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Preface  
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together form my graduation year at the Eindhoven University of Technology. 
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impact. 
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thank one of my tutors, Arno Keulen from Van Gansewinkel Minerals for his help en support during the whole 

graduation project. We talked a lot together and in the beginning he complemented me mostly, however, 

during the project I gained knowledge and I feel we complemented each other which resulted in a good 

collaboration. Besides our talks we also worked a lot together in the lab which was always a pleasure where he 

showed me the practical point of view which I previously had not always thought about.  

 

The experiments are performed at Cementbouw in Wanssum and Zoeterwoude. I would like to thank 

Cementbouw and its employees for the possibility to use their laboratory and materials to do the experiments. 

I appreciate the pleasant atmosphere and the loyalty of the employee’s to be willing to help me when needed. 

Peter Kakebeeke made me familiar with the company and brought me to some interesting insights. I would 

like to thank him for all his help and all the time he spent on me. He was always prepared to help me and 

together we found some interesting developments.  

I also would like to thank Wiel van den Munckhof, Dick Duprie and Gerard van den Berg in particular from 

Cementbouw for all their time and effort. They made it possible for me to do all the experiments smoothly and 

helped me a lot during the experiments. 

 

From the Eindhoven University of Technology I would like to thank my other tutors, Qingliang Yu and Jos 

Brouwers. We had a lot of constructive talks about improving the scientific level of my thesis. Without their 
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Last but not least, I would like to thank all my friends and family for their support during the whole graduation 
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1 Introduction 

 

Relevance 

This research is about the development of an ultra-lightweight concrete (ULWC). An ULWC has a maximum 

density of 800 kg/m
3
 whereas moderate strength concrete and structural concrete has a density of 800-1400 

and ≥ 1400 kg/m
3
, respectively [1]. An ULWC may be beneficial compared to ordinary concrete in terms of 

transportation costs, mass of building components and thermal insulating properties [2]. At the Eindhoven 

University of Technology (TU/e) an ULWC (density ≤ 800 kg/m
3
),  applying a cement as the binder, is developed 

possessing a 28-day compressive strength of 10-12 MPa and a thermal conductivity of 0.12 W/(m·K) [3]. 

There are indications that the replacement of a cement binder by a geopolymer (GP) binder in concretes may 

lead to a lower thermal conductivity [4], lower drying shrinkage [5] [6] and a higher acid and fire resistance [7] 

[8]. This may further enlarge the potential of an ULWC. In addition, a GP binder instead of a cement binder will 

also lower the environmental impacts (caused by the reduced CO2 emissions as no cement is needed) [9]. 

A brief overview of the definition and possibilities of GP is presented as follows, with attention to the 

workability, density, compressive strength, thermal conductivity and water penetration under pressure. 

 

Geopolymer (GP) material 

Originally a geopolymer is known as a system which is rich in fly ash and/or metakaolin and an alkali activator. 

Nevertheless, nowadays it is known as an alkali activated material which is composed of minerals e.g. slag, fly 

ash, metakaolin or other pozzolanic minerals.  

By adding an alkali activator to the raw material (at least rich in silicate), the raw material dissolves, reactions 

occur and a GP network is formed [7]. A GP binder has the properties of a polymer and is in addition inorganic, 

solid, stable at temperatures up to 1250°C and non-inflammable [10]. A GP binder can be used in a wide range 

of applications, such as building materials, ceramic-like tiles and fire resistant materials [11]. This research is 

focussed on applying a GP binder in (ultra-lightweight) concrete. 

In contrast to cement, a geopolymer raw material (fly ash and/or slag based) is rich in silica and aluminum 

and/or calcium and is activated by an alkali solution. GP polymerized reaction products based on fly ash consist 

of a three-dimensional alkali alumina-silicate framework with N-A-S-H (sodium-aluminium-silcate-hydroxyl) as 

a major binding phase. Slag based binders consist of one-dimensional chains with C-S-H (calcium-silicate-

hydroxyl) as a major binding phase (which is the same compared to ordinary Portland cement binder system) 

[7] [12]. Different alkali activators are used in geopolymer systems, however, sodium and/or potassium 

hydroxides and silicates are used most frequently [5]. The used alkali with an increased molarity may affect the 

setting time [13] [14] [15] and increase the compressive strength until a certain optimum which differs for 

different recipes [5] [16]. However, in terms of costs, a lower molarity alkali is desirable.  

In many cases, concretes based on a GP or cement binder have comparable properties [13] [16] [17] [18] [19]. 

Nevertheless, there are some differences. Besides the already mentioned advantages of a GP binder, other 

favorable differences are a possible lower density, thermal conductivity and water penetration under pressure.  

By applying different packing approaches, concretes with varying porosities and compressive strengths can be 

achieved with cement and/or GP binders [16] [20] [21]. However, the density of a geopolymer powder may be 

lower compared to the density of cement powder (detailed information will be discussed later), this may also 

contribute to a concrete with a lower density.  

In previous researches [4], it is indicated that a GP binder may also have a positive effect on the thermal 

conductivity and water penetration under pressure compared to cement. The thermal conductivity of the 

concrete may be lower due to the lower density of GP mineral compared to cement [4]. The pore structure of 

GP binders may be denser which causes a lower water penetration under pressure compared to cement. 

Capillary pores which are often observed in Portland cement concretes are not present in the matrix of 

geopolymer binders [13] [21]. 

On the other hand, some of the characteristics of a GP binder need special attention. The alkali activator is 

expensive and may be dangerous to work with. Also, so far, no SPs (super plasticizers) and limited AEAs (air 
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entraining agents) developed for cement binders are suitable in GP binders. The high pH-value of the GP 

binder may destroy the additives [2] [22]. This makes the creation of a workable GP system complex. 

 

Motivation 

An ULWC may be applied in a monolithic building where the concrete walls may have the required strength as 

well as the required insulating properties. When a GP binder is applied instead of a cement binder, the 

properties of the ULWC may improve, as previously discussed.  

To the author’s knowledge, some research after a cement based ULWC is performed at the TU/e, however no 

research has been performed on the possibility of applying a GP binder in an ULWC.  

In previous research, cement based concretes possessing a 28-day compressive strength of 23-30 MPa with a 

relatively low thermal conductivity of 0.485-0.847 W/(m·K) (compared to ordinary concrete, illustrated in 

Table 1) are obtained. However, the density is between 1280 and 1490 kg/m
3
 [23] [24] [25] [26].  

 

 
Table 1: Properties of different materials [3] [27] [28] [29] 

 

GP binders are activated by an alkali activator. So far, GP binders with a relatively high molarity alkali (4.5-

16.5M NaOH [16]) are developed. A high molarity will increase the costs significantly which decreases the 

potential of the product. When an effective SP is used more available liquid may be present in the mixture. 

Due to this occurrence the required molarity of the activator may be reduced since more alkali is able to 

contribute to the reaction process. To the author’s knowledge, in the literature no suitable SPs for GP binders 

are reported since the GP system is complex and it is challenging to create an effective SP due to the high pH-

value.  

However, one SP (PQA) is developed by Van Gansewinkel and Cementbouw which is suitable in a GP system 

and which increases the workability of the mixture. Their mineral mixture and SP are applied within this 

research. The suggested molarity of the alkali activator is around 3M NaOH. 

 

Hypothesis 

An ULWC based on cement has been developed. The concrete consists of cement, water, lightweight 

aggregates (170-300 kg/m
3
) and an AEA. The replacement of a cement binder by a GP binder may have several 

advantages. In corporation with Van Gansewinkel it will be investigated if it is possible to apply a GP binder in a 

ULWC. The hypothesis of this research is that it is possible to create an ULWC based on a GP binder with equal 

or improved properties compared to the ULWC based on cement.  
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Aim 

The aim of this research it to create an ultra-lightweight Geopolymer concrete with equal or improved 

properties compared to the ULWC based on cement. A good workability, an oven-dry density of ≤ 800 kg/m
3
, a 

28-day compressive strength of ≥ 10 MPa and a thermal conductivity of ≤ 0.12 W/(m·K) are the set targets. 

The aim will be achieved by performing the following tasks: 

 

• Replacement of cement by a GP binder in the recipe of cement based ULWC [3], to produce an ULW 

GP concrete. 

 

• Develop a low density concrete by applying an optimized and an un-optimized packing approach, 

respectively and investigate the effect of the design method on the thermal properties in terms of 

thermal conductivity, the 28-day compressive strength and the durability in terms of water 

penetration under pressure .  

 

• Study the effect of the packing approaches, liquid/powder ratio’s, AEAs, concentrations of alkali 

activators and PQA SP on the rheology properties of the fresh concrete. 

 

• Determine the hardened properties (density, compressive strength, thermal conductivity and water 

penetration under pressure) with varying packing designs, liquid/powder ratio’s, AEAs, concentrations 

of alkali activators and PQA SP. 

 

Outline 

The materials, methods of experiments and recipes are given in the Chapter 2. The mix designs are also 

explained shortly in Chapter 2. More detailed information about the initiatives for these recipes are given in 

Chapter 3. When the results of the mix designs reach the desired properties (28-day compressive strength ≥ 

10MPa and thermal conductivity ≤ 0.12 W/(m·K)), the mix designs are described as the promising mix designs. 

The detailed information about the promising mix designs and overall results per phase are also given in 

Chapter 3. The results are presented in different phases: Phase A (mixtures based on an un-optimized packing) 

and Phase B (mixtures based on an optimized packing). The detailed information about the mix designs which 

are used as references but possess less desired properties are given in Appendix C. In Chapter 4, discussion 

about the obtained results is presented, in Chapter 5 the overall conclusions of this research are drawn and 

some possible recommendations for future research are given.  
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2 Experimental work 
 

The materials applied in the experiments include water, mineral binders, sand, lightweight aggregates, NaOH, 

PQA SP and AEAs. The properties of the materials are given in the following section.  

The experiments are performed by two scales. To save time and raw materials, experiments on small scale (1 

liter) are performed, termed “small scale experiments”. To validate the results obtained from the small scale 

tests and to investigate more properties (oven-dry density, thermal conductivity and water penetration under 

pressure) experiments on large scale (≥ 20 liter) are performed, termed “large scale experiments”. The 

methods are given is Section 2.2.  

 

2.1 Materials 
 

Mineral binders 

CEM I 52.5 R and a pre-mixed geopolymer mineral binder (PQA mineral) consisting of high quality industrial 

minerals are used as binders, respectively. In Table 2 the densities and an overview of the chemical 

composition (measured by XRF applying a Philips PANanalytical type Epsilon 3) of the cement and PQA mineral 

are given. The PQA mineral is a mixture rich in SiO2 (53%) and Al2O3 (18%) and the cement is a mixture rich in 

CaO (69%) and SiO2 (20%). The PQA mineral has significantly higher SiO2, Al2O3 and lower CaO content 

compared to cement. The particle size distribution (PSD) of the binders is given in Figure 2-1 (measured with a 

Mastersizer 2000), it is illustrated that the cement is finer compared to the PQA mineral (with D50 of the 

cement 12 µm and D50 of the PQA mineral 15 µm).  

 

 
Table 2: Chemical composition of PQA mineral, CEM I 52.5R and sand 
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Figure 2-1: PSD of cement, PQA mineral and sand 

 

Sand 

Natural sand (0-4 mm) is used. Its density and chemical composition are shown in Table 2. The main 

component is SiO2. In Figure 2-1 the PSD of the sand is given. The D50 of the sand is 330 µm.  

 

Lightweight aggregates (LWA) 

The lightweight aggregates applied, are expanded glass granulates, produced from recycled glass residues. It is 

sintered and expanded in a rotary kiln at temperatures around 750°C to 900°C. The density of the LWA is 

significantly lower compared to ordinary granulates and therefore ideal for applying in ULWC. The properties 

of the LWA with different particle size fractions are reported in Table 3. The density and the crushing 

resistance decrease as the particle size increases. The thermal conductivity of the LWA with the size of 2-4 mm 

and 4-8 mm is equal. LWAs with different particle size fractions are illustrated in Figure 2-2 and Figure 2-3 and 

the internal surface of a 2-4 mm LWA is shown in Figure 2-4. In this report LWA with the size of X mm, may be 

addressed as X mm LWA. Additional information of the LWA is given in Appendix A.  

 

 
Table 3: General properties of LWA 

 

 

Figure 2-2: LWA 0.25-

0.5 mm 

 
Figure 2-3: LWA 2-4 mm 

 
Figure 2-4: Internal 

surface of 2-4 mm LWA 
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Sodium hydroxide (NaOH) solution 

Sodium hydroxide is used as an activating solution. The NaOH is a 33% (by mass) pure industrial grade solution 

with a density of 1.36 kg/l and an initial molarity of 11.2 M.  

The solution is higher in viscosity compared to water and will increase significantly at higher molarities [20] 

and this can be of influence on rheology and workability of paste/mortar in fresh sates. 

 

Geopolymer super plasticizer (PQA SP) 

Within the experiments PQA SP is applied. It is a specially developed SP for geopolymers created by Van 

Gansewinkel and Cementbouw. Based on a previous research, a fixed dosage of 1.5 kg/m
3
 is used. An effective 

SP will prevent the molecules from agglutinate, indicating less liquid will be entrapped between the molecules 

and more available liquid is present in the mixture to contribute to the workability. When more available liquid 

is present in the mixture, more NaOH is available for dissolving the raw materials.  

 

Air entraining admixture (AEA) 

As reported in Chapter 1, many AEAs which are developed for cement mixtures may not work in GP 

(geopolymer) mixtures. The high pH-value of the GP systems could oxidize (breakdown) the AEAs [2]. In this 

research Sika LPS A 94, Sika EAR solid, Tillman mengolie TM AEA-B and BasF Micro Air 169 are analyzed to 

investigate if the density of the GP mixtures decreases by applying the AEAs. 
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2.2 Methods  
 

In this research a two-way approach is used to perform the experiments. During the whole research, especially 

in Phase A, experiments are performed based on small scale (1 liter) to generate a lot of data in a short period 

of time. This phase is focused on the compressive strength at different ages and the density (calculated and 

experimentally determined density measured fresh density directly after mixing in a measuring cup). 

In Phases A.2 until B.3 promising experiments are designed based on the results obtained in the previous 

phases. Most of the experiments are performed on large scale (at least 20 liter) to validate the results. In these 

phases the oven-dry density (density of an oven-dried sample), thermal conductivity and water penetration 

under pressure are also investigated (in addition to the calculated and experimentally determined density and 

compressive strength). 

In addition, microstructure analysis, cascade leaching tests and heat resistance tests are performed. The 

methods are described shortly in this chapter.  

 

2.2.1 Small scale experiments 

 

Small scale experiments are performed with the following procedure. Samples, composed of sand, LWA, 

binder (geopolymer or cement), water, NaOH and/or PQA SP, are cast based on 1 liter in volume (additional 

information given in Section 2.3 and Appendix B). 

• The solids are added in a Hobart mixer and mixed for 10 seconds. All the liquid is mixed together (to 

create the desired alkali molarity) and added to the dry materials in the mixer. The total composition 

is mixed then for 3 minutes.  

• Fresh mortar is transferred to polystyrene moulds (4 x 4 x 16 cm
3
). The target in this research is to 

create a mixture with a good workability. However, when the workability of the mixtures was very 

poor the mixtures were compacted by using a compaction rod and hammer. It has to be taken into 

account that due to the manually applied force, human errors may occur in the compaction.  

To preserve the polystyrene moulds from deforming by the pressure of the hammer, the mould is 

placed in a steel frame. This steel frame and other tools to compact the concrete are shown in Figure 

2-5 and Figure 2-6, respectively. In this phase the LWA with the size of 4-8 mm was not tested since 

this size is too big for the Hobart mixer. In addition, the density and thermal conductivity of these 

particles are comparable with the LWA with the size of 2-4 mm (additional information is given in 

Section 2.1). 

 

 
Figure 2-5: Steel frame around the 

polystyrene mould 

 
Figure 2-6: Compressing bars, hammer and 

finishing tool 

 

• The filled moulds were weighed, covered with foil and cured at ambient condition. With the weight of 

the filled moulds, the experimentally determined density was calculated.  

• At day 7, 14 and 28 one of the 3 prisms was demoulded, weighed, the height was measured, 

respectively. With the exact height, the density was calculated and given to the nearest 1 kg/m
3
.  
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• The flexural and compressive strength were measured with a controlled testing machine (MEGA 100-

200-10-D-S), based on the principles given in NEN EN 196-1.  

 

2.2.2 Large scale experiments 

The experiments on large scale are performed on the one hand to validate the results obtained from the small 

scale experiments and on the other hand to analyze more properties (workability in time, apparent density, 

compressive strength, oven-dry density, thermal conductivity and water penetration under pressure). Large 

scale experiments are performed according to the following procedure. The samples (only geopolymer (GP) 

binder based) are cast on a minimum of 20 liter in volume. 

• The water, NaOH, AEA (if any) and SP were mixed together. When not mentioned a solution with 3M 

NaOH is used. In the case presoaked LWAs are applied, the particles are placed in water for one hour. 

Afterwards the particles are separated from the remaining water by a sieve and surface-dried by 

paper. The PQA mineral and LWA (dry or pre-soaked) were mixed in a concrete mixer (Atika-180 220 

volt, 180 liter, illustrated in Figure 2-7) and the liquid was added while the solids were being mixed.  

• The mixture was firstly mixed for 7 minutes, with a common concrete mixing speed. When the 

workability in the time was measured the rotation speed is lowed, namely similar to the speed during 

transport.  

• When applicable, the slump and flow were measured by an Abrams cone. The slump is measured 

following BS EN 12350-2-3009. The flow is measured twice by perpendicular diagonals after the 

Abrams cone is lifted and the dropping table is dropped for 10 times instead of 15 times to save time. 

• On small scale the workability of some mixtures was measured by a Haegermann cone (mini slump). 

In Figure 2-8 and Figure 2-9 mixtures with no workability are illustrated on large and on small scale 

experiments.  

 

 
Figure 2-7: Concrete mixture 

 

 

 

Figure 2-8: Slump test 

by Abrams cone  

 
Figure 2-9: Flow test by 

Haegermann cone 

 
Figure 2-10: Compressive 

strength measurement 

 

• After mixing, the fresh density was measured with a measuring cup and the workability was measured 

in time or the mixtures were cast directly.  

• The mixture was cast in steel moulds (10 x 10 x 10 or 15 x 15 x 15 cm
3
) and (if any) polystyrene 

moulds (4 x 4 x 16 cm
3
) and the first experiments were compacted manually. Firstly, the first half of 

the moulds was filled with the mixture and the mixture is compacted by a rod and a hammer, then 

the mould is totally filled and compacted by a rod and a hammer again. As is mentioned in the Section 

2.2.1, human errors may occur by applying manual compaction. Next experiments were compacted 

by a vibration table since the LWA did not float, which may be caused by the vibration due to their 

very low density.  

• The steel moulds were marked and covered by foil and cured at ambient temperature. After one day, 

the samples were demoulded, sealed in plastic and further cured at ambient temperature (illustrated 

in Figure 2-11 and Figure 2-12). 
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• At day 7 and 28, the compressive strength for the 10 x 10 x 10 cm
3
 samples was measured to three 

samples (by a controlled testing machine called Ratio-Tec, illustrated in Figure 2-10). The compressive 

strength at day 1, 7, 14 and/or 28 days was measured twice on two sides of samples of 4 x 4 x 16 cm
3
 

prisms (if any) by a MEGA 100-200-10-D-S following NEN EN 196-1. 

• At 28 days, the water penetration  is measured on three samples of the 15 x 15 x 15 cm
3
 following BS 

EN 12390-8:2009 (illustrated in Figure 2-13). 

