cement 

content 

[kg/m³] 

XD1 Moderate 

humidity 

Structures exposed to direct 

spray containing chlorides 

0.55 30/37 300 

XD2 Wet, rarely dry Swimming pools, Structures 

exposed to industrial water 

with CL 

0.55 30/37 300 

XD3 Cyclic wet and 

dry 

Parts of bridges, pavements, 

car park slabs 

0.45 35/45 320 
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Table 10.48 Exposure class XS: Corrosion of the reinforcements induced by chlorides 

Class 

designation 

Environment 

description 

Examples where exposure 

classes may occur 

Max 

w/c 

Minimum 

strength 

class* 

Minimum 

cement 

content 

[kg/m³] 

XS1 Exposed to 

airborne salt but 

not in direct 

contact with sea 

water 

Structures near to or on the cost 0.50 30/37 300 

XS2 Submerged Parts of marine structures 0.45 35/45 320 

XS3 Total, splash, and 

spray zones 

Parts of marine structures 0.45 35/45 340 

 

Table 10.49 Exposure class XF: Freeze-thaw attack 

Class 

designation 

Environment 

description 

Examples where 

exposure classes may 

occur 

Max 

w/c 

Minimum 

strength 

class* 

Minimum 

cement 

content 

[kg/m³] 

Minimum 

air volume 

[%] 

XF1 Moderate water 

saturation, 

without deicing 

salts 

Vertical surfaces 

exposed to rain and 

freezing 

0.55 30/37 300 - 

XF2 Moderate water 

saturation, with 

deicing salts 

Vertical surfaces of 

road structure exposed 

to freezing and 

airborne deicing salts 

0.55 25/30 300 4 

XF3 High water 

saturation, 

without deicing 

salts 

Horizontal surfaces 

exposed to rain and 

freezing 

0.50 30/37 320 4 

XF4 High water 

saturation, with 

deicing salts 

Horizontal surfaces of 

road structures and 

vertical surface 

exposed to direct spray 

of deicing salts 

0.45 30/37 340 4 

 

Table 10.50 Exposure class XA: chemical attack in natural soils, ground water, and sea water 

Class 

designation 

Environment description Max 

w/c 

Minimum 

strength 

class* 

Minimum 

cement 

content 

[kg/m³] 

Soil: Water: 

Acidity SO4 

[mg/kg] 

SO4 

[mg/l] 

PH CO2 

[mg/l] 

NH4 

[mg/l] 

Mg 
   

XA1 >200 ≥2000, 

≤3000 

≥200, 

≤600 

≥6.5, 

≤5.5 

≥15, 

≤40 

≥15, 

≤30 

≥300, 

≤1000 

0.55 30/37 300 

XA2 - >3000, 

≤12000 

>600, 

≤3000 

>5.0, 

≤4.5 

>10, 

≤100 

>30, 

≤60 

>1000, 

≤3000 

0.50 30/37 320 

XA3 - >12000, 

≤24000 

>3000, 

≤6000 

>4.5, 

≤4.0 

>100 >60, 

≤100 

>3000 0.45 35/45 360 

 

 

 

 