 

Figure 2-11: Sealing the molds 

 

 
Figure 2-12: The samples are 

wrapped in plastic foil and put in a 

plastic bag 

 

 
Figure 2-13: Test after water 

penetration under pressure 

• At 28 days the mass of the samples (with the size of 10 x 10 x 10 cm
3
) was measured and the samples 

are oven-dried with a temperature of 105 ± 5 °C until the difference in mass after 24 hours is less than 

0.2% following EN 12390-7:2009. When this was achieved, the thermal conductivity of the sample 

was determined by a heat transfer analyzer (ISOMET model 2104, illustrated in Figure 2-14). The 

thermal conductivity was measured on two samples and two measurements of each sample are 

performed to get an average.  

 

 
Figure 2-14: Measurement of the thermal conductivity 
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2.2.3 Additional tests 

 

Water absorption 

The water absorption of LWA with the size of 2-4 and 4-8 mm is measured. The initial water content in the 

LWA is measured by drying the LWA for 24 hours in an oven at 105°C. It is observed that the particles are 

supplied in dry state. The LWA are placed between two sieves and put under water. After one hour the sieves 

with the particles are released from the water and put in the oven at 105°C. When the external surface of the 

particles are just dry, the particles are weighed again. This test is performed twice. 

 

SEM analysis 

SEM (scanning electron microscopy) pictures are taken to investigate the microstructure of the LWA (40 gram) 

and the microstructure of GP and cement based mixtures. The analysis are performed by using a Quanta 650 

FEG, FEI. 

 

Cascade leaching test 

Cascade leaching tests are performed to investigate the solubility of the LWA. The LWA were ground and 

blended with demineralized water, NaOH solution and/or PQA SP (200 ml) and the mixture was shaken for 24 

hours. The eluates of the mixtures are analyzed (by IPC AES or MS) and the prominent components are 

reported. 

 

Heat resistance test 

Geopolymer concretes may have a high resistance against heat [2] [30] [31] [32]. It is reported that at 600 °C 

the strength of the geopolymer samples may decrease significantly [33] [34]. For comparison purpose, oven 

dried samples are exposed to 600°C in an oven for one hour. The compressive strength is determined by 

testing to two samples. 
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2.3 Mix designs 
 

Mix designs are performed to develop a GP based ULWC. As mentioned in Chapter 1, the aim is to create a GP 

ULWC with a oven-density ≤ 800 kg/m
3
, a good workability in the time, a 28-day compressive strength of ≥ 10 

MPa and a thermal conductivity of ≤ 0.12 W/(m·K). 

In previous research it is reported, that in mix designs applying varying packing approaches, concretes with 

different porosities and compressive strengths are obtained [16] [20] [21]. When a mix design is developed in a 

appropriate way, desired properties may be achieved since the mix design affects e.g. the workability, density, 

porosity, thermal conductivity, compressive strength and water permeability. 

In literature it is stated that a mix design with an optimized packing result in the highest strength since there 

will be a certain distribution between smaller and bigger particles and the porosity in the mixture will be 

minimal by the better packed ingredients [35]. However, since a low density and thermal conductivity are also 

the objectives, an un-optimized packing with a high amount of bigger particles (with a lower density) may 

result in improved properties concerning the density and thermal conductivity. In this research mix designs are 

studied by applying two different packing approaches; an un-optimized (Phase A) and an optimized packing 

(Phase B) approach. In different phases, the following investigations were carried out: 

 

• Phase A.1 – Partial sand replacement by LWA 

The behavior of LWA will be investigated by replacing the sand at different levels in mixtures 

based on sand and a binder (GP or cement), using different liquid dosages. 

• Phase A.2 – Total sand replacement by LWA, based on an un-optimized packing approach  

Study the effect of an un-optimized packing with a high amount of the LWA with the size of 

2-4 mm, on the density, thermal conductivity and other properties. 

• Phase B.1 – Total sand replacement by LWA, based on an optimized packing approach 

Investigate the effect of an optimized packing on the properties of the concrete. 

• Phase B.2 – Effect of the NaOH molarity 

Study the effect of the NaOH molarity on the properties of the concrete. 

• Phase B.3 – Effect of air entraining admixtures 

Analyze if AEAs decrease the density of the mixtures to contribute to a lower density and 

investigate the effect on the other properties.  
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2.3.1 Phase A.1 – Partial sand replacement by LWA 

 

As mentioned, in this phase the behavior of the LWA is investigated.  

• In literature it is stated that the properties of the concrete may be affected by different particle sizes 

[36]. When smaller particles are used the specific surface area increases which may result in a higher 

total surface area for a given particle loading. In addition, the different densities, water absorption 

rates and crushing resistances for varying LWA sizes may have an effect on the properties of the 

concrete. The effect of different volumes of varying LWA sizes is investigated. 

• In previous research [20] [21], it is stated that different l/p (liquid/powder) and w/c (water/cement) 

ratios may have an effect on the properties of the concrete. An increased liquid dosage will increase 

the workability of the mixture but will decrease the compressive strength since a less dense mixture is 

resulted. In previous research [20], it is stated that a cement binder needs a higher w/c ratio 

compared the l/p ratio in a GP binder. Because of this, the w/c ratio for the cement based mixtures 

used in this report is higher compared to the l/p ratio of the GP based mixture.  

The effect of different l/p and w/c ratios is investigated.  

The effect of the LWA will be investigated on the density and compressive strength in small scale experiments 

based on sand and a GP or cement binder where different volumes of the sand are replaced by LWA.  

 

The effect of sand replacements, various LWA sizes and different liquid/powder ratios for cement 

and GP mixtures (small scale experiments) 

 

In Table 4, an overview of the performed experiments is presented. 

• Reference recipes, based on sand (660 ml/l) and a GP or cement binder (340 ml/l; mineral and liquid), 

are tested based on previous research by Van Gansewinkel and Cementbouw. 

o GP based recipe is based on 450 gram/l PQA mineral and 160 ml/l liquid (l/p ratio of 0.39 by 

mass), which are obtained by previous research by Van Gansewinkel and Cementbouw 

(personal communication). 

o Cement based recipe is based on 434 gram/l cement and 200 ml/l (w/c ratio of 0.46), based 

on the recipe of ULWC based on cement [3]. 

• Different l/p and w/c ratios will be investigated. 

o In GP based recipes the effect of the liquid dosage is investigated by using 140, 160 and 180 

ml with l/p ratios of 0.34, 0.39 and 0.44 (by mass), respectively. 

It has to be taken into account that the absolute amount of NaOH increases with the 

increase of the volume of liquid at an equal molarity. The effect of different molarities is 

investigated in detail, in a later stage. 

o In cement based recipes the effect of 180, 200 and 220 ml/l is investigated with w/c ratios of 

0.41, 0.46, 0.51 (by mass), respectively.  

• Sand is replaced by LWA at different volume levels (20, 40 or 60%) with various LWA sizes (0.25-0.5 

mm, 0.5-1 mm, 1-2 mm and 2-4 mm) for all liquid dosages.  

•  

  
Table 4: Composition of Recipes performed in phase A.1 

 

Additional information about the Recipes (0, 1, 4, 11, 14, 15, A, B, C, F, G, H) is given in Appendix B.1. 



 

Master Thesis – D.M.A. Huiskes – Ultra-lightweight geopolymer concrete – 13 

 

2.3.2 Phase A.2 – Total sand replacement by LWA, based on an un-optimized packing 

approach  

 

As previously discussed, in this phase the effect of an un-optimized packing is studied on the density, thermal 

conductivity and other properties of the concrete. In an optimized packing the porosity in the mixture will be 

minimal due to a certain distribution between smaller and bigger particles [35], to achieve a high strength. In 

an un-optimized packing, a minimal porosity may not be pursued. Since besides a high compressive strength, a 

low thermal conductivity and low density are also set targets in this research, an un-optimized packing may be 

desirable. The density and thermal conductivity of the bigger particles is significantly lower compared to the 

smaller particles (additional information given in Section 2.1) which may have a positive effect on these 

properties. Bigger LWA will be used, however, in the present study the largest particles applied are the LWA in 

the size fraction of 2-4 mm since the crushing resistance is significantly higher for 2-4 mm LWA compared to 4-

8 mm LWA and the density and thermal conductivity are comparable for both LWA sizes (illustrated in Section 

2.1).  

• The effect of pre-soaked LWA on the properties of the concrete will be investigated. In the 

preliminary experiments based on an un-optimized packing, it is observed that mixtures applying dry 

LWA may result in samples which show segregation (explained in detail in Section 3.2). When dry LWA 

are applied, the liquid may sink to the bottom directly after casting. In previous research [37], it is 

observed that pre-soaked LWA may slowly release liquid into the mixture, which may prevent the 

liquid to sink directly to the bottom after casting. It will be investigated if applying pre-soaked LWA 

will result in a mixture without segregation and with a homogeneous distribution of the LWA in the 

mixture.  

 

Effect of pre-soaking the LWA (large scale experiment) 

In Table 5, an overview of the performed recipe is given. A small amount of LWA with the size of 0.5-1 mm is 

used since preliminary experiments, performed in this research, showed that the addition of small particles 

may increase the 28-day compressive strength (additional information given in Section 3.2). Additional 

information about the Recipe (21.D (based on Recipe 18.D)) is given in Appendix B.2. 

 

 
Table 5: Composition of Recipe 21.D with pre-soaked LWA based on an un-optimized packing 
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2.3.3 Phase B.1 – Total sand replacement by LWA, based on an optimized packing 

approach 

 

As mentioned, the effect of an optimized packing is investigated in this phase since an optimized packing may 

contribute to a high compressive strength due to the reduced porosity by the better packed ingredients [35]. 

The recipe of ULWC with a cement binder, developed at the TU/e, is based on an optimized packing based on 

the modified Andreasen and Andersen model [38], and is used as a reference [3]. It will be studied if 

experiments based on an optimized packing applying dry LWA, result in hardened samples without open voids 

and if the compressive strength increases compared to the experiments based on an un-optimized packing. In 

addition, the effect of this packing approach on the density and thermal conductivity will be studied.  

• As previously discussed, lower l/p ratios may have a negative effect on the workability, however, the 

compressive strength of the concrete may increase [20] [21]. Different l/p ratios will be investigated. 

• The amount of PQA mineral may have a high effect on the density of the concrete since it has the 

highest density of the used materials in the concrete. In additional, when part of the PQA mineral is 

replaced by LWA, the thermal conductivity may decrease since in previous research [22] [39] [40], it is 

observed that the thermal conductivity of concrete decreases at lower densities since more air will be 

present in the mixture.  

In preliminary experiments performed on small scale in this research, it is observed that the density 

and 28-day compressive strength decreases at a lower amount of PQA mineral. When 400 instead of 

492 gram/l PQA mineral is used per liter, the density decreases significantly while the 28 day 

compressive strength is still acceptable whereas the 28-day compressive strength decrease 

significantly at a further decrease of the PQA mineral. Additional information is given in Section 2.1 

and Appendix B.3 and C.3.2. The effect of 400 gram/l PQA mineral on the other properties of the 

concrete will be studied.  

• Experiments will be performed whereby the volume of LWA with size 4-8 mm is replaced by 2-4 mm. 

As mentioned, the crushing resistance of the LWA with the size of 4-8 mm is significantly lower  

compare to the LWA with the size of 2-4 mm (1.9 compared to 2.2 N/mm
2
) while the density and 

thermal conductivity are comparable. In addition, it is stated in previous research that a more 

homogenous distribution of the LWA in the mixture may lead to a lower thermal conductivity [41] so 

when the LWA with the size of 4-8 mm are replaced by 2-4 mm the thermal conductivity may 

decrease while the compressive strength increases. The effect of the volume replacement of LWA 

with the size of 4-8 mm by 2-4 mm on the properties of the concrete will be investigated. 

• An optimized packing based on PQA mineral will be studied since in the previous experiments an 

optimized packing based on cement is used which is not totally optimized due to the varying PSDs of 

the different minerals (additional information in Section 2.1). It is investigated if the different 

packing’s have an effect on the properties of the concrete. The mix design is set up applying the 

modified Andreasen and Andersen model [38]. 
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Different liquid/powder ratios in the Recipe based on ‘cement based ULWC (TU/e)’ (large scale 

experiment) 

In Table 6, an overview of the composition of the recipes is given. Recipe 19.G is based on the ULWC based on 

a cement binder whereby the cement binder is replaced by a GP binder with a l/p ratio of 0.39 (by mass) since 

preliminary experiments based on this ratio, performed in this research, showed satisfying properties. In 

recipes 25, 26 and 27 a lower l/p ratio is used since this may increase the compressive strength. Additional 

information about the Recipes (19.G, 25, 26 and 27) is given in Appendix B.3. 

 

 
Table 6: Composition of Recipes with different l/p ratios 

 

Different volumes of geopolymer binder with and without 4-8 mm LWA (large schale experiments)  

In Table 7, an overview of the composition of the recipes is given. In Recipes 33 and 34, the amount of PQA 

mineral is decreased to 400 gram/l since it may have a positive effect on the density and thermal conductivity, 

as mentioned. In Recipe 32 and 34, the volume of LWA with the size of 4-8 mm is replaced by 2-4 mm since it 

is stated this may have a positive effect on the compressive strength and thermal conductivity. Additional 

information about the Recipes (32, 33 and 34 (based on Recipe 26)) is given in Appendix B.3.  

 

 
Table 7: Composition of Recipes with different volumes of GP binder and with and without LWA with the size of 4-8 mm 

 

An optimized packing based on PQA mineral (large scale experiments)  

In Table 8, the composition of the recipe is given. No LWA with the size of 4-8 mm are used since experiments 

(will be explained in Section 3.3.3) illustrate that the addition of this size fraction has a negative effect on the 

compressive strength and thermal conductivity. 388 gram/l PQA mineral and 140 ml/l liquid should be used, 

however, in this experiment 174 ml/l liquid is used with a l/p ratio of 0.49 (by mass). The higher volume of 

liquid is applied due to the poor workability (earth-moist) of the mixture. The liquid/powder ratio is not 

increased further since it may have a negative effect on the compressive strength. More liquid is needed to 

create a workable mixture. Additional information about the Recipe (35) is given in Appendix B.3. 

 
Table 8: Composition of  Recipe 35 based on un optimized packing based on PQA mineral 
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2.3.4 Phase B.2 – Effect of the NaOH molarity  

 

As mentioned, the effect of the NaOH molarity will be investigated. The molarity of NaOH in a GP concrete is 

an important concern. A higher molarity may affect the workability due to its viscosity [13] [14] [15] and it may 

increase the compressive strength of the paste [5] [16]. However, a higher molarity also increases the costs of 

the concrete. 

Other attention points are the possible alkali-silicate reactions (ASR [42]) in the hardened concrete and the 

possible reaction between the NaOH and SiO2 in the LWA in an earlier state (additional information is given in 

Appendix A). These reactions may reduce the compressive strength of the concrete. 

• An experiment is performed by applying a lower molarity since preliminary experiments performed in 

this research show that a lower molarity may increase the 28-day compressive strength. Additional 

information is given in Section 3.4.1. In addition, a lower molarity may have an effect on the 

workability. In [13] it is stated that the setting time increases at a higher molarity, however, in [14] 

[15] it is stated that a higher molarity will result in a reduced setting time. The effect of a lower 

molarity NaOH on the workability and other properties is investigated.  

 

A lower molarity NaOH in the mixture based on an optimized packing (large scale experiments)  

In Table 9, an overview of the composition is given. This mixture is equal to Recipe 32, excepting the varying 

molarity of NaOH. Additional information about the Recipe (37, based on Recipe 32) is given in Appendix B.4. 

 

 
Table 9: Composition of Recipe 37 applying a lower molarity (2M) 
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2.3.5 Phase B.3 – Effect of air entraining admixtures 

 

As mentioned, it is investigated if AEAs decrease the density of the mixture. Air pores may be formed in the 

mixture by incorporating AEAs which may result in a reduced density and it is stated in previous research that 

this may also contribute to a lower thermal conductivity [40]. In previous research [43], it is also stated that 

the use of an AEA may have a positive effect on the workability  since the small air bubbles act as a lubricant 

for the aggregates. In addition, the costs of a concrete may be reduced since less material may be needed to 

create a certain volume of concrete since the volume increases due to the formed air. It will be investigated 

what the effect is of an AEA on the workability, density, thermal conductivity and other properties of the 

concrete.  

• Experiments are performed, applying AEA “Tillman mengolie TM AEA-B” since preliminary 

experiments  performed on small scale in this research, indicates that the density decrease by 

applying this AEA. 

 

Promising air entraining agent in GP ULWC (large scale experiment)  

In Table 10, an overview of the composition of the Recipe is given. The Recipe is based on Recipe 32, however, 

the amount of materials are lower compared to Recipe 32, since air is entrapped in the mixture. Additional 

information about the Recipe (38, based on Recipe 32) is given in Appendix B.5. 

 

 
Table 10: Composition of Recipe 38 applying an AEA 
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3 Results and analysis 
 

As mentioned in the introduction, the investigated parameters in this research are the workability in time, the 

density, the compressive strength and the thermal conductivity. In addition, the water penetration under 

pressure is also investigated. The properties and their relation are studied and the results will be discussed in 

this chapter.  

 

3.1 Phase A.1 – Partial sand replacement by LWA 
 

As mentioned in Section 2.3, the effect of sand replacements by LWA, various LWA sizes and different 

liquid/powder ratios is investigated. This is studied in GP and cement based concretes.  

 

3.1.1 The effect of sand replacements, various LWA sizes and different liquid/powder 

ratios for cement and GP mixture 

 

The effect of the LWA replacement level on the density and compressive strength is presented in this section. 

The workability becomes poorer when LWA with the smaller particle size are applied, which can be explained 

by the increased specific surface area. When the specific surface area is higher, a higher amount of liquid is 

adhered to the particles which results in less available liquid to contribute to the workability, this is also stated 

in previous research [44].  

 

3.1.1.1 Density 

 

In Figure 3-1 and Figure 3-2 the calculated densities are illustrated based on the different replacements 

(volume) of sand by LWA for different liquid dosages.  

• The density of the mixtures decreases at the increase of the volume replacement of sand by LWA due 

to the significantly lower density of LWA. The bigger particles have a larger effect compared to the 

smaller particles due to the even lower density of the bigger particles (additional information is given 

in Section 2.1). 

• In Table 11, the effect of the particle size and volume of liquid on the density is listed. This is 

illustrated by the slope of the different graphs for the varying particle sizes and liquid dosages set out 

against the density. It is illustrated that the density decreases faster in case bigger particles are used 

so the deeper the slope, the higher the effect. It is also illustrated that the density decreases faster for 

a lower volume of liquid. When less liquid is applied, more LWA is used which decreases the density. 

These characteristics are also observed when cement is applied as binder.  

 

 
Figure 3-1: Calculated density when sand is replaced by 

0.25-0.5 mm LWA with different liquid dosages  (GP 

mixtures)  

 

  
Figure 3-2: Calculated density when the sand is replaced 

by 2-4 mm LWA with different liquid dosages (GP 

mixtures) 



 

Master Thesis – D.M.A. Huiskes – Ultra-lightweight geopolymer concrete – 19 

 

 

Table 11: Slope of the graphs between the density and the sand 

replacements for different particle sizes and liquid dosages 

 

In Figure 3-3 and Figure 3-4 the calculated and experimentally determined (fresh) density are given based on 

the different sand replacements (by volume) by LWA with different sizes of 0.25-0.5 mm and 2-4 mm, 

respectively.  

 

• The calculated densities for mixtures with a GP binder and a cement binder are very similar, while the 

density of the PQA mineral is lower compared to the cement. The lower mass of cement compared to 

PQA mineral in the binders is the reason for this phenomenon. 

• The experimentally determined densities (GP based and cement based mixtures) are close to each 

other, but, the experimentally determined density for the mixtures with GP is slightly lower compared 

the mixtures with cement. The viscosity of a cement mixture is lower compared to a GP mixture due 

to the absence of NaOH [20] which may also cause a better compaction. Due to an easier compaction, 

air voids may be easier to escape from the mixture which may result in a higher experimentally 

determined density. 

• Previous research stated that around 3% or air is entrapped in ordinary concrete mixtures [13] [45].  

In the GP based mixtures (when no sand is replaced) this is around 6-8% due to the entrapped air 

since the mixtures were earth-moist.  

• The experimentally determined density is higher compared to the calculated density at higher volume 

replacements (> 40%) for LWA with the size of 0.5-1, 1-2 and 2-4 mm, which increases at bigger sizes. 

The producer states that the bigger particles have a higher water absorption compared to the smaller 

particles (additional information in Appendix A) which may be a reason for this. When more liquid is 

absorbed by the LWA the experimentally determined density is higher since the apparent mass of the 

mixture increases.  

 

 
Figure 3-3: Density of GP mixtures (160 ml/l liquid) and 

cement mixtures (200 ml/l water) when sand is 

replaced for 0.25-0.5 mm LWA 

 

 
Figure 3-4: Density of GP mixtures (160 ml/l liquid) and 

cement mixtures (200 ml/l water) when sand is 

replaced for 2-4 mm LWA 
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3.1.1.2 Compressive strength 

 

In Figure 3-5 until Figure 3-8 the compressive strength of GPULWC is illustrated based on the strength 

development after 7 days for GP mixtures with 160-180 ml/l liquid and LWA with sizes of 0.25-0.5 and 1-2 mm. 

 

• A replacement of sand by LWA caused a reduction on the compressive strength. The higher the 

replacement the larger the effect. The lower crushing resistance of the LWA compared to sand may 

be a reason for this (additional information given in 2.1). 

• The strength development after 7 days is lower when a higher volume of sand is replaced by LWA. 

Due to the water absorption of the LWA (additional information given in Appendix A) the 

polycondensation rate over time may be lower which may result in a porer microstructure and lower 

compressive strength. 

• The mixtures based on bigger particles have a slightly higher 28-day compressive strength compared 

to the mixtures based on smaller particles. This is surprising since the crushing resistance of smaller 

particles is significantly higher compared to the bigger particles (see additional information in Section 

2.1). As stated, the specific surface area of the mixtures with smaller particles is higher which causes a 

poor workability since less liquid is available in the mixture. This may result in a reduced compressive 

strength. 

• A higher volume of liquid does not cause a lower compressive strength. This may be attributed by the 

fact that the mixtures were earth-moist. More liquid causes wetter mixtures which are easier to 

compact compared to dryer mixtures. Better compaction may result in a higher compressive strength. 

Another reason may be the higher absolute amount of NaOH in the binder. A higher amount of liquid 

(and with that a higher absolute amount of NaOH) may increases the polycondensation rate.  

 

 

Figure 3-5: Sand replaced by 0.25-0.5 mm LWA when 

160 ml/l liquid is applied (GP mixtures) 

 
Figure 3-6: Sand replaced by 1-2 mm LWA when 160 

ml/l liquid is applied (GP mixtures) 

 

 
Figure 3-7: Sand replaced by 0.25-0.5 mm LWA in 

mixtures where 180 ml/l is applied (GP mixtures) 

 
Figure 3-8: Sand replaced by 1-2 mm LWA in mixtures 

where 180 ml/l liquid is applied (GP mixtures) 
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In Figure 3-9 and Figure 3-10 the strength development up to 28 days for mixtures based on cement is 

illustrated. It is shown that for mixtures with 0, 20 or 60% replacement (in volume) of sand by LWA there is no 

further strength development beyond 7 days’ curing. This is in contrast to mixtures based on a GP binder 

(illustrated in Figure 3-5 until Figure 3-8) which have a slight strength development after 7 days. As is also 

observed in the experiments based on GP, the remaining liquid in the mixture for strength development after 

7 days is minimal. For cement based mixtures it may be possible that there is not enough liquid left for 

reaction over time. When so, no strength development over time is obtained.  

A slight decrease in strength is visible between 7 and 14 days in the cement based mixtures which may be 

caused by errors due to manual compacting.  

 

 
Figure 3-9: Compressive strength over days of mixtures 

with 200 ml/l liquid and 0.25-0.5 mm LWA (cement 

mixtures) 

 

 
Figure 3-10: Compressive strength over days of 

mixtures with 200 ml/l liquid and 1-2 mm LWA (cement 

mixtures) 

 

In Figure 3-11 and Figure 3-12 the 28-day compressive strength is illustrated based on different volumes of 

replacements (sand by LWA). The effect is illustrated for mixtures based on GP and cement binders in the 

same graph. 

 

• The initial strengths of the GP and cement based concretes are not comparable due to the varying l/p 

ratios, however, it is illustrated that the strength reduction is higher with the increased amount of 

LWA replacement for mixtures based on cement compared to mixtures based on PQA mineral. By a 

cascade leaching test it is observed that the SiO2 in LWA dissolves by the NaOH solution (additional 

information given in Appendix A). In preliminary research by Duxon et al [46], it is observed that a GP 

binder with a higher Si/Al ratio may have a higher compressive strength.  

By the dissolving of SiO2 in LWA, the crushing resistance of the LWA may decrease, however the Si/Al 

ratio of the GP binder increases which may increase the compressive strength of the binder. This may 

contribute to a lower strength loss for GP concrete compared to cement concrete.  

 

Figure 3-11: Compressive strength of GP mixtures (180 

ml/l liquid) and cement mixtures (220 ml/l water) when 

the sand is replaced by 0.25-0.5 mm LWA 

Figure 3-12: Compressive strength of GP mixtures (180 

ml/l liquid) and cement mixtures (220 ml/l water) when 

the sand is replaced by 2-4 mm LWA 
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3.1.1.3 Reliability of the mixtures 

 

Some of the experiments are performed twice to determine the accuracy of the mixtures. The experiments are 

performed in different days and are chosen randomly, in order to cover a high variety of recipes. The results 

are given in Appendix C.1.1. The results show that the densities are approximately equal (variation only of 

approximately 2.8%) and the compressive strength shows some varieties but with an acceptable error of 

approximately 6.9%, indicating the validating and reliability of the small scale experiments. 

 

3.1.2 Concluding remarks – Phase A.1 – Partial sand replacement by LWA 

 

• The workability is better for mixtures with bigger particles compared to smaller particles. This can be 

explained by the increased specific surface area when small particles are applied since more liquid is 

adhered to the LWA when the specific surface area is higher. This will result in less available liquid for 

the workability which leads to a poorer workability.  

• The calculated density is lower when the sand is replaced by 2-4 mm LWA than when it is replaced by 

025-0.5 mm LWA which is expected since the density of the bigger particles is lower compared to the 

smaller particles.  

• The experimentally determined density is higher at higher sand replacements when 2-4 mm LWA are 

applied instead of 0.25-0.5 mm. This is surprising since the density of the bigger particles is lower 

compared to the density of the smaller particles. However, the higher water absorption (given by the 

producer and additional information in Appendix A) of the bigger particles compared to the smaller 

particles may contribute to a mixture with a higher experimentally determined density. In addition, in 

the mixtures with smaller particles more air may be entrapped, due to the poorer workability due the 

higher specific surface area, which may result in a lower experimentally determined density.  

• The experimentally determined density is higher compared to the calculated density at higher volume 

replacements of sand by LWA with size 2-4 mm. This is also seen with 1-2 and 0.5-1 mm LWA, 

however, to a lower extent. For 0.25-0.5 mm LWA this is not shown. This illustrates that the bigger 

particles absorb a significant amount of liquid/water in the mixtures and that the water absorption of 

bigger particles is higher compared to smaller particles.  

• The compressive strength decreases when the density decreases due to the replacement of the sand 

by LWA. All the particles seem to have a comparable effect. In addition, the compressive strength is 

higher in cement based mixtures when part of the sand is replaced by 2-4 mm LWA compared to 

0.25-0.5 mm LWA. This is both surprising since the crushing resistance of 0.25-0.5 mm LWA is higher 

compared to 2-4 mm LWA. The mixture based on small particles showed a poor workability and was 

earth moist, which may be explained by the higher specific surface area of the LWAs. The poor 

workability may result in a poor compaction which may cause samples with air voids, leading to a 

reduction in compressive strength.  

• The strength loss at higher replacements of sand by LWA is more prominent for mixtures based on a 

cement binder compared to mixtures based on a GP binder. As stated, the dissolved SiO2 of the LWA 

by the NaOH may contribute to an increased compressive strength of the GP binder. This may result 

in a lower strength loss in GP based concretes at higher sand replacements. 

• The mixtures based on a GP binder show a strength development after 7 days’ curing (0-40%), while 

the strength of cement based mixtures remains constant beyond 7 days. In the cement based mixture 

there may be not enough liquid available to increase the compressive strength over time. 

• It is observed that despite the fact that the strength measurements are performed on one prism, the 

results are accurate. However, it has to be taken into account that the samples are compacted 

manually which may result in human errors.  
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3.2 Phase A.2 – Total sand replacement by LWA, based on an un-optimized 

packing approach  
 

As mentioned in Section 2.3, the effect of an un-optimized packing is studied. Recipes incorporating a GP 

binder and a high volume of LWA of size 2-4 mm are tested. It is investigated if the un-optimized packing will 

have a positive effect on the density and thermal conductivity, i.e. a reduction effect. 

 

• On small scale, experiments are performed to recipes based on 450 gram/l PQA mineral, 140 or 160 

ml/l liquid, and LWA which is composed of 80-95% 2-4 mm LWA and 5%-20% 0.25-0.5 mm LWA 

(Recipes 2.A until 2.I). It is illustrated that mixtures with 90-95% 2-4 mm and 5-10% 0.25-0.5 mm LWA, 

450 gram/l PQA mineral and 160 ml/l liquid showed satisfying results, while the mixtures containing 

140 ml/l were too dry. The calculated and experimentally determined densities are between 840 and 

860 kg/m
3
 and between 880 and 920 kg/m

3
, respectively and the 28-day compressive strength is 

about 9-10 MPa. Additional information about the Recipes (2.A until 2.I) and the results of the 

experiments is given in Appendix B.2 and C.2.1. 

 

• Recipes with 450 gram/l PQA mineral, 160 ml/l liquid and LWA composed of 90-95% (by volume) 2-4 

mm LWA and 5-10% 0.25-0.5 mm and/or 0.5-1 mm LWA are tested on large scale. In Figure 3-13 it is 

illustrated that the mixtures were earth-moist, this may be caused by the different mixing approach 

for large scale experiments compared to small scale experiments. A poor workability is obtained 

which resulted in poor compaction. The hardened samples showed open voids (illustrated in Figure 

3-14 and Figure 3-15) due to the poor compaction, which shows varying properties.  

The calculated, experimentally determined and oven-dry densities are around 820, 830 and 710 

kg/m
3
, respectively and the 28-day compressive strength is between 8 and 10 MPa. The thermal 

conductivity is between 0.153 and 0.232 W/(m·K) and the water penetration under pressure is 

between 16.0 and 26.0 mm. Additional information about the Recipes (18.A until 18.E) and detailed 

results of the experiments is given in Appendix B.2 and C.2.2. 

 

 
Figure 3-13: The mixture is earth-

moist 

 
Figure 3-14: The hardened 

samples of Recipes 18 contain 

open voids 

 

Figure 3-15: Distribution of the 

LWA in ULWC  based on an un-

optimized packing  

 

• A mixture with a higher liquid dosage is studied to investigate if this would have a positive effect on 

the workability. The mixture with 450 gram/l PQA mineral, 180 ml/l liquid (instead of 160 ml/l) and 

LWA containing of 95% and 5% LWA with the size of 2-4 mm and 0.25-0.5 mm, respectively (Recipe 

22.A), is wetter in fresh state but this, however, leads to segregation which makes the results 

unreliable (illustrated in Figure 3-16). The hardened properties are comparable with the mixture with 

160 ml/l liquid (Recipe 18.A). Additional information about the Recipe (22.A) and results is given in 

Appendix B.2 and C.2.3. 
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Figure 3-16: Segregation in the case of excessive liquid dosage 

 

3.2.1 Effect of pre-soaking the LWA (large scale experiment) 

 

As mentioned in Section 2.3, it is studied if pre-soaking the LWA has a positive effect on the properties of the 

concrete based on an un-optimized packing. The experiment is based on 450 gram/l PQA mineral, 160 ml/l 

liquid and LWA containing 90% 2-4 mm LWA and 10% 0.5-1.0 mm LWA (Recipe 18.D) whereby the LWA is pre-

soaked. Additional information about the Recipe (21.D) is given in Appendix B.2. 

 

• Upfront, the water absorption of the LWA is decided (by production sheet of the producer, given in  

Appendix A) and the amount of water is deducted from the pre-defined water dosage. Due to the 

higher water absorption of the LWA than calculated not all the liquid (with a certain amount of NaOH 

and SP to obtain the desired amounts) which is prepared in advance, is used in the mixture. Because 

of this the molarity NaOH and amount of SP in the mixture is lower than 3M and 1.5 gram/l, 

respectively.  

• The mixture with pre-soaked LWA shows a sample with much less air bubbles in hardened state 

(illustrated in Figure 3-17 and Figure 3-18) compared to the samples in which dry LWAs are applied. In 

previous research it is stated that pre-soaked aggregates may release the pre-soaked liquid slowly 

into the mixture which will contribute to a strength development over time [37]. In addition, it may 

prevent the sample from segregation since less liquid is available in the binder initially. Also, when 

liquid is present in the LWA, no NaOH will get into the LWA which may preserve the LWA from 

dissolving on one hand and on the other hand, more NaOH is available in the binder to contribute to 

the strength development of the binder.  

 

 
Figure 3-17: The top of the hardened 

sample of the mixture with pre-soaked 

LWA is filled with paste 

 
Figure 3-18: A sample applying pre-

soaked LWA has a few open voids
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3.2.1.1 Density 

 

In Figure 3-19 the experimentally determined, calculated and oven-dry densities of the mixtures are shown for 

both dry (Recipe 18.D) and pre-soaked (water) LWA (Recipe 21.D) incorporated samples. 

• The calculated and experimentally determined densities are comparable (about 840 kg/m
3
). The 

oven-dry density is slightly lower for the mixture produced with the pre-soaked LWA compared to the 

mixture produced with dry LWA. A higher amount of water than calculated may be used in the 

mixture due to the higher water absorption of the LWA. This may contribute to a lower oven-dry 

density since more liquid may evaporate in oven-dry state.  

 

  
Figure 3-19: Density of mixtures with dry (18.D) 

and pre-soaked (21.D) LWA 

 
Figure 3-20: Compressive strength of mixtures 

with dry (18.D) and pre-soaked (21.D) LWA 

 

3.2.1.2 Compressive strength 

 

• In Figure 3-20 the strength development is given for the mixtures applying dry and pre-soaked LWA. 

There is a slight increase in strength development after 7 days for the mixture with pre-soaked LWA. 

As mentioned, this may be caused by the fact that water is present in the LWA which may escape 

slowly in the time to react with the mineral [37]. In addition, when the LWA is pre-soaked less NaOH 

is absorbed into the particles which result in more available NaOH for reaction. The 28-day 

compressive strength is 9 MPa for both mixtures, meaning here a higher amount of NaOH in the 

mixture does not increase the strength.   

 

3.2.1.3 Thermal conductivity 

 

• The thermal conductivity is 0.193 W/(m·K) for mixture with dry particles and 0.133 W/(m·K) for 

mixture with pre-soaked particles. Samples with dry particles contain open voids while samples with 

pre-soaked LWA only shows a few air bubbles. The open voids may result in a higher thermal 

conductivity. Another reason may be that the pre-soaked particles could be protected against the 

breakdown of the particles by NaOH (additional information in Appendix A) since the particles are 

filled with water. Whole LWA may contribute better to a lower thermal conductivity compared to 

damaged particles.  
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3.2.2 Concluding remarks – Phase A.2 – Total sand replacement by LWA, based on an un-

optimized packing approach  

 

The mixtures with dry LWA were earth-moist and showed with the same force a poor workability which 

resulted in poor compaction. The poor compaction may result in human errors in the manually compaction. 

Due to the poor compaction samples with open voids are created and results may vary and to some extent 

unreliable to compare. Nevertheless, the following statements can be made: 

 

• In Table 12 and Table 13, an overview of the properties of the mixtures with an un-optimized packing 

is summarized (450 gram/l PQA mineral, 160 or 180 ml/l liquid and LWA consisting of 90-95% 2-4 mm 

and 5-10% 0.25-0.5 and/or 0.5-1 mm). The most satisfying mixture is the mixture with pre-soaked 

LWA (Recipe 21.D). The 28-day compressive strength is 9.1 MPa, the calculated, experimentally 

determined and oven-dry density is 840, 850 and 687 kg/m
3
, respectively and the thermal 

conductivity is 0.133 W/(m·K). Especially the thermal conductivity is lower (0.133 compared to 0.15-

0.24 W/(m·K)) in this mixture which may be caused by the fact that this samples have less open voids. 

Another reason may be that the particles may be protected against the dissolving by the NaOH due to 

the water in the particles (additional information in Appendix A). Un-damaged particles may 

contribute better to a lower thermal conductivity compared to the damaged particles. One point of 

attention in this mixture is the pre-soaking the LWA which may increase the costs of the mixture.  

• The 28-day compressive strength is not directly linked to the densities. The 28-day compressive 

strength of all the mixtures is around 9 MPa. This is illustrated in Appendix C.2.2. It would be expected 

that the compressive strength is higher for the mixtures with a higher amount of smaller particles due 

to the higher crushing resistance of the smaller, however, since a poor compaction is obtained the 

results may be unreliable.  

• When oven dried samples are exposed to 600 °C for one hour the compressive strength decrease with 

60-70% (additional information in Appendix D). This is significantly higher compared to results 

obtained in previous researches which is around 26% [33]. However, it has to be taken into account 

that oven dried samples are used which may have a modified microstructure compared to samples 

which are cured at room temperature. This may contribute to the higher strength loss since the 

samples may have already a strength loss in oven-dry state.   

 

  
Table 12: Properties of mixtures based on an un-optimized packing 

  
Table 13: Properties of mixtures based on an un-optimized packing 
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3.3 Phase B.1 – Total sand replacement by LWA, based on an optimized 

packing approach  
 

The results of the effect of an optimized packing are presented in this section, concerning the density, 

strength, thermal conductivity and water penetration under pressure.  

 

3.3.1 Different liquid/powder ratios in the Recipe based on ‘cement based ULWC (TU/e)’ 

(large scale experiment) 

 

As stated in Section 2.3, the possibility to replace the cement binder by a GP binder in the ULWC performed at 

the TU/e [3] is investigated. The recipes (19.G, 25, 26 and 27) are designed based on the optimized packing of 

the ULWC based on cement while using 492 gram/l PQA mineral and 175-140 ml/l liquid instead of cement and 

water. Different l/p are used since in previous research it is observed that a lower liquid dosage may result in a 

higher compressive strength [19] [20] [21]. 

 

3.3.1.1 Workability 

 

• The workability of the mixtures is significantly improved when using a higher volume of liquid 

compared to the mixtures with a lower volume of liquid. In addition, the workability decrease 

significantly in time (illustrated in Figure 3-21 and Figure 3-22).  

• In Figure 3-23 and Figure 3-24 the flow and slump of mixtures with different volumes of liquid (with 

an optimized packing based on cement) are illustrated. As mentioned, the workability decreases 

significantly at lower liquid dosages and in the time. The water absorption of the LWA may be a 

reason for this (additional information is given in Appendix A). For the mixture with 140 ml/l liquid 

there is no workability directly after mixing (t = 0 minutes).  

 

 
Figure 3-21: Workability of one mixture 

(Recipe 25) directly after mixing when 160 

ml/l liquid is used 

 
Figure 3-22: workability of one mixture 

(Recipe 25) after 60 minutes mixing 

when 160 ml/l liquid is used 
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Figure 3-23: Flow of mixtures with an optimized packing 

with the same volume of mineral and different liquid 

dosages  

 

Figure 3-24: Slump of mixtures with an optimized 

packing with the same volume of mineral and different 

liquid dosages

 

 
Figure 3-25: Density of the mixtures with different liquid dosages 

 

3.3.1.2 Density 

 

In Figure 3-25 the experimentally determined, calculated and oven-dry densities of the different mixtures are 

illustrated.  

• The calculated density increases at a higher liquid dosage, however, there is no clear link between the 

experimentally determined density and the liquid dosage.   

 

3.3.1.3 Compressive strength 

 

In Figure 3-26 the compressive strength at different ages is shown for the different mixes.  

• The strength development from 7 to 28 days is approximately 1 MPa for mixtures with 140, 150 or 

160 ml/l liquid. The development is approximately 2 MPa when 175 ml/l liquid is used. In the mixture 

with 175 ml/l liquid, more liquid may be available which may result in a longer polycondensation 

which results in a higher strength gain over time. 

• The standard deviation of the 28-day compressive strength when 140 ml/l liquid is applied is higher 

compared to the other mixtures. The mixture with 140 ml/l liquid has no workability (illustrated in 

Figure 3-23 and Figure 3-24) which may result in a poor compaction which may be a reason for the 

high standard deviation. It is thus suggested that the liquid dosage of 140 ml/l liquid is too little for 

this recipe.  

• The mixture with 150 ml/l liquid shows the highest 28-day compressive strength. Non-sufficient 

applied water/liquid dosage leads to a poor workability featuring in a non-homogenous structure. 
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When too much liquid is used (160 and 175 ml/l liquid) the exceeding liquid leads to a reduction in 

compressive strength.  

• In Figure 3-27 the 28-day compressive strength is illustrated versus the densities.  

• There is no clear link between the 28-day compressive strength and the experimentally 

determined density. One reason for this may be the variations in workability. When the 

workability is poor the compaction may be poor which causes deviations in the 

experimentally determined density due to a high amount of entrapped air in the mixture. 

• The compressive strength seems to decrease at a lower calculated density which is in 

contrast to the results obtained in previous researches [22] [39]. However, in the mixtures 

with a higher density, the volume of liquid is higher and the volume of LWA is lower which 

causes a higher density. As mentioned, at higher l/p ratio’s the compressive strength 

decreases, however, the experimentally determined density increases which may be the 

reason why the experimentally determined density increases at a lower compressive 

strength.   

In addition, this indicates that a higher absolute amount of NaOH (at a higher liquid dosage) 

does not contribute the compressive strength.  

• The mixture with the lowest calculated density is not following the trend of the compressive 

strength based on the calculated density. This is the mixture with the lowest l/p ratio which 

showed poor compaction which may result in a lower 28-compressive strength than 

expected.  

• When all the samples are in oven-dry state it is clearly visible that the 28-day compressive 

strength increases at a higher oven-dry density. This is in agreement with results obtained in 

previous researches [22] [39].  

 

 
Figure 3-26: Compressive strength of mixtures produced 

applying different volumes of liquid  

 

Figure 3-27: 28-day compressive strength versus  density 

of the mixtures applying different volumes of liquid

3.3.1.4 Thermal conductivity 

 

The thermal conductivity varies between 0.144 and 0.174 W/(m·K) (reported in Table 14) with a low standard 

deviation (0.005-0.010). This is remarkable since the standard deviation of the thermal conductivity of 

mixtures designed based on an un-optimized packing is significant. The improved workability of the mixtures 

based on an optimized packing compared to the mixtures based on an un-optimized packing causes a better 

compaction which may result in mixtures with less air voids which may be the reason for the lower standard 

deviation. In Figure 3-28 it is illustrated that the distribution of the samples based on an optimized packing 

based on cement shows a homogeneous distribution of the LWA in the mixture. In Figure 3-29 and Figure 3-30 

the thermal conductivity is illustrated based on the different densities and the 28-day compressive strength.  

• There is an indication that mixtures with a higher liquid dosage have a lower thermal conductivity 

when the calculated and experimentally determined density are in the same range (reported in Table 
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14). In previous research it is observed that the thermal conductivity is lower when a higher amount 

of air is present in the mixture [40] [47], which is in agreement with the results obtained in this 

report. When more liquid is applied in the mixture, more liquid can evaporate in oven-dry state which 

may result in a mixture with more air pores and a lower thermal conductivity. 

• There is an indication that the thermal conductivity increases when the oven-dry density or 28-day 

compressive strength increase. This is in line with the findings in literature [22] [39] [40] [48]. A higher 

oven-dry density or compressive strength may be caused by a denser packing with less air pores 

which may lead to a higher thermal conductivity.  

 

 

 

 

 

  
Table 14: Thermal conductivity and water penetration under pressure of 

mixtures with different volumes of liquid 

 

  
Figure 3-28: Homogeneous distribution 

of the LWA in ULWC 

 

 

Figure 3-29: Thermal conductivity versus oven-dry density 

 

 

Figure 3-30: Thermal conductivity versus 28-day 

compressive strength 

  

3.3.1.5 Water penetration under pressure 

 

In Table 14 the water penetration under pressure is given for the mixtures produced with 160, 150 and 140 

ml/l of liquid. In Figure 3-31 and Figure 3-32 the water penetration under pressure is illustrated based on the 

different densities and the 28-day compressive strength.  

• No direct links are illustrated between the water penetration under pressure and densities and 28-

day compressive strength which may be caused by the high standard deviation (8.5-12.5) in the 

mixtures.   
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 Figure 3-31: Water penetration under pressure versus 

density 

 
Figure 3-32: Water penetration under pressure versus 

28-day compressive strength 

 

3.3.2 Concluding remarks – Different liquid/powder ratios 

 

In Table 15, an overview of the properties of the mixtures with different liquid dosages is listed. The recipes 

containing 160, 150 and 140 ml/l liquid, respectively, are compared (in %) with the mixture based on 175 ml/l.  

• As mentioned, higher l/p ratios will decrease the compressive strength and increase the workability. 

The 28-day compressive strength is the highest for the mix based on 150 ml/l liquid (w/p ratio of 0.33 

by mass) and it decreases with 21% when 175 ml/l liquid is used, while the workability (directly after 

mixing) increases with 15%.  

• The thermal conductivity is lower for mixtures with a higher volume of liquid.  

• The thermal conductivity is proportionally related to the 28-day compressive strength. As stated, in a 

mixture with a denser packing, less air is present, which may result in a higher 28-day compressive 

strength and higher thermal conductivity.  

• There is an indication that the water penetration under pressure is higher for the mixtures with a 

lower liquid dosages, however, the standard deviation of the water penetration under pressure of the 

different mixtures is high (8.5-12.5) which makes the results unreliable.  

 

 
Table 15: Properties of mixtures with different liquid dosages 
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3.3.3 Different volumes of geopolymer binder with and without 4-8 mm LWA  

 

As described in Section 2.3, the effect of a lower volume of GP mineral and the replacement of the LWA with 

size 4-8 mm by 2.0 mm on the properties of ULWC is investigated.  

As mentioned, 400 gram/l instead of 492 gram/l PQA mineral is since preliminary research showed that the 

density of the mixtures with 400 gram PQA mineral is significantly lower compared to the mixtures with 492 

gram/l PQA mineral while the 28-day compressive strength is still between 8-10 MPa (additional results are 

given in Appendix C.3.2).  

 

3.3.3.1 Workability 

 

In Figure 3-33 and Figure 3-34 the workability is given of the mixtures with a lower amount of PQA mineral and 

the replacement of LWA with size 4-8 mm by 2-4 mm.  

 

Effect of particle size (replacement of 4-8 mm by 2-4 mm)  

The workability is better when the LWA with size 4-8 mm are present in the mixture compared to mixtures 

where the volume of LWA with size 4-8 mm is replaced by 2-4 mm. In previous research it is stated that the 

workability increases when the specific surface area decreases [44]. Due to the replacement the specific 

surface area increases which result in a lower amount of available liquid in the mixture since more liquid 

adheres to the LWA. This contributes to a reduced workability. In the mixture with 400 gram/l PQA mineral the 

amount of LWA is higher compared to the mixture with 492 gram/l PQA mineral which may explain the bigger 

effect of the replacement in the mixtures based on a lower amount of PQA mineral.  

 

Effect of the PQA amount 

The workability is better for mixtures with 492 gram/l PQA mineral compared to mixtures with 400 gram/l PQA 

mineral. This may be caused by the fact that recipes based on 400 gram/l PQA mineral contain more LWA. By 

the producer it is stated that the LWA absorb up to 5% wt. of the liquid in the first 30 minutes (additional 

information given in Appendix A). When so, less available liquid is available to contribute to the workability 

which results in a worse workability. 

 

 
Figure 3-33: Slump of mixtures with an optimized 

packing (based on cement) with different volumes of 

mineral  and with or without 4-8 mm LWA 

 

 
Figure 3-34: Flow of mixtures with an optimized 

packing (based on cement) with different volumes of 

mineral and with or without 4-8 mm LWA 
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3.3.3.2 Density 

 

In Figure 3-35 and Figure 3-36 the densities are given for the mixtures with varying amount of PQA mineral and 

the replacement of 4-8 mm by 2-4 mm LWA. 

 

Effect of particle size (replacement of 4-8 mm by 2-4 mm)  

There seems to be no difference on the density when the 4-8 mm LWA are replaced by 2-4 mm LWA. The 

particle density of the LWA with size 4-8 and 2-4 mm is 300 and 310 kg/m
3
, respectively. Since a volume of 

around 0.22 dm
3
/l is replaced by LWA with size 2-4 mm, the effect of the replacement on the density is 

minimal.  

 

Effect of the PQA amount 

The lower amount of PQA mineral has a significant effect on the density. This is caused by the fact that the 

mineral has a large share (492 gram/900 gram) in the density of the total mixture. When a lower volume of 

PQA mineral is used, the volume is replaced by LWA which has a much lower density compared to the PQA 

mineral (300-510 and 2498 kg/m
3
 respectively).  

• The calculated and experimentally determined density are approximately equal when the same 

amount of PQA mineral is used, however approximately 100 kg/m
3
 less for mixtures with 400 gram/l 

PQA compared to mixtures with 492 gram/l PQA mineral/liter mixture. This is expected since the 

amount of PQA mineral also decreases with that mass and the mass of LWA increases with just 17 

gram/l (48 ml).  

 

 
Figure 3-35: Density of mixtures with 

400 gram/l PQA mineral 

 
Figure 3-36: Density of mixtures with 

492 gram/l PQA mineral 
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3.3.3.3 Compressive strength 

 

In Figure 3-37 and Figure 3-38 the 7- and 28-day compressive strengths are reported.  

 

 
Figure 3-37: Compressive strength of 

mixtures with 400 gram/l PQA mineral 

 
Figure 3-38: Compressive strength of 

mixtures with 492 gram/l PQA mineral 

 

Effect of particle size (replacement of 4-8 mm by 2-4 mm)  

• There is an indication that the 28-day compressive strength increases (around 10%) when 4-8 mm 

LWA is replaced by 2-4 mm LWA (by volume), caused by the higher crushing resistance for the smaller 

particles compared to the bigger particles.  

 

Effect of the PQA amount 

• The 7- and 28-day compressive strength of mixtures increases (up to 11%) when the binder content 

increases (from 400 to 492 gram/l) in the experiments performed in this section. When a higher 

volume of PQA mineral is applied less LWA is used (and with that air) which results in a higher density 

and denser packing which contributes to an increased compressive strength. In previous research it is 

also indicated that a higher density and denser packing increases the compressive strength [22] [39]. 

This is also illustrated in Figure C-38 in Appendix C.3.2 where the 28-day compressive strength is given 

based on the calculated and experimentally determined density.  

 

3.3.3.4 Thermal conductivity 

 

In Table 16 the thermal conductivity is reported for the different mixtures. 

 

Effect of particle size (replacement of 4-8 mm by 2-4 mm)  

• The thermal conductivity is significantly higher when LWA with size 4-8 mm are applied in the 

mixtures with 492 gram/l PQA mineral (0.174 W/(m·K) for the mixture with 4-8 mm particles (Recipe 

26) compared to 0.127 W/(m·K) for the mixture without 4-8 mm particles (Recipe 32)). Bigger 

particles themselves may have better insulting properties since they contain more pores. However, in 

preliminary research it is stated that the thermal conductivity may be lower when smaller particles 

are applied. The pores (in the particles) can be distributed more homogeneously in the mixtures 

which may contribute to a lower thermal conductivity [41]. This is in line with the trend obtained in 

this research. 

• The effect of bigger particles is not as clear for mixtures with 400 gram/l PQA mineral since the 

thermal conductivity is 0.074 W/(m·K) for the recipe with 4-8 mm LWA (Recipe 33) and 0.070 W/(m·K) 

for the recipe without 4-8 mm LWA (Recipe 34). However, the thermal conductivity of the LWA 

themselves with size 4-8 mm and 2-4 mm is 0.070 W/(m·K) (additional information given in Section 

2.1) which is already close to the achieved thermal conductivity of the mixture with 400 gram/l PQA 
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mineral with 4-8 mm LWA (0.074 W/(m·K)). Due to this phenomenon it is expected that the effect of 

the replacement of the LWA with size 4-8 mm is not as big in the mixtures based on 400 gram/l PQA 

mineral compared to the mixtures with 492 gram/l PQA mineral. Graphs and additional information 

are given in Appendix C.3.2.2. 

 

Effect of the PQA amount 

In Table 16 it is reported that the thermal conductivity is significantly lower for the mixtures with 400 gram/l 

PQA mineral (Recipe 33, 0.074 W/(m·K) and Recipe 34, 0.070 W/(m·K)) compared to the mixtures with 492 

gram/l PQA mineral (Recipe 26, 0.174 W/(m·K) and Recipe 32, 0.127 W/(m·K)). When less PQA mineral is 

applied, the volume of LWA is higher. These LWA contain air pores which may contribute to the lower thermal 

conductivity. Also, in previous research it is stated that the thermal conductivity will be higher when the 

density is higher [22] [39] [40]. Due to the reduction of the PQA mineral in the experiments performed in this 

research, the density decreases significantly which may result in a lower thermal conductivity. Graphs and 

additional information are given in Appendix C.3.2.3.  

 

 
Table 16: Thermal conductivity and water penetration under pressure of different 

mixtures with 400 or 492 gram/l PQA mineral and with or without 4-8 mm LWA 

3.3.3.5 Water penetration under pressure 

 

In Table 16 the water penetration under pressure of the mixtures is illustrated. 

 

Effect of particle size (replacement of 4-8 mm by 2-4 mm)  

There is an indication that the water penetration under pressure is higher for mixtures with 4-8 mm LWA 

despite of the high standard deviation of all the mixtures (3.5 until 11.7). In the research of Pereira [49] it is 

stated that the water permeability is higher when bigger particles are used due to the increase of the 

interconnectivity of pores in the mixture [49]. This is in line with the observations obtained in this research and 

this may be the reason for the higher water penetration under pressure when bigger particles are used. In 

addition, bigger particles may have a lower resistance against a certain water penetration under pressure 

compared to several smaller particles. Graphs and additional information are given in Appendix C.3.2.3.  

 

Effect of the PQA amount 

Despite the high standard deviation (3.5-11.7) it is indicated that the water penetration under pressure may be 

higher for mixtures with a lower volume of PQA mineral. Kearsley stated in its research that the water 

permeability increases at a lower density [50]. When the density is lower the mixture is less dense and the 

mixture contains more air which may result in a lower resistance against water penetration under pressure. 

Graphs and additional information are given in Appendix C.3.2.3. 
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3.3.4 Concluding remarks  

 

In Table 17 and Table 18, the properties of the different mixtures are summarized.  

• In Table 17 the effect (in %) of the volume replacement of LWA with size 4-8 mm by 2-4 mm is 

illustrated for mixtures with 492 or 400 gram/l PQA mineral.  

• When the 4-8 mm LWA are replaced by 2-4 mm LWA the workability is worse (8-47%). One 

reason for this may be the higher specific surface area when the LWA with size 4-8 mm is 

replaced by 2-4 mm. The variations may be caused by the different applied volumes of LWA 

in the mixtures. 

• The densities are not significantly affected by the replacements since the density of the LWA 

with size 4-8 mm is almost equal to the LWA with size 2-4 mm.  

• The 28-day compressive strength is higher (7-11%) for the mixture without LWA with the size 

4-8 mm, which is caused by the higher crushing resistance of the LWA with the size 2-4 mm 

compared to the size 2-4 mm (2.2 compared to 1.9 N/mm
2
) 

• The thermal conductivity is lower (5-27%) when the big particles are replaced by smaller 

particles since the distribution of the LWA in the mixture is more homogenous.  

• The water penetration under pressure decreases (29-51%) when the 4-8 mm LWA is replaced 

by 2-4 mm LWA, since the interconnectivity of the pores in the mixture will be decreased.  

• In Table 18 the effect (%) of 400 gram/l PQA mineral instead of 492 gram/l PQA mineral in the 

mixtures is summarized for mixtures with and without LWA with size 4-8 mm.  

• The workability decreases significantly (15-52%) which may be caused by the increased water 

absorption by the LWA when a higher amount of LWA is used (due to the lower amount of 

PQA mineral) 

• The densities are 10-15% lower due to the higher amount of LWA and lower amount of PQA 

mineral. 

• The 28-day compressive strength is 23-25% lower which is caused by the higher compressive 

strength of the binder compared to the LWA. When a lower amount of PQA mineral is used 

the density and compressive strength decrease.  

• The thermal conductivity is 45-58% lower due to increase of air in the mixture and the 

reduced density by the increase of LWA. 

• It is indicated that the water penetration is higher (2-48%) which is caused by the lower 

density and the higher amount of air in the mixture.  

 

 
Table 17: Effect of the LWA size (2-4 instead of 4-8 mm) 
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Table 18: Effect of PQA dosage (400 instead of 492 gram/l) 
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3.3.5 An optimized packing based on PQA mineral  

  

As described in Section 2.3, the effect of an optimized packing based on PQA mineral on the properties will be 

studied.  

 

It is stated in Section 2.3 that recipes based on an optimized packing may lead to a higher compressive 

strength [35]. The experiments based on an optimized packing approach based on cement show improved 

properties compared to the experiments based on an un-optimized packing approach. It will be studied if 

applying a optimized packing approach based on PQA mineral improves the properties further. The recipe (35) 

is based on 174 ml/l liquid and 388 gram/l PQA mineral.  

 

In Table 19 mixtures based on an optimized packing based on PQA mineral (Recipe 35) and cement (Recipe 

19.G and 33, respectively) with various amounts of PQA mineral are compared.  

• The l/p ratio of the mixture based on an optimized packing based on PQA mineral is high (0.49 by 

mass), however, there is no workability (no flow or slump). The workability of the mixtures based on 

an optimized packing based on cement (l/p ratio of 0.39) is better (flow of 670 mm and slump of 275 

mm and flow of 430 mm and slump of 220, respectively). 

The specific surface area of the LWA in the mixture based on an optimized packing based on PQA 

mineral is significantly higher compared to the mixtures based on an optimized packing based on 

cement since the volume of LWA with size 0.25-0.5 mm increased significantly (from 8 to 44%) and 

the volume of LWA with size 2-8 mm decreases (from 63% to 20%). This is also shown in Figure 3-39 

(optimized packing based on PQA mineral) and Figure 3-28 (optimized packing based on cement). As 

mentioned, the workability decreases at a higher specific surface area of the LWA since more liquid 

adheres to the LWA [44] and less liquid is available in the mixture to contribute to the workability.  

 

 
Figure 3-39: Distribution of the LWA in ULWC  based on an 

optimized packing based on PQA mineral 

 

• The densities of the mixtures based on an optimized packing based on PQA mineral and cement are 

comparable. However, the 28-day compressive strength is significantly lower (21-30%) for the mixture 

based on an optimized packing based on PQA mineral. Reasons for this may be the higher l/p ratio 

due to the higher specific surface area of the LWA, which may contribute to the low compressive 

strength. This is also observed in other experiments performed in this research, as well as in [19] [20] 

[21]. 

• The thermal conductivity of the mixture based on an optimized packing is comparable with the 

mixture based on an optimized packing based on cement with 492 gram/l PQA mineral, however it is 

significantly higher compared to the mixture with 400 gram/l PQA mineral (0.142 and 0.074 W/(m·K), 

respectively). This is surprising since the amount of mineral is also approximately 400 gram/l. Due to 

the higher volume of 0.25-0.5 mm LWA in the recipe based on an optimized packing based on PQA 
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mineral, LWA in the mixture may be distributed more homogeneously. In experiments performed in 

this research (additional information in Section 3.3.3) and previous research it is stated that smaller 

particles may result in a lower thermal conductivity [41]. However, it indicates that a more 

homogeneous distribution of the LWA (and with that smaller particles) does not unconditionally 

contribute to a lower thermal conductivity. A certain balance between bigger and smaller particles 

has to be achieved. More detailed results are given in 3.3.3.  

 

  
Table 19: Comparison between mixtures applying different packing approaches 
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3.3.6 Concluding remarks – Phase B.1 – Total sand replacement by LWA, based on an 

optimized packing approach 

 

In Table 20 until Table 23, an overview of the recipes performed in Phase B.1 is presented. In Table 20 the 

effect (%) of different liquid dosages is given. Table 21 illustrates the effect when the volume of LWA with size 

4-8 mm is replaced by LWA with size 2-4 mm for different dosages of PQA mineral. In Table 22 the effect of the 

different volumes of PQA mineral is shown for recipes with and without LWA with the size of 4-8 mm and in 

Table 23 the results of mixtures based on an optimized packing based on cement and based on PQA mineral 

are given.  

 

Effect of liquid dosage 

• As shown in Table 20, a higher volume of liquid causes a better workability (up to 96%), a lower oven-

dry density (up to 17%) and lower thermal conductivity (up to 21%). However, it also results in a lower 

28-day compressive strength (up to 21%). The mixture with 150 ml/l liquid has the highest 28-day 

compressive strength compared to other mixtures while the workability is only slightly reduced.  

 

 
Table 20: Properties of the mixtures based on an optimized packing with different liquid dosages 

 

Effect of particle size (replacement of 4-8 mm by 2-4 mm)  

• It is illustrated in Table 21, that the workability decreases (up to no workability), when 4-8 mm LWA 

are replaced by 2-4 mm LWA, while there is no significant effect on the densities. However, the 28-

day compressive strength increases (up to 11%) and the thermal conductivity decreases significantly 

(5-27%). The reduction in thermal conductivity is higher when the initial thermal conductivity is 

higher. It is indicated that the water penetration under pressure decreases since the interconnectivity 

of the pores in the mixture will be decreased when smaller particles are used.  

 

 
Table 21: Effect of the LWA size (2-4 instead of 4-8 mm) 
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Effect of the PQA amount 

• In Table 22 it is illustrated that the higher amount of PQA mineral causes a reduction of the 

workability (up to 52%) due to the increased water absorption of the LWA. The 28-day compressive 

strength decreases (up to 25%) since a less dense mixture is obtained due to the higher amount of air 

in the LWA. However, the higher amount of air in the mixture also causes a lower oven-dry density 

(up to 16%) and lower thermal conductivity (up to 58%). 

• The thermal conductivity of the mixture based on 400 gram/l PQA mineral, 140 ml/l liquid and an 

optimized packing based on cement with 4-8 mm LWA is 0.074 W/(m·K) (Recipe 33). This is 

significantly lower compared to the mixture ‘ULWC based on cement (TU/e) [3]’ (0.12 W/(m·K)), while 

the mass of the mineral is comparable for both mixtures and the volume of PQA mineral is 

significantly higher.  

• In the research of Demirboga [4] it is observed that the thermal conductivity decreases when 

part of the cement (cement based concretes) is replaced by silica fume, fly ash or blast 

furnace slag. These minerals are significantly higher in SiO2 (54-473%) and lower in CaO (40-

48%) compared to cement. The PQA mineral applied in this report, is also relatively rich in 

SiO2 (53%) and low in CaO (13%) compared to the cement applied in this report (20 and 69%, 

respectively). The high amount of SiO2 and low amount of CaO in the PQA mineral may 

contribute to a lower thermal conductivity for the GP binder compared to a cement binder 

when the mass or the volume of the mineral is concerned.  

• When the volume of the binder is approximately equal (around 345 ml/l), the thermal 

conductivity is lower for the cement based concrete compared to the GP based concrete 

(0.12 W/(m·K) [3] and 0.174 W/(m·K) for Recipe 26, respectively). In the cement based 

concrete a l/p ratio of 0.46 is applied and 136 gram/l water is evaporated in oven-dry state. 

In the GP based concrete a l/p ratio of 0.34 is applied and only 42 gram/l water is evaporated 

in oven-dry state. The oven-dry density of the cement based concrete is 660 kg/m
3
 [3] while 

the oven-dry density of the GP based concrete is 727 kg/m
3
 (Recipe 33). In Section 3.3 and in 

literature it observed that the thermal conductivity will be lower when more liquid is 

evaporated in oven-dry state or when the density is lower [22] [39] [40]. These 

phenomenon’s may contribute to a higher thermal conductivity for the GP binder when an 

equal volume of binder is used.  

 

 
Table 22: Effect of PQA dosage (400 instead of 492 gram/l) 
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New optimized packing based on PQA mineral 

• In Table 23 the results of mixtures applying an optimized packing design method based on PQA 

mineral are compared with two mixtures based on an optimized packing based on cement with 492 

and 400 gram/l PQA mineral, respectively. The mixtures are not totally comparable due to the high 

variations in the mixtures, nevertheless the following remarks can be drawn. The densities of the 

mixtures are comparable, however the 28-day compressive strength is much lower for the mixture 

based on an optimized packing based on PQA mineral. This may be caused by the significantly higher 

l/p ratio (0.49 instead of 0.39) due to the higher specific surface area which is caused by the higher 

amount of smaller particles in the mixture. The higher specific surface area also contributes to the 

poor workability, despite applying the high l/p ratio.  

• The thermal conductivity of the mixture with 388 gram/l PQA mineral applying an optimized packing 

based on PQA mineral is 0.142 W/(m·K). This is relatively high since the thermal conductivity of the 

mixture with 400 gram/l PQA mineral based on an optimized packing based on cement is significantly 

lower (0.074 W/(m·K)).  

The replacement of 4.0-8.0 mm by 2.0-4.0 mm LWA (by volume) has a positive effect on the thermal 

conductivity (illustrated in Table 22), since the particles may be distributed more homogenous in the 

mixtures which result in a lower thermal conductivity. However, the higher content of 0.25-0.5 mm 

LWA (44% by volume) in the mixture based on the new optimized packing based on PQA mineral 

seems to have a negative effect on the thermal conductivity. It seems that there has to be a certain 

balance between bigger and smaller particles to obtain the lowest thermal conductivity.  

 

 
Table 23: Comparison between mixtures applying different packing approaches 

 

Heat exposure 

• Mixtures based on an optimized packing may have a poor resistance against heat. Oven dried samples 

are exposure to 600 °C for one hour and the compressive strength decreases with 40-55%. This is 

significantly higher compared to previous research where the compressive strength decreased with 

26% [33]. However, it has to be taken into account that oven dried samples are used. In literature it is 

stated that the microstructure of oven dried samples may be changed which may contribute to a 

reduced initial compressive strength [51] [52]. 

• It is observed that the strength loss after exposure to 600 °C for one hour is lower for mixtures based 

on an optimized packing compared to an un-optimized packing (40-55% and 60-70%, respectively). 

This indicates that a mixture based on an optimized packing approach may have a higher fire 

resistance compared to mixtures based on an un-optimized packing approach. Addition information 

given in Appendix D. 
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3.4 Phase B.2 – Effect of the NaOH molarity 
 

As mentioned in Section 2.3, the molarity of NaOH in the mixture is an important concern. A higher molarity 

may contribute to an increased compressive strength of the paste. However, it may decrease the compressive 

strength of the LWA due to the dissolving of the LWA by the NaOH (additional information given in Appendix 

A). In this section the effect of different molarities is investigated. 

 

3.4.1 Small scale experiments 

 

As stated in Section 2.3, the effect of the NaOH molarity (1, 2, 2.3 2.7, 4, 5M) is investigated on mixtures with 

an un-optimized packing and an optimized packing on small scale. The experiments based on an un-optimized 

packing consists of 450 gram/l PQA mineral, 150 ml/l liquid and LWA consisting of 95% (volume) 2-4 mm and 

5% 0.25-0.5 mm. The mixtures based on an optimized packing consist of 492 gram/l PQA mineral, 140 ml/l 

liquid and LWA based on un optimized packing based on cement whereby the volume of the 4-8 mm LWA is 

replaced by 2-4 mm. Additional information about the Recipes (20.A until 20.F (un-optimized packing) and 

28.A until 28.G (optimized packing)) is given in Appendix B.4. 

 

3.4.1.1 Density 

 

The effect of NaOH molarity on the densities is given for mixtures based on an un-optimized (Figure 3-40) and 

optimized packing (Figure 3-41). 

The experimentally determined and calculated densities increase slightly at the increase of the molarity, 

caused by the increased mass of the solution caused by the NaOH.   

• The experimentally determined density is significantly higher compared to the calculated density for 

mixtures based on an un-optimized packing (illustrated in Figure 3-40), while there is no significant 

difference for mixtures based on an optimized packing (illustrated in Figure 3-41). Mixtures based on 

an un-optimized packing contain more large LWA. It is stated by the producer that the large LWA have 

a higher water absorption compared to the smaller LWA (additional information given in Appendix A). 

This may cause the higher experimentally determined density for the mixtures based on an un-

optimized packing.  

 

 Figure 3-40: Density of mixtures with an un-optimized 

packing versus molarity 

 

 Figure 3-41: Density of mixtures with an optimized 

packing versus molarity 
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3.4.1.2 Compressive strength 

 

In Figure 3-42 and Figure 3-43 the strength development of the mixtures with different molarities is illustrated. 

• By cascade leaching test it is observed that the SiO2 in the LWA dissolves by the NaOH solution 

(additional information given in Appendix A) which may affect the compressive strength since the 

particles are damaged.  

• The 1-day compressive strength increases at a higher molarity for mixtures with an un-optimized 

packing (illustrated in Figure 3-45). For mixtures with an optimized packing the highest 1-day 

compressive strength is reached with 2M NaOH (illustrated in Figure 3-43). The different packing 

approaches may be a reason for this since a well packed packing in the recipes based on an optimized 

packing based on cement may contribute to a higher strength in early days.  

 

 
Figure 3-42: Compressive strength of mixtures with an 

un-optimized packing versus molarity 

 
Figure 3-43: Compressive strength of mixtures with  an 

optimized packing versus molarity 

 

• The experiments on small scale showed that a lower molarity may lead to a lower compressive 

strength in the early days (however, still acceptable (1-2 MPa) for demoulding) but an equal or higher 

compressive strength at later days. One reason for the higher compressive strength may be that in 

mixtures with a lower molarity NaOH the LWA is less damaged which may result in a higher 

compressive strength. A molarity of 2M NaOH is promising for the mixtures based on the varying 

packing approaches.  
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3.4.2 A lower molarity NaOH in the mixture based on an optimized packing (large scale 

experiments)  

 

As mentioned in Section 2.3, the effect of a lower molarity on the workability is investigated. On small scale 

experiments it is illustrated that mixtures with 2M NaOH show a higher 28-day compressive strength since the 

LWA are less damaged. In Appendix C.4.1, the results of an large scale experiment with different molarity 

NaOH in a recipe based on an optimized packing based on PQA mineral is given. The 28-day compressive 

strength increases from 6.6 to 9 MPa, however, the effect on the workability is not visible since there is no 

workability for the mixtures with different molarities. The different molarities have no effect on the other 

properties. In this section the effect of different molarity on the workability and other properties will be 

investigated. The Recipe (37) is based on 492 gram/l PQA mineral, 150 ml/l liquid and LWA based on an 

optimized packing based on cement whereby the 4-8 mm LWA is replaced by 2-4 mm LWA. 

 

3.4.2.1 Workability 

 

In Figure 3-44 and Figure 3-45 it is illustrated that the workability is significantly better for mixtures with a 

higher molarity NaOH compared to the mixture with a lower molarity. For the mixture with 2M NaOH there is 

almost no workability directly after mixing. Following the producer of the PQA SP, a certain molarity NaOH is 

needed to activated the PQA SP which may be the reason why the workability is better at a higher molarity. In 

Figure 3-46 a picture is shown of the mixture with 2M NaOH with no workability (at t=30 minutes).  

 

 
Figure 3-44: Slump of mixtures with different molarities 

 
Figure 3-45: Flow of mixtures with different molarities 

 

 
Figure 3-46: Mixture with no workability 
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3.4.2.2 Density 

 

• The densities of the mixtures produced applying 3M and 2M NaOH, respectively are illustrated in 

Figure 3-47. The calculated and oven-dry densities are comparable but the experimentally determined 

density is lower for the mixtures based on 2M compared to the mixture based on 3M NaOH. This 

trend is not shown in the mixtures with different molarities based on the optimized packing based on 

PQA mineral (illustrated in Appendix C.4.1). The workability of the mixture is poor which results in 

poor compaction. Due to the poor compaction air may be entrapped in the mixtures which may cause 

the lower experimentally determined density.  

 

 
Figure 3-47: Density versus molarity 

 
Figure 3-48: Compressive strength 

versus molarity 

 

3.4.2.3 Compressive strength 

 

In preliminary research it is observed that mix designs with a 2M NaOH may have a higher 28-day 

compressive strength compared to mixtures with a molarity of 3M NaOH. The mixture on larger scale 

(based on an optimized packing based on PQA mineral) showed also a significant higher 28-day 

compressive strength (36%) when the molarity NaOH was 2M instead of 3M (additional information 

given in Appendix C.4.1). When the LWA particles are less damaged the compressive strength of the 

concrete may increase. However, in Figure 3-48 it is illustrated that the 28-day compressive strength 

of the mixture (based on optimized packing based on cement) produced with a molarity of 2M NaOH 

is slightly lower (10.7 MPa) compared to the mixture with a molarity of 3M NaOH (11.5 MPa). This 

mixture with a molarity of 2M NaOH showed already a poor workability directly after mixing and was 

cast after the workability is measured for 30 minutes. At the moment of casting the workability was 

very poor (at t = 30 min) which causes a poor compaction. This may contribute to the lower 28-day 

compressive strength and unreliable results. When a good workability is obtained it is expected that 

the compressive strength will be higher for the mixture based on 2M NaOH compared to the mixture 

based on 3M NaOH. 
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3.4.2.4 Thermal conductivity 

 

• In Table 24, the thermal conductivity for the mixture with 3M and 2M NaOH is reported. The thermal 

conductivity of the mixtures produced with different molarities are similar which is also seen in the 

recipes based on an optimized packing based on PQA mineral with different molarities (Appendix 

C.4.1). This indicates that the content of NaOH in a mixture has no effect on the thermal conductivity.  

 

 
Table 24: Thermal conductivity and water penetration under pressure of mixtures 

with different molarities 

  

3.4.2.5 Water penetration under pressure 

 

• In Table 24 the water penetration under pressure is reported for mixtures with different molarities.  

The water penetration under pressure is not directly linked to the molarity of the mixture. This is also 

observed in the experiments based on an optimized packing based on PQA mineral (illustrated in 

Appendix C.4.1).  
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3.4.3 Concluding remarks – Phase B.2 – Effect of the NaOH molarity 

 

In Table 25, an overview is summarized of the mixtures performed on large scale with a lower molarity (2M 

NaOH; Recipe 36 and 37) compared to the mixtures with a higher molarity (3M NaOH; Recipe 35 and 32). This 

is illustrated for mixtures with an optimized packing based on cement (Recipe 32 and 38) or based on PQA 

mineral (Recipe 35 and 36). 

• There is no workability of the mixtures based on an optimized packing based on PQA 

mineral, while the workability of the mixture based on an optimized packing based on 

cement decreases significantly when a lower molarity is applied (up to 83%). This is also 

observed in [13], however, other researches [14] [15] state that a higher molarity will 

decrease the workability.  

• As stated, the 28-day compressive strength of the mixture may increase at a lower molarity, 

due to the prevention of dissolving the SiO2 in the LWA. Additional information is given in 

Appendix A.  

• The mixture based on an optimized packing based on PQA mineral is promising since the 28-

day compressive strength increases with 36% up to 9 MPa at a molarity of 2M instead of 3 M 

NaOH. When another optimized packing with a lower l/p ratio used the 28-day compressive 

strength may even be higher. 

• For the mixture based on an optimized packing based on cement the 28-day compressive 

strength decreases slightly (8%). This is not expected since small scale experiments and the 

large scale experiment show an increase in compressive strength at a lower molarity. A 

reason for the lower 28-day compressive strength for the mixture based on an optimized 

packing based on cement may be caused by the poor compaction since there was no 

workability (no flow and slump) at the moment of casting (at t = 30 minutes). This may result 

in a lower compressive strength and unreliable results. When the samples are cast directly 

after mixing when the workability is better, a higher 28-day compressive strength might have 

been achieved as is observed in the other experiments. 

• When the same recipe is performed (Recipe 35 and 36 and Recipe 32 and 37, respectively), 

the different molarities show no significant effect on the densities, thermal conductivity and 

water penetration under pressure.  

 

 
Table 25: Properties of mixtures with different molarities NaOH 
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3.5 Phase B.3 – Effect of air entraining admixture 
 

As mentioned in Section 2.3, many of the AEAs developed for cement based concretes are not effective in GP 

systems due to the high pH-value [2] [22]. The effect of different AEAs is therefore investigated on small scale. 

Different dosages, namely 0.3% and 0.6% (by weight of mineral), of ‘Sika liquid’ (Sika LPS A 94), ‘Sika solid’ 

(Sika EAR solid), ‘Tillman’ (Tillman mengolie TM AEA-B) and ‘BasF’ (BasF Micro Air 169) are applied. Mixtures 

based 440 gram/l PQA mineral, 165 ml/l liquid and 1735 gram/l sand (Recipe 23.A until 23.G) and mixtures 

based on a 492 gram/l PQA mineral, 180 and 170 ml/l liquid, respectively and LWA (Recipe 40.A until 40.E and 

Recipe 42.A until 42.G) are performed. The recipes contain different volumes of liquid to investigate if the 

volume of liquid and/or the absolute amount of NaOH has an effect on the effectiveness of the AEA. Additional 

information about the recipes is given in Appendix B.5.  

 

• The working of AEAs is not consistent in the experiments performed in this research. In two cases 

(both GP binders), AEAs (BasF Micro Air 109 and Tillman mengolie TM AEA-B) decrease the density of 

the mixture slightly (Figure 3-49), but it does not decrease in other mixtures (illustrated in Figure C-48 

and Figure C-49 in Appendix C.5). The mixtures may have been too dry, when not enough liquid is 

present in the mixture it is known that the AEA may not get effective. 

• In Figure 3-50 it is illustrated that some of the AEAs increase the 28-day compressive strength (18-

27%). The densities of the mixtures are equal or slightly higher compared to the reference recipe 

(illustrated in Appendix C.5). The AEA may increase the workability of the mixture which may result in 

a better compaction. A mixture with less entrapped air in the mixture may be obtained, which may 

lead to a higher density and increased 28-day compressive strength. 

• In Figure 3-49 it is illustrated that the highest formation of air is obtained with ‘Tillman mengolie TM 

AEA-B (Tillman)’ in mixtures based on a GP binder with sand. The use of ‘BasF micro air 169’ shows 

also a reduced density, however, the effect is lower compared to the AEA of Tillman.  

• The AEAs are ineffective in the mixtures based on a GP binder and LWA, regardless the amount of 

liquid.  

• It is not proved that the other AEAs (from Sika) are not effective in large scale experiments. The 

possible inefficiency of the AEAs is only observed in experiments where Tillman and BasF were also 

ineffective, which may be caused by the dryness of the mixtures.  

 

 
Figure 3-49: Effect of AEAs on the density of mixtures 

based on a GP binder and sand 

 

 
Figure 3-50: Compressive strength of mixtures applying 

AEAs (GP binder with 170 ml/l liquid and LWA) 
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3.5.1 Promising air entraining agent in GP ULWC 

 

As mentioned in Section 2.3 and in the results obtained in the preliminary section, AEA ‘Tillman mengolie TM 

AEA-B’ is most suitable AEA in GP binders.  

This AEA is applied in the recipe based on an optimized packing based on cement without 4-8 mm LWA, 492 

gram/l PQA mineral and 150 ml/l liquid (Recipe 32) to investigate the effect on the density and the other 

properties. Additional information about the recipe is given in Appendix B.5. 

 

3.5.1.1 Workability 

In previous researches it is observed that the use of an AEA may improve the workability [43]. The mixtures 

were more moist when consisting an AEA, nevertheless, the measured slump and flow are equal (flow of 480 

mm and slump of 240 mm) for both mixtures. This is shown in Appendix C.5.2.1. It may take some time to 

activate the AEA and in addition, the workability is already very good and the effect of the AEA on the 

workability may only be visible when the workability is not that satisfying yet. 

 

3.5.1.2 Density 

In Figure 3-51 the densities of the mixtures with and without AEA are illustrated. The experimentally 

determined and oven-dry densities of the mixtures with and without AEA differ significantly. The 

experimentally determined density of the mixture without AEA and with AEA are 949 kg/m
3
 and 881 kg/m

3
, 

respectively. This is a significant mass loss (7%) due to the entrapped air in the mixture.  

  

 
Figure 3-51: Density of mixtures with or 

without AEA 

 
Figure 3-52: Compressive strength of 

mixtures with or without an AEA 

 

3.5.1.3 Compressive strength 

• The compressive strength development for mixtures with and without the AEA is illustrated in Figure 

3-52. The 28-day compressive strength decreases (16%) when the AEA is applied, however, it is still 

satisfying (9.7 MPa).  

 

3.5.1.4 Thermal conductivity 

• In Table 26 the thermal conductivity is reported for the mixture without and with the AEA. The 

thermal conductivity of the mixture with the AEA is significantly lower compared to the mixture 

without the AEA. In previous research it is observed that the thermal conductivity will be lower when 

the density is lower [40]. The reason for the lower thermal conductivity in the mixture with an AEA 

may be the higher amount of air which increases the porosity of the mixture.  
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Table 26: Thermal conductivity and water penetration under pressure 

of mixtures with or without an AEA 

 

 

 

 

 

 

 

Figure 3-53: Water penetration 

under pressure of mixtures with 

or without an AEA 

 

3.5.1.5 Water penetration under pressure 

 

• The water penetration under pressure is more than doubled for the mixture with the AEA. However, 

in Figure 3-52 it is illustrated that the standard deviation of the mixture with the AEA is high since the 

obtained values show a high variation (10, 18 and 40 mm, respectively), which may cause unreliable 

results. However, the water penetration under pressure of the mixture with the AEA may be higher 

since the density of the mixtures is lower. In previous research [50] it is observed that this may 

increase the water permeability since air pores have a lower resistance against water penetration 

compared to the materials in the mixture.  
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3.5.2 Concluding remarks – Phase B.3 – Effect of air entraining admixture 

 

• In Table 27, an overview of the mixtures without and with the AEA ‘Tillman mengloie TM AEA-B’ is 

summarized. The workability of the mixtures is equal. The mixture with the AEA Tillman meets the 

requirements of the aim of this research (density ≤ 800 kg/m
3
, 28-day compressive strength ≥ 10 MPa, 

thermal conductivity ≤ 0.12 W/(m·K)).  

• The use of the AEA decreases the densities (7%) due to the entrapped air. The AEA is based 

on synthetic tenside materials which is able to withstand the high pH-value of the GP system. 

• The compressive strength and thermal conductivity also decrease with 16% and 15%, 

respectively due to the formed air bubbles into the mixture.  

• It is indicated that water penetration under pressure increases (172%), however, the 

standard deviation is large (22.7).  

• In a few experiments on small scale it is illustrated that the use of AEAs ‘Sika LPS A 94’, ‘Tillman 

mengolie TM AEA-B’ and ‘BasF micro air 169’ increase the 28-day compressive strength and density. 

Due to the use of the AEA the mixture is more smooth in fresh state which may lead to a better 

compaction which may lead to a higher density and compressive strength.   

 

  
Table 27: Properties of mixtures without or with an AEA 
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4 Discussions 
 

In Chapter 2 and 3, the performed experiments are presented in detail. In this Chapter the results will be 

further analyzed and in addition, the overall discussion of the different recipes will be given. It will be divided 

by mixtures based on an un-optimized packing and based on an optimized packing.  

 

4.1 Un-optimized packing 
 

Experiments based on an un-optimized packing applying dry and pre-soaked LWA are performed since a high 

amount of big LWA may have a positive effect on the density and thermal conductivity. The effect on the 

density and thermal conductivity and other properties is investigated. 

The large scale experiments based on an un-optimized packing with dry LWA showed earth-moist features, 

which resulted in mixtures with open voids, or segregation which both had a negative effect on the hardened 

properties of the concrete. The experiment based on a un-optimized packing with pre-soaked (water) LWA 

(Recipe 21.D, 450 gram/l PQA mineral, 160 ml/l liquid and LWA containing 90% LWA with the size of 2-4 mm 

and 10% LWA with the size of 0.5-1 mm, see Appendix B.2) showed samples with just a few air bubbles. In 

previous research it is stated that pre-soaked LWA may release the liquid slowly [37]. This may prevent the 

liquid from sinking to the bottom directly after casting which may result in a mixture without segregation and 

open voids. The 28-day compressive strength (9 MPa) and the thermal conductivity (0.133 W/(m·K)) are in line 

with the mixtures based on an optimized packing (8.6-11.5 MPa and 0.070-0.174 W/(m·K), respectively). 

However, it has a significantly lower oven-dry density (687 kg/m
3
) compared to the mixtures based on an 

optimized packing (based on cement) (724-867 kg/m
3
). An point of attention in this mixture are the possible 

higher costs due to the preparation of the pre-soaked LWA.  

 

4.2 Optimized packing  
 

4.2.1 Optimized packing based on PQA mineral 

 

In previous research it is stated that a mixture with an optimized packing with a more homogeneous 

distribution of the LWA may result in a higher 28-day compressive strength and lower thermal conductivity 

[35] [41]. Experiments applying dry LWA based on an optimized packing approach based on PQA mineral are 

performed.  

The mixture based on an optimized packing based on PQA mineral does not meet the requirements set in this 

research. There is no workability (no slump and no flow) while the l/p ratio is 0.49. This may be caused by the 

high specific surface area due to the high amount of 0.25-0.5 mm LWA. As mentioned, a higher volume of 

liquid is adhered to the LWA when the specific surface area increases, which reduces the workability. The 28-

day compressive strength (6.6 MPa) and thermal conductivity (0.142 W/(m·K)) do not meet the requirements. 

The low 28-day compressive strength may be caused by the low amount of PQA mineral (388 gram/l) and the 

high l/p ratio. When a molarity of 2M instead of 3M the 28-day compressive strength increases to 9 MPa, 

which does still not reach the objectives set in this report. Nevertheless, it has to be taken into account that 

the compressive strength is relatively high when the low amount of PQA mineral (388 gram) and high l/p ratio 

(0.49) are concerned. Additional information is given in Section 3.3. 
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4.2.2 Optimized packing based on cement 

 

Experiments based on the optimized packing based on cement are performed, which is also used in the recipe 

of ULWC based on cement [3].  

The most satisfying results of the mixtures based on an optimized packing based on cement are summarized in 

Table 28. The mixture (Recipe 32) with the highest 28-day compressive strength (11.5 MPa) has a good 

workability (flow of 480 mm (F3) and slump of 240 mm (S5)), an oven-dry density of 840 kg/m
3
 and a thermal 

conductivity of 0.127 W/(m·K). The mixture (Recipe 33) possessing a significantly lower thermal conductivity 

(0.074 W/(m·K)) has a lower oven-dry density (727 kg/m
3
), a good workability (flow of 430 mm (F3) and slump 

of 220 mm (S5)) and a 28-day compressive strength of 8 MPa. The biggest variation between the recipes is the 

amount of PQA mineral (492 and 400 gram/l, respectively). Mixtures with a higher amount of PQA mineral 

contain less LWA (and with that air) which result in a higher density and 28-day compressive strength, 

however, it will also result in a higher thermal conductivity.  

All the promising mixtures are in somehow related to Recipe 32 (492 gram/l PQA mineral, 150 ml/l liquid, 3M 

NaOH, optimized packing based on cement, 4-8 mm LWA replaced by 2-4 mm LWA) so Recipe 32 is compared 

(absolute and relative in Table 28) to all the promising mixtures.   

 

 
Table 28: Properties of the most satisfying mixtures 

 

Effect of the volume of liquid 

The liquid dosage has a large effect on the fresh and hardened properties of the mixture. At higher volumes of 

liquid (150 to 175 ml/l) the workability improves significantly, while the 28-day compressive strength 

decreases (9-17%). This is in line with [19] [20] [21]. The oven-dry density and thermal conductivity also 

decrease (6-15% and 8-17%, respectively), due to the higher amount of evaporated liquid in oven-dry state. 

Additional information is given in Section 3.3.1.  

 

Effect of particle size (replacement of 4-8 mm by 2-4 mm)  

When the volume of 4-8 mm LWA is replaced by 2-4 mm LWA (Recipe 32 compared to Recipe 26, shown in 

Table 28) the 28-day compressive strength increases (10%), due to the higher crushing resistance of the 

smaller particles. The thermal conductivity decreases (37%) since the LWA can be distributed more 

homogeneously in the mixture which contributes to a lower thermal conductivity as is stated in previous 

research [41]. The density for the mixtures is comparable, however the workability decreases (slump; 16-47%). 

The higher specific surface area, when 4-8 mm LWA is replaced, may cause the poor workability. The water 

penetration under pressure may be lower since the interconnectivity between pores in the mixture will 

decrease which is observed in the previous research [49]. Additional information is given in Section 3.3.3.  
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Effect of the PQA amount 

The amount of PQA mineral has a significant effect. As mentioned, the 28-day compressive strength will 

decrease (with 25%) when the amount of PQA mineral is decreased from 492 gram/l to 400 gram/l (Recipe 32 

and 34, respectively) due to the lower density since an increased amount of LWA (and with that air) and lower 

amount of binder is present in the mixture [22] [39]. The workability will decrease (25-52%) despite the higher 

l/p ratio (0.39 instead of 0.34 by mass), since the amount of LWA increases which contributes to a higher water 

absorption. The densities decrease  (10-15%) since the PQA mineral has the largest share in the density of the 

mixture. The thermal conductivity decreases significantly (45%) due to the increased amount of LWA (and with 

the air), which is also observed in previous research [22] [39] [40]. In Section 3.3.3, it is stated that when the 

mass or volume of the minerals are equal, PQA mineral has a lower thermal conductivity compared to cement 

mineral. One reason for this may be the significantly higher amount of SiO2 and lower amount of CaO in the GP 

mineral compared to the cement mineral, which is also stated in other research [4]. 

The water permeability may decrease due to the higher amount of air in the mixtures, however the value 

reported in Table 28 may not be reliable since it is based on three results with a high deviation (7, 5 and 25 

mm respectively).  

 

Effect of a lower molarity NaOH solution 

The workability of mixtures based on a lower molarity is worse compared to the mixtures based on a higher 

molarity. As stated, the PQA SP is activated by the NaOH and when the molarity is lower the PQA SP will be 

activated slower which result in a poor workability. In Table 28 it is illustrated that the densities, thermal 

conductivity and water penetration under pressure of the mixtures are comparable.  

In preliminary research it is observed that a lower molarity causes a higher 28-day compressive strength (up t 

36%) since the NaOH solution dissolves the LWA (additional information is given in Appendix A). The 28-day 

compressive strength decreases slightly (8%) for the mixture reported in Table 28. The workability of the 

mixture is measured in time and the samples are cast when the mixture was very poor (after 30 minutes). This 

may result in poor compaction which may contribute to unreliable results and a lower compressive strength. 

When the workability is good it is expected that this mixture may also result in a higher 28-day compressive 

strength when 2M NaOH is applied compared to the mixture based on 3M NaOH. Additional information is 

given in Section 3.4.1. 

 

Addition of a AEA 

The use of AEA ‘Tillman mengolie TM AEA-B’ showed an addition of 7% air in the mixture performed on large 

scale. This AEA is based on synthetic tenside material which is affective in GP systems. The volume of the 

mixture increases with 7% which means that 7% less materials are needed for the mixture which may reduce 

the costs. The addition of the AEA created a more smooth mixture in fresh state, however, it has no effect on 

the initial flow and slump, however the activation of the AEA may take time. The use of the AEA decreases the 

28-day compressive strength and thermal conductivity with 15% due to the lower density which is in 

agreement with previous research [22] [39] [40]. As stated the water penetration under pressure also 

increases significantly which is caused by the lower density and the higher volume of air in the mixture which is 

also observed in previous research [50]. Additional information is given in Section 3.5. 

 

Heat resistance 

In Section 3.2.2 and 3.3.6, it is stated that the mixtures based on an optimized packing have higher heat 

resistance compared to the mixtures based on an un-optimized packing. This indicates that the design method 

of the packing may have a significant effect on the heat resistance of the concrete.   
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4.2.3 Overall trends 

In this section the relation between the densities, 28-day compressive strength and thermal conductivity are 

analyzed for all mixtures performed on large scale based on an optimized packing.  

 

4.2.3.1 28-day compressive strength versus density 

In Figure 4-1 the 28-day compressive strength is given versus the experimentally determined and oven-dry 

density, respectively. It is illustrated that the 28-day compressive strength increases when the experimentally 

determined or oven-dry density increases. This is in agreement with results obtained in literature [22] [39]. 

Mixtures with a higher density may have a denser structure with less air and this may contribute to the higher 

28-day compressive strength. 

 

28-day compressive strength versus experimentally determined density 

The density of the experiments depend to a large extent on the weight of the binder. In general, when a higher 

amount of binder is used the compressive strength increases, however, two points in the graph are not 

following the trend line. This is cost by the high l/p ratios of the mixtures. In preliminary experiments in this 

report and in literature it is observed the compressive strength decrease when the l/p ratio is too high [19] 

[20] [21]. 

• The mixture possessing a 28-day compressive strength of around 6.5 MPa is based on an optimized 

packing based on PQA mineral with a l/p ratio of 0.49. This high l/p ratio of the mixture may be one 

reason why it is not following the trend line.  

• The mixture with a experimentally determined density of 920 kg/m
3
 and a 28-day compressive 

strength of 8.5 MPa is based on an optimized packing based on cement. The l/p ratio is significantly 

higher (0.39) compared to the other mixtures which results in a mixture with a relatively low amount 

of LWA which causes the higher experimentally determined density at a relatively low 28-compressive 

strength. 

 

28-day compressive strength versus oven-dry density 

The oven-dry density of the mixtures depends to a large extent on the amount of mineral (and not on the 

binder), since most of the liquid is evaporate in oven-dry state. In general, the mixtures have a higher oven-dry 

density when a higher volume of PQA mineral is used. The PQA mineral has a density of 2500 kg/m
3
 whereas 

the LWA with size 0.25-8 mm has a density of 300-540 kg/m
3
. When a certain volume of PQA mineral is 

replaced by LWA the density decreases significantly which indicates that the amount of PQA mineral has a high 

effect on the oven-dry density and the compressive strength.  

 

Effect of PQA mineral 

• It is observed that there are 5 mixtures with an oven-dry density around 720 kg/m
3
. 4 of the 5 

mixtures consists of 400 gram/l PQA mineral whereas the mixtures possess an oven-dry density above 

800 kg/m
3
 consisting of 492 gram/l PQA mineral. This indicates again that the amount of PQA mineral 

has a high share in the density of the mixtures.  

The fifth mixture with an oven-dry density around 720 kg/m
3
 consists of 492 gram/l PQA mineral, 

however it has a low oven-dry density. This is caused by the high l/p ratio (0.39) which is used, which 

is higher compared to the other mixtures based on 492 gram/l PQA mineral. When a high amount of 

liquid is applied more liquid can evaporate in oven-dry state and the oven-dry density may be lower.  

• There is one mixture with an oven-dry density slightly lower than 800 kg/m
3
 and a 28-day 

compressive strength of around 10 MPa which is following the trend. This mixture consists of 457 

gram/l PQA mineral. The different amount of PQA mineral compared to the other mixtures (400 or 

492 gram PQA mineral per liter) results in the fact that the point in the graph is isolated.  
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Effect of LWA size 

• The three mixtures with a 28-day compressive strength of 9.5, 10 and 10.5 MPa and an oven-dry 

density of 820, 845 and 870 kg/m
3
, respectively, have a 28-day compressive strength which is slightly 

lower than the trend. In these mixtures LWA with size 4-8 mm are applied. As mentioned in Section 

3.3.3, the 28-day compressive strength will be lower when LWA with the size of 4-8 mm is applied 

compared to mixture where this LWA are replaced by 2-4 mm due to the lower crushing resistance of 

the bigger particles. This may be the reason for the deviation of the trend.  

 

  
Figure 4-1: 28-day compressive strength versus density 

 

4.2.3.2 Density versus thermal conductivity 

In Figure 4-2 the thermal conductivity is given based on the oven-dry and experimentally determined density. 

As stated, the higher densities illustrated in this graph are mainly obtained by the higher volume of binder 

(experimentally determined density) or the volume of PQA mineral (oven-dry density). The thermal 

conductivity is increases when the density increases. When the density is lower, the mixture is less dense and 

it contains more air which result in a lower thermal conductivity. This is in comparison with the literature [40]. 

The graph indicates that the thermal conductivity depends to a higher extent on the oven-dry density than on 

the experimentally determined density, indicating the oven-dry density is a better indicator to describe the 

thermal conductivity.  

 

Effect of l/p ratio 

• There are three mixtures with a thermal conductivity above 0.15 W/(m·K). The difference between 

the mixtures may be caused by the different l/p ratios. The higher the ratio the lower the thermal 

conductivity since more liquid may evaporate in oven-dry state and a lower thermal conductivity may 

be achieved which is also observed in literature [40] [47]. 

 

Effect of PQA mineral 

• There are 6 mixture following the trend line between an oven-dry density of 720 kg/m
3
 and 880 kg/m

3
 

with a thermal conductivity between 0.070 and 0.17 W/(m·K), respectively. The thermal conductivity 

of 0.07 and 0.10 W/(m·K) belong to the mixtures with 400 gram/l and 457 PQA mineral, respectively. 

The thermal conductivity above 0.15 W/(m·K) is obtained by mixtures with 492 gram/l PQA mineral. 

 

Effect of LWA size 

• Two mixtures possessing an oven-dry density of around 830 kg/m
3
 and a thermal conductivity of 0.13 

W/(m·K) are below the trend line. In these mixtures the LWA with size 4-8 mm is replaced by 2-4 mm. 

In the other mixtures with an oven-dry density higher than 800 kg/m
3
 the LWA with size 4-8 mm is 
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not replaced. In previous research it is stated that the thermal conductivity will be lower when the 

distribution of the LWA in the mixture is more homogeneous [41]. When the LWA with size 4-8 mm 

will be replaced by 2-4 mm the thermal conductivity may be lower. 

• One mixture with an oven-dry density of around 740 kg/m
3
 and a thermal conductivity just below 

0.15 W/(m·K) is above the trend line. In this mixture 4-8 mm LWA is used, whereas this is replaced in 

the mixtures with a thermal conductivity of 0.10 W/(m·K) or lower, which may result in the higher 

thermal conductivity.  

• Two mixtures with an oven-dry density of around 740 kg/m
3
 and a thermal conductivity just below 

0.15 W/(m·K) are based on the optimized packing based on PQA mineral with a high amount of LWA 

with size 0.25-0.5 mm and a lower amount of LWA with size 2-4 mm. It is observed in section 3.3 that 

when a high amount of small particles are applied, the distribution of the LWA may be more 

homogeneous but the thermal conductivity will be higher. However, there has to be a balance 

between small and big particles to achieve the lowest thermal conductivity.  

 

 
Figure 4-2: Thermal conductivity versus density 

 

4.2.3.3 Compressive strength versus thermal conductivity 

In Figure 4-3 the thermal conductivity is given based on the 28-day compressive strength. There is an 

indication that the thermal conductivity will be higher when the 28-day compressive strength increase, which 

also observed in literature [22] [39] [40] [48]. As mentioned, a higher 28-day compressive strength may be 

achieved by a denser mixture. A denser microstructure may also result in a higher thermal conductivity since 

less air is present in the mixture. In the graph, the higher compressive strength and thermal conductivity are 

obtained by a higher volume of PQA mineral.  

 

Effect of LWA size 

• The mixture possessing a 28-day compressive strength of 11.5MPa shows a thermal conductivity of 

0.13 W/(m·K) which is below the trend. In this mixture the LWA with size 4-8 mm is replaced by 2-4 

which causes a lower thermal conductivity compared to the mixture without this replacement. The 

thermal conductivities above 0.15 W/(m·K) belong to the mixtures with LWA with the size of 4-8 mm.   

• The mixture possessing a 28-day compressive strength of 6.5 MPa and a thermal conductivity of 

around 0.15 W/(m·K) is not following the trend. This is the mixture with an optimized packing based 

on PQA mineral with a high amount of LWA with size 0.25-0.5 mm. As mentioned, the thermal 

conductivity decreases when the LWA with size 4-8 mm is replaced by 2-4 mm since the LWA in the 

mixture will be distributed more homogeneously [41]. However, there has to be a certain balance 

between small and bigger particles to achieve the lowest thermal conductivity.  
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Figure 4-3: Thermal conductivity versus 28-day compressive strength 
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4.2.4 Trends in recipes with most satisfying properties 

 

In this section the most promising recipes with satisfying hardened properties (densities, 28-day compressive 

strength and thermal conductivity) are applied to study their trends between the variables. In Figure 4-4 until 

Figure 4-6 it is illustrated that there is a strong link between the properties.  

 

28-day compressive strength versus different density 

In Figure 4-4 the 28-day compressive strength is given based on the experimentally determined and oven-dry 

density. As mentioned, it is indicated that the 28-day compressive strength increases when the density 

increases which is in agreement with literature [22] [39]. 

 

Effect of PQA mineral 

• The mixtures possessing a 28-day compressive strength of 8 MPa, 10 MPa and around 11 MPa 

consists of 400 gram/l, 457 gram/l and 492 gram/l PQA mineral, respectively. All mixtures contain an 

optimized packing and a comparable l/p ratio which illustrates that the density and 28-day 

compressive strength depends to a large extent on the amount of PQA mineral. When a higher 

volume of PQA mineral and lower volume of LWA is applied, the density may increase significantly 

due to the difference in density of PQA mineral and LWA (2500 kg/m
3
 and 300-540 kg/m

3
, 

respectively). As mentioned, when a higher volume of PQA mineral is used the volume of binder is 

higher and a denser mixture is obtained which may be one reason for the increased 28-day 

compressive strength [22] [39].  

 

Effect of the workability and molarity NaOH 

• The recipes of the mixtures possess a 28-day compressive strength of 10.5 and 11.5 MPa are 

comparable except for the higher molarity for the mixture with a higher experimentally determined 

density. The mixture with a lower molarity showed a poor workability at the moment of casting which 

causes a poor compaction. This may result in entrapped air in the mixture which may contribute to a 

lower experimentally determined density and 28-day compressive strength compared to the mixture 

with a higher molarity.  

The NaOH dissolves the LWA and when a lower molarity is used the LWA will be dissolved to a lower 

extent which contributes to a higher 28-day compressive strength. When the workability is good 

enough to contribute to a good compaction it is expected that the mixture with a lower molarity has a 

28-day higher compressive strength above the trend line. Additional information is given in Section 

Appendix A.  

  

 
Figure 4-4: 28-day compressive strength versus density 
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Density versus thermal conductivity 

In Figure 4-5 the thermal conductivity is given based on the oven-dry density. In the mixtures with a higher 

oven-dry density and thermal conductivity, a higher amount of PQA mineral is applied. In the two mixtures 

with a thermal conductivity of 0.125 W/(m·K) the amount of PQA mineral is 492 gram/l, whereas the amount 

of PQA mineral is 457 and 400 gram/l PQA mineral for the mixtures with a thermal conductivity of 0.11 and 

0.07 W/(m·K), respectively. When a higher volume of PQA mineral is applied a lower amount of LWA (and with 

that air) is applied and the mixture is denser which result in a higher thermal conductivity. As mentioned, this 

trend is also observed in literature [40].  

 

 
Figure 4-5: Thermal conductivity versus oven-dry density 

 
Compressive strength versus thermal conductivity 

The thermal conductivity increases when the 28-day compressive strength increases as shown in Figure 4-6. As 

mentioned, the thermal conductivity may be higher when a denser mixture is obtained which contributes to a 

higher 28-day compressive strength. This trend is in agreement with literature [22] [39] [40] [48].  

 

 
Figure 4-6: Thermal conductivity versus 28-day compressive strength 
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4.3 Comparison with literature 
 

In literature the term low density concrete is described as non-structural concretes with a low density (800 

kg/m
3
) and low thermal conductivity with compressive strengths ranging from 0.69 up top 6.89 MPa [1]. As 

mentioned in Chapter 1, in previous researches cement based concretes with a 28-day compressive strength of 

23-30 MPa and a thermal conductivity of 0.485-0.847 W/(m·K) are obtained, however the density is between 

1280 and 1490 kg/m
3
 [23] [24] [25] [26]. In [47], a concrete with a lower density (1100 kg/m

3
), compressive 

strength (10 MPa) and thermal conductivity (0.3 W/(m·K)) is created by applying an aluminium foaming agent. 

In the research of Zareef [53], an ULWC is achieved, with an oven-dry density of 760 kg/m
3
 and a 28-day 

compressive strength and thermal conductivity of 7.4 MPa and 0.181 W/(m·K), respectively. To the author’s 

knowledge, an ULWC with a 28-day compressive strength of 10 MPa and a thermal conductivity of 0.12 

W/(m·K) is the concrete with the most satisfying properties so far, which is performed at the TU/e [3]. 

This illustrates that the achieved properties of the ULWC created in this research has improved properties 

since it possessing a 28-day compressive strength of 8-11.5 MPa and a thermal conductivity of 0.070-0.127 

W/(m·K). 

In Table 29 the properties of the two most satisfying ULWC’s based on a GP binder are compared with the 

ULWC based on cement [3]. ULWC (1) (Recipe 38; consisting of 457 gram/l PQA mineral, 139 ml/l liquid (3M 

NaOH) and an optimized packing based on cement without 4-8 mm particles) reaches all the objectives set in 

this report, namely a density ≤ 800 kg/m
3
, 28-day compressive strength ≥ 10 MPa and a thermal conductivity ≤ 

0.12 W/(m·K)). 

• The workability of the ULWC (1) with a GP binder is better compared to the mixture based on the 

cement binder. The different liquid demand of cement and PQA mineral concretes and different 

measurement approaches may contribute to this phenomenon.  

• It is illustrated that the 28-day compressive strength of the mixtures are comparable (difference of 

only 4%), however, the thermal conductivity of the ULWC with a GP binder is significantly lower 

compared to the ULWC with a cement binder (0.108 compared to 0.12 W/(m·K)). 

• The replacement of LWA with the size of 4-8 mm by 2-4 mm is one of the reasons for the 

lower thermal conductivity. The distribution of the LWA in the mixture may be more 

homogenous which may result in a lower thermal conductivity (additional information in 

Section 3.3.3 and also stated in [41]).  

• The oven-dry density and water penetration under pressure are higher for the ULWC with the GP 

binder compared to the ULWC with a cement binder.  

• The higher water penetration under pressure may be attributed by the use of the AEA since 

the density is lower which is in agreement with findings in literature [50]. 

• The mass of PQA mineral is significantly higher compared to the mass of cement (457 and 

403-432 gram/l, respectively) which contributes to the higher density. Nevertheless, the 

target is to generate an ULWC with a density of ≤ 800 kg/m
3
 which is achieved, so the higher 

oven-dry density is not seen as a problem.  

 

 
Table 29: Properties of mixtures with a cement [3] or GP binder 
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The 28-day compressive strength of the ULWC (2) (Recipe 33; consisting of 400 gram/l PQA mineral, 140 ml/l 

liquid and an optimized packing based on cement with 4-8 mm particles) is lower than the aim set in this 

report, however, other properties are improved significantly which makes the results of this Recipe worth 

mentioning.  

• The flow of the mixtures is comparable while the slump is significantly better for the ULWC (2) based 

on a GP binder compared to the ULWC with a cement binder. The values may not be reliable since 

different measurement approaches are used. 

• The density of the ULWC based on GP is slightly higher compared to the ULWC based on cement 

which may be contributed to the higher liquid amount of the ULWC based on cement (180-200 ml/l 

compared to 140 ml/l) since less liquid may evaporate in oven-dry state.  

• The 28-day compressive strength is 20% lower, however, the thermal conductivity is also 39% lower 

due to the lower density.  

 

In previous research the ULWC based on cement is compared with other lightweight concretes in graphs [54]. 

In Figure 4-7 until Figure 4-9, the results obtained in this report are added to their graph to compare this 

results with the results obtained in previous research [41] [53] [55] [56] [57] [58] [59] [60] [61] [62].  

 

Compressive strength versus density 

In Figure 4-7 it is illustrated that the results obtained in this research are in line with the trend between the 

compressive strength and the oven-dry density. It shows that the compressive strength of the ULWC based on 

cement is higher for an equal density. In the recipe of ULWC based on cement an 100% optimized packing is 

used whereas a modified packing is used in the ULWC based on GP. When a 100% optimized packing is used in 

the ULWC based on GP the compressive strength could be higher for an equal density and it might be 

comparable with the ULWC based on cement.  

  

 
Figure 4-7: Compressive strength versus  oven-dry density 

 

Density versus thermal conductivity 

In Figure 4-8, the thermal conductivity is illustrated based on the oven-dry density of the mixtures. It is 

observed that most of the mixtures are in line with the literature, however the thermal conductivity of the 

ULWC based on cement and GP is much better compared to the other concretes. This indicates that the 

thermal conductivity of the ULWC based on GP may be slightly lower at a certain density compared to other 

concretes.  
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Figure 4-8: Thermal conductivity versus oven-dry density 

 

Compressive strength versus thermal conductivity  

In Figure 4-9, it is illustrated that the compressive strength of ULWC based on cement or GP, is significantly 

higher at a certain thermal conductivity compared to the other concretes described in literature. In the ULWC 

based on cement or GP, LWA with a low density and relatively high crushing resistance are used. The other 

concretes are based on materials with a higher density or lower crushing resistance i.e. foam [59], expanded 

clay [53] or expanded glass with a lower crushing resistance compared to the LWA used in this report [61]. This 

may contribute to a lower compressive strength at a certain thermal conductivity. 

In addition, two of the samples of ULWC based on GP show a significantly lower thermal conductivity at a 

certain oven-dry density compared to the ULWC based on cement. In this research it is observed that the 

thermal conductivity is significantly lower for a GP binder compared to a cement binder when the same 

amount of mineral is used [3].  

 

 
Figure 4-9: Compressive strength versus thermal conductivity 
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5 Conclusions and recommendations 
 

In this Chapter, firstly the overall conclusion of this research will be set out in Section 5.1. In section 5.2, 

recommendations will be given in order to further improve certain properties of the concrete.  

 

5.1 Conclusions 
 

Overall 

The aim of this research is to develop an ULWC by applying a geopolymer binder. The results of an ULWC 

based on a cement (performed at the TU/e) are used as a reference [3]. The goal is to create an ULWC (≤ 800 

kg/m
3
) based on a geopolymer binder with equal or improved properties (28-day compressive strength (≥ 10 

MPa) and thermal conductivity (≤ 0.12 W/(m·K)).  

The mix design with the AEA complies with the aim of this research (Recipe 38; based on 457 gram/l PQA 

mineral, 139 ml/l liquid, based on an optimized packing based on cement, 4-8 mm LWA replaced by 2-4 mm 

LWA, 3 gram/l ‘Tillman mengolie TM AEA-B’). In Table 30 the properties of the hardened ULWC’s with a 

cement and GP binder are summarized. It is illustrated that it is possible to create an ULWC concrete with a GP 

binder with improved properties compared to the ULWC with a cement binder when the workability, 28-day 

compressive strength and thermal conductivity are concerned.  

 

 
Table 30: Properties of ULWC based on cement or PQA mineral 

 

Density versus compressive strength 

It is observed that the density is directly linked to the thermal conductivity. A higher density may be obtained 

by a denser packing which may increase the compressive strength. In this research it is observed that the 

density and compressive strength are affected to a large extent by the amount of PQA mineral. In addition, the 

compressive strength increases when the LWA with size 4-8 mm is replaced by 2-4 mm.  

 

Density versus thermal conductivity 

When the density decreases the thermal conductivity also decreases. As mentioned, the density is mostly 

affected by the amount of PQA mineral. When the amount of PQA mineral decreases the amount of LWA 

increases. This results in a mixture with more air which contribute to a lower thermal conductivity.  

 

Compressive strength versus thermal conductivity 

The thermal conductivity is increasing when the compressive strength increases. As stated, a higher 

compressive strength is obtained when the packing is denser. When the packing is denser the amount of air in 

the mixture is lower which will contribute to a higher thermal conductivity.  
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5.2 Recommendations 
 

Satisfying properties are achieved (given in Chapter 4), however, it may be still desirable to further improve 

the mix designs performed so far. A better workability, a lower density, a higher 28-day compressive strength, 

a lower thermal conductivity and lower initial costs may be obtained by modifying the recipes.  

 

• 400 gram/l PQA mineral and a molarity of 2M NaOH based on an optimized packing based on 

cement 

In this research experiments are performed (Recipes 33 and 34) with 400 gram PQA mineral, 

based on an optimized packing based on cement and 3M NaOH. The samples based on this 

recipe showed a very low thermal conductivity (0.07 W/(m·K)). Next experiments could be 

performed based on the same recipe, applying 2M NaOH instead of 3M NaOH since this 

could result in a higher 28-day compressive strength while the thermal conductivity will be 

equal. In addition, the use of a lower molarity NaOH may reduce the costs.  

 

• 457 gram/l PQA mineral and a molarity of 2M NaOH based on an optimized packing based on 

cement 

Recipe 38 (457 gram/l PQA mineral , 139 ml/l liquid, based on an optimized packing based on 

cement, 4-8 mm LWA replaced by 2-4 mm LWA, 3 gram/l ‘Tillman mengolie TM AEA-B’) 

reaches the target set in this report. However it may be desirable to perform this experiment 

again with 2M NaOH since this may increase the 28-day compressive strength while it has no 

effect on the oven-dry density and thermal conductivity.   

 

• Create a mixture with a more homogeneous distribution based on an 100% optimized packing.  

In previous research it is stated that the thermal conductivity may decrease and the 28-day 

compressive may increase when a more homogeneous distribution of the LWA in the 

mixture is achieved [41]. In addition, a mixture based on an unaltered optimized packing 

based on PQA mineral may achieve a higher compressive strength [35]. It has to be taken 

into account that smaller particles do not unconditionally cause a lower thermal 

conductivity. A certain balance between small and big particles have to be found to achieve 

the lowest thermal conductivity.  

 

• The effect of PQA SP 

In this research a fixed amount of PQA SP is applied (1.5 gram/liter mixture) which is 0.3-

0.4% of the PQA mineral (by mass). In previous research it is observed that the workability 

increases significantly when 2% SP (wt % of binder) while the compressive strength stays 

equal [19]. In a mixture with a higher amount of PQA SP the workability may improve. This 

may significantly increase the potential of the mixtures with a lower molarity. It has to be 

taken into account that the costs of the mixture may increase when a higher amount of PQA 

SP is applied. 

 

• Use of (other) AEAs 

The AEA “Tillman mengolie TM AEA-B” increases the volume with 7% due to entrapped air. 

When a higher volume of air is desirable, it may be useful to investigate if other AEAs 

decrease the density to a larger extent. 

In addition, it is observed that the AEA used in this report does not improve the initial 

workability of the experiment performed in this research. It may be interesting if it will 

increase the workability in time or if other AEAs increase the initial workability.  
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Appendix A Properties of the LWA 
 

A.1 Water absorption 
 

In Figure A-1 and Figure A-2 SEM pictures of LWA are shown. It is illustrated that the covers of the particles are 

not totally closed, however, it is more closed for smaller particles compared to bigger particles. In Figure A-3 

and Figure A-4 the internal pores of different LWA are shown. The internal pores are larger in the bigger LWA 

(2-4 mm, Figure A-4) in comparison to the smaller particles (0.1-0.3 mm, Figure A-3). The different sizes of the 

openings in the cover of the LWA and the different sizes of the pores in the particles may contribute to 

different water absorptions. 
 

 
 

 

 

 
Figure A-1: SEM picture of 1-2 

mm LWA [63] 

 
Figure A-2: SEM picture of 0.25-

0.5 mm LWA [63] 

 

 
Figure A-3: SEM picture of 

internal pore structure of a 0.1-

0.3 mm LWA [63] 

 

 
Figure A-4: SEM picture of 

internal pore structure of a 2-4 

mm LWA [63]

The water absorption of the different particles is important. Since part of the liquid seems to be absorbed 

(reported in Section 3.1) this liquid cannot contribute to the workability. The higher the water absorption of 

the particles, the higher the volume of liquid needed in the mixture to create a workable mix which may, as 

stated, result in a lower compressive strength. The actual water absorption of LWA is hard to decide. In the 

thesis of Q. Yu, Table 31 is reported [63]. It is illustrated that the water absorption of the different particle 

sizes differs. However, the water absorption (by mass %) after one hour is between 0.5 and 2% for all the LWA. 

After 24 hours the water absorption is 3% for 0.1-0.3 and 0.25-0.5 mm LWA and around 8% for 0.5-1, 1-2 and 

2-4 mm LWA. 

The datasheet of the producer is reported in Table 32. It is remarkable that the water absorption (by mass) 

after 30 minutes is already significantly higher compared to the water absorption by mass after one hour in 

the thesis of Q. Yu [63]. The water absorption after 24 hours is also higher (following the datasheet of the 

producer) compared to the water absorption after 24 hours reported in the thesis of Q. Yu [63].  
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Table 31: Water absorption of different LWA 

following Q. Yu [63] 

 
Table 32: Water absorption of different LWA following producer 

 

The water absorption of 100 gram 2-4 mm and 4-8 mm LWA is studied by owns measurements. As described in 

Section 2.2.3, the oven-dry LWA are placed into water and released after one hour. The particles are placed in 

the oven at 105°C and released from the oven when the particles are just dry form the outside but still wet 

from the inside (illustrated in Figure A-5). The weight of the particles is measured and the water absorption is 

determined. This test is performed twice and the results are shown in Table 33. The measurements are subject 

to many errors (water from the inside of the particles may be evaporated or not enough water between the 

particles may be evaporated), however, it gives an indication. The different results between the producer, Q. 

Yu [63] and the own measurements indicate that it is hard to determine the actual water absorption of the 

LWA.  

 

 
Figure A-5: Pre-soaked 4-8 mm LWA, 

directly out of the oven 

 
Table 33: Water absorption of different LWA following 

own measurements 

 

The results illustrated in Section 3.1, illustrate that there has to be a significant water absorption since the 

experimentally density is higher compared to the calculated density. In the following sections the effect of the 

NaOH solution on the LWA is studied by SEM pictures and cascade leaching test. When the NaOH destroyed 

the LWA, the cover of the LWA may contain more openings. If so, even higher water absorption values may be 

obtained for the mixtures based on a GP binder. 
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A.2 Interface between the LWA and the binders 
 

The LWA may be destroyed by the NaOH in the liquid. In Figure A-6 and Figure A-7 LWA are shown without a 

binder. In Figure A-8 and Figure A-9 LWA in a cement binder are shown. The border between the LWA and the 

binder is clear. In Figure A-10 and Figure A-11 LWA in a geopolymer binder are shown. The border between 

LWA and binder is more vague, this indicates that a geopolymer binder may attack the LWA and the cement 

binder may not.  

 

 
Figure A-6: LWA 

 

 
Figure A-7: LWA 

 

 
Figure A-8: LWA in a cement 

binder 

 

 
Figure A-9: LWA in a cement 

binder 

 
Figure A-10: LWA in a GP binder 

 
Figure A-11: LWA in a GP binder 

 

A.3 Cascade leaching test 
 

With a cascade leaching test the effect of the NaOH solution and PQA SP on the LWA is investigated. The effect 

of NaOH solution and PQA SP on LWA and on sand are reported in Table 34. The amount of Si increases 

significantly in the eluates of LWA when NaOH or NaOH and SP is applied. The effect of NaOH and PQA SP on 

sand is significantly lower. The LWA consists mainly out of SiO2 which illustrates that the NaOH solution 

dissolves the LWA. Due to the dissolving, the water absorption of the LWA may be higher and the crushing 

resistance may be lower.  

 

 
Table 34: Eluates of mixtures with demineralized water, NaOH solution and/or PQA SP. 
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Appendix B Recipes 
All the recipes are given in gram and/or ml per liter or dm

3
.  

 

B.1 Phase A.1 – Partial sand replacement by LWA 
 

The effect of sand replacements, various LWA sizes and different liquid/powder ratios for cement 

and GP mixtures (small scale experiments) 

Recipes 0, 1, 4, 11, 13, 14, 15, A, B, C, F, G, H.  
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B.2 Phase A.2 – Total sand replacement by LWA, based on an un-optimized 

packing approach  
 

Total sand replacement by LWA (small scale experiments) 

Recipes 2.A until 2.I 

 

 

90-95% 2-4 mm LWA supplemented with 5-10% 0.25-0.5 and/or 0.5-1 mm LWA (large scale 

experiments) 

Recipes 18.A until 18.E, based on Recipes 2.F and 2.G 

  

  

95% 2-4 mm and 5% 0.25-0.5 mm LWA with a higher volume of liquid (large scale experiments) 

Recipe 22.A, based on Recipe 18.A. 
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Effect of pre-soaking the LWA (large scale experiment) 

Recipe 21.D, based on Recipe 18.D 

 

 

B.3 Phase B.1 – Total sand replacement by LWA, based on an optimized 

packing approach 
 

Different liquid/powder ratios in the Recipe based on ‘cement based ULWC (TU/e)’ (large scale 

experiment) 

Recipes 19.G, 25, 26 and 27. 

 

 

Different volumes of liquid and PQA mineral (small scale experiments) 

Recipes 29.A until 29.C, 30.A until 30.C and 31.A until 31.C, based on Recipe 19.G. 
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Different volumes of geopolymer binder with and without 4-8 mm LWA (large schale experiments) 

Recipes 32, 33, 34, based on Recipe 26.  

 

 

An optimized packing based on PQA mineral (large scale experiments) 

Recipe 35. 

 

 

B.4 Phase B.2 – Effect of the NaOH molarity 
 

Experiments based on an un-optimized packing with different molarities NaOH (small scale 

experiments)  

Recipes 20.A until 20.F, based on Recipe 18.A. 
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Experiments based on an optimized packing with different molarities NaOH (small scale 

experiments) 

Recipes 28.A until 28.G, based on Recipe 32.  

 

 

A lower molarity NaOH in the mixture based on the new optimized packing (large scale 

experiments) 

Recipe 36, based on Recipe 35.  

 

 

A lower molarity NaOH in the mixture based on an optimized packing (large scale experiments)  

Recipe 37, based on Recipe 32.  
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B.5 Phase B.3 – Effect of air entraining admixtures 
 

Different additions (%) of different AEAs in mixtures based on GP binder and sand (small scale 

experiments)  

Recipe 23.A until 23.G. 

 

 

Different AEAs in mixtures based on optimized packing, with a GP binder and LWA (small scale 

experiments) 

Recipe 40.A until 40.E and 42.A until 42.G, based on Recipe 32.  
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Promising air entraining agent in GP ULWC (large scale experiment) 

Recipe 38, based on Recipe 32.  
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Appendix C Results and discussion 
  

C.1 Phase A.1 – Partial sand replacement by LWA  
The density decreases when part of the sand (in mixtures totally based on sand) is replaced by LWA. In Section 

3.1.1, the key effects of different volume replacements, different particle sizes and different l/p and w/c ratios 

are given for GP and cement binders. In this section additional information about the accuracy is reported.  

 

C.1.1 Reliability  

The experiments performed in this phase are only performed once to generate and study the trend lines. In 

Section 3.1.1, the key results about the accuracy are given. Additional information is given in this section.  

 

• The experimentally determined densities of the mixtures with the same recipe but performed on 

different days vary minimally (2.8%), this is shown in Figure C-12 (geopolymer based mixtures) and 

Figure C-13 (cement based mixtures).  

 

 
Figure C-12: Density of different mixtures with a geopolymer binder 

performed at different days 

 

 
Figure C-13: Density of different 

mixtures with a cement binder 

performed at different days 

 

• The 7-day compressive strength of the mixtures with the same recipe vary (6.9%). This is expected 

since this is also seen when several moulds are casted from the same batch of mixture. The results are 

only used in relation to each other and not on their own so it is not considered as a problem.  

 

 
Figure C-14: 7-day compressive strength of mixtures performed at 

different days 

 
Figure C-15: 7-day compressive strength of 

mixtures performed at different days
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C.2 Phase A.2 – Total sand replacement by LWA, based on an un-optimized 

packing approach 
 

When all the sand is replaced by LWA (in mixtures totally based on sand and GP binder) the density decreases 

significantly. In Section 3.2 the results of the promising mix design (with pre-soaked LWA) are given. The 

results of foregoing experiments to set up the promising mix design are reported in this section.  

 

C.2.1 Total sand replacement by LWA  

 

The densities of the experiments based on sand replacements up to 60% are significantly higher than 800 

kg/m
3
 (illustrated in Section 3.1). Recipes are set up with a total sand replacement by LWA. Recipes are 

designed with different LWA proportions namely, 95, 90, 85 and 80% 2-4 mm LWA (by volume) and 5, 10, 15 

or 20% 0.25-0.5 mm LWA (by volume), respectively. The high amount of 2-4 mm LWA may reduce the density 

significantly and the small addition of 0.25-0.5 mm LWA may lead to a better packing which may increase the 

compressive strength. In the recipes 450 gram/l PQA mineral and 140 or 160 ml/l liquid is applied since 

preliminary experiments showed that this liquid dosages may be most suitable. Additional information about 

the Recipes (2.A until 2.I) is given in Appendix B.2.  

 

C.2.1.1 Density 

 

In Figure C-16 the experimentally determined densities are based on the percentage (by volume) of sand 

replacements by 2-4 mm LWA. The effect of mixtures with 140 and 160 ml/l liquid are illustrated. 

• The percentage big particles and the experimentally determined density are directly linked when 160 

ml/l of liquid is applied. There is no link when 140 ml/l is applied, this may be caused by the fact that 

the mixtures with 140 ml/l liquid showed a poor workability (no flow) which resulted in a poor 

compaction.  

 

 
Figure C-16: Experimentally determined density of 

mixtures applying 140 or 160 ml/l liquid 

 

 
Figure C-17: Experimentally determined and calculated 

density when sand is totally replaced by LWA applying 

160 ml/l liquid 

 

 
Figure C-18: Cross section of a sample with 

total sand replacement by LWA 
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In Figure C-17 the experimentally determined and calculated densities are illustrated based on the 

replacement level when 160 ml/l liquid is applied. A cross section of a sample is shown in Figure C-18. 

• The experimentally determined density of the mixtures is higher compared to the calculated density. 

This is surprisingly since there are open pores clearly visible in the cross section which causes a lower 

experimentally determined density. One reason for the higher experimentally determined density 

compared to the calculated density may be that the LWA absorb some of the liquid. More information 

about the absorption of LWA is set out in Appendix A. 

 

C.2.1.2 Compressive strength  

 

In Figure C-19 and Figure C-20 the 7- and 28-day compressive strength of the mixtures with 140 and 160 ml/l 

liquid is illustrated.  

• Mixtures with 160 ml/l liquid have a higher 28-day compressive strength compared to mixtures with 

140 ml/l. Mixtures with a 140 ml/l liquid are earth-moist and show a poor workability (no flow). A 

consequence of this may be a poor compaction which may result in a lower compressive strength.  

 

 
Figure C-19: 7-day compressive strength of mixtures 

when all the sand is replaced by LWA applying 140 or 

160 ml/l liquid  

 

 
Figure C-20: 28-day compressive strength of mixtures 

when all the sand is replaced by LWA applying 140 or 

160 liquid 
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C.2.2 90-95% 2-4 mm LWA supplemented with 5-10% 0.25-0.5 and/or 0.5-1 mm LWA 

 

In Section C.2.1, it is reported that mixtures with 90% or 95% (by volume) 2-4 mm and 5-10% 0.25-0.5 mm 

LWA are most promising. The mixtures (450 gram/l PQA mineral and 160 ml/l liquid) have an acceptable 

density (750-850 kg/m
3
) and compressive strength (9-10 MPa).  

LWA with the size of 0.5-1 mm may improve the packing and decrease the density slightly. Recipes based on 

90 and 95% 2-4 mm LWA and 5-10% 0.25-0.5 mm and/or 0.5-1 mm LWA are performed on large scale. All 

Recipes are based on 450 gram/l PQA mineral and 160 ml/l liquid. Additional information about the Recipes 

(18.A until 18.E (based on 2.F and 2.G)) is given in Appendix B.2. 

 

C.2.2.1 Density 

 

In Figure C-21 the calculated, experimentally determined and oven-dry densities of different mixtures (Recipes 

18.A until 18.E) are shown.  

• The experimentally determined and calculated densities of the mixtures are approximately equal.  

• The calculated and experimentally determined density are 840-860 kg/m
3
. The oven-dry density of all 

the mixtures is 700-740 kg/m
3
 (decrease of 15%). This is caused by the water evaporation in the oven-

drying process. The densities are slightly higher for the mixtures with 0.25-0.5 mm LWA (Recipe 18.A 

and 18.B with 95% and 90% 2-4 mm LWA, respectively) compared to mixtures with 0.5-1 mm LWA 

(Recipe 18.C, 18.D and 18.E with 95%, 90% and 90% 2-4 mm LWA, respectively), due to the higher 

density of the LWA.  

 

 
Figure C-21: Density of mixtures with an un-optimized 

packing  

 

 
Figure C-22: Compressive strength of mixtures with an 

un-optimized packing 

C.2.2.2 Compressive strength 

 

In Figure C-17 the compressive strength of different mixtures at different ages is illustrated. Recipes 18.A and 

18.B contain 95/90% 2-4 mm LWA and 5/10% 0.25-0.5 mm LWA, respectively. Recipes 18.C and 18.D contain 

95/90% 2-4 mm LWA and 5/10% 0.5-1 LWA, respectively. Recipe 18.E contains 90% 2-4 mm LWA, 5% 0.25-0.5 

mm LWA and 5% 0.5-1 mm LWA. All the mixtures contain 450 gram/l PQA mineral and 160 ml/l liquid.  

• It is illustrated that some of the mixtures show a high standard deviation (up to 11%) when the  

compressive strength is concerned. The mixtures are earth-moist and show a poor workability. The 

poor workability may result in a bad compaction which may result in a varying results of the hardened 

concrete. 

• There is strength development after 7 days for mixtures 18.C, 18.D and 18.E. These recipes contain a 

certain amount of 0.5-1 mm LWA. Mixtures 18.A and 18.B show no strength after 7 days. These 
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recipes contain 0.25-0.5 mm LWA. The mixtures with the bigger particles have a lower specific surface 

area which may result in more available liquid for reaction over time. 

 

In Figure C-23 the compressive strength is illustrated based on the experimentally determined density.  

• The 28-days compressive strength is not directly linked to the experimentally determined density. The 

mixtures are earth-moist which cause poor compaction which may result in varying results for the 

hardened concrete.  

 

  
Figure C-23: 28-day compressive strength versus 

experimentally determined density

C.2.2.3 Thermal conductivity 

 

The thermal conductivity varies between 0.15 and 0.24 W/(m·K) (shown in Table 35). In Figure C-24 until 

Figure C-25 the thermal conductivity is illustrated based on the other variables. 

• It is illustrated that the standard deviation of the thermal conductivity is high (up to 33%). This may be 

caused by the fact that mixtures were earth-moist and showed a poor workability which may result in 

poor compaction.  This may contribute to samples with a heterogeneous distributions (presented in 

Figure C-26), which may result in varying thermal conductivities.  

• The thermal conductivity is relatively high (compared to 0.12 W/(m·K)). The hardened samples shows 

open voids (illustrated in Figure C-26) which may result in a higher thermal conductivity.  

• There is no direct link between the thermal conductivity and the densities, 28-day compressive 

strength and water penetration under pressure. The varieties in the mixtures may be a reason for 

this.  

 

 
Table 35: Thermal conductivity and water penetration under pressure of Recipes 18.A until 18.E 
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 Figure C-24: Thermal conductivity versus density 

(Recipes 18.A until 18.E) 

 
Figure C-25: Thermal conductivity versus compressive 

strength (Recipes 18.A until 18E) 

 

 
Figure C-26: The hardened samples of Recipes 18.A until 18.E contain open voids 

 

C.2.2.4 Water penetration under pressure 

 

The water penetration under pressure is between 16 and 26 mm (reported in Table 35).  

• The standard deviation of the water penetration under pressure is high (up to 64%). This may be 

caused by the fact that the samples show open voids in hardened state.  

• The volume of bigger particles (95% (by volume) 2-4 mm LWA in Recipes 18.A and 18.C and 90% in 

Recipes 18.B, 18.D and 18.E) is not directly linked to water penetration under pressure (reported in 

Table 35), the poor compaction and high standard deviation may be reasons for this which may cause 

unintentional variations in the mixtures. 

 

In Figure C-27 and Figure C-28 the water penetration under pressure is illustrated based on the densities and 

compressive strength. The water penetration under pressure is not linked directly to these variables.  
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Figure C-27: Water penetration under pressure versus 

density 

 
Figure C-28: Water penetration under pressure versus 

28-day compressive strength 

 

C.2.3 95% 2-4 mm and 5% 0.25-0.5 mm LWA with a higher volume of liquid 

 

The mixtures with an un-optimized packing with 90-95% 2-4 mm and 5-10% 0.25-0.5 and/or 0.5-1 mm LWA (by 

volume) were earth-moist (shown in Figure C-26). A mixture with 180 ml/l instead of 160 ml/l liquid is 

performed. The Recipe (22.A (based on Recipe 18.A; 95% 2-4 mm LWA, 5% 0.25-0.5 mm LWA, 450 gram/l PQA 

mineral and 180 ml/l liquid)), is given in Appendix B.2. 

 

This mixture with 180 ml/l liquid shows a wet mixture in fresh state, however, the top of the sample looks dry 

once it is hardened due to segregation (illustrated in Figure C-29 and Figure C-30). One reason for this 

segregations may be the poor consistency of the mixture. 

 

 

 
Figure C-29: The top of the 

hardened samples of mixture 22.A 

(180 ml liquid) is dry 

 

 
Figure C-30: The top of the 

hardened samples of mixture 

22.A (180 ml liquid) is dry 

 

 

 

 

Figure C-31: Compressive 

strength of mixtures with 160 

ml/l (Recipe 18.A) or 180 ml/l 

liquid (Recipe 22.A) 
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C.2.3.1 Density 

 

• The experimentally determined and calculated densities of mixtures (Recipe 18.A and 22.A) are 

comparable, however, the oven-dry density of the mixture with 180 ml/l liquid is lower compared to 

the oven-dry density of the mixture with 160 ml/l liquid. This may be caused by the fact that in the 

mixture with more liquid (Recipe 22.A) more water can be evaporated in oven-dry state.  

 

C.2.3.2 Compressive strength 

 

In Figure C-31 the strength development after 7 days is illustrated. 

• There is no strength development for the mixture with 160 ml/l liquid (Recipe 18.A) but there is for 

mixture with 180 ml/l liquid (Recipe 22.A). A higher volume of liquid may lead to a strength 

development over time due to available water in the mixture which may react with the binder over 

time. A higher volume of liquid causes a lower compressive strength in the early days, however the 

28-day compressive strength is comparable. 

 

C.2.3.3 Thermal conductivity 

 

• The thermal conductivity of both mixtures differs, the thermal conductivity of the mixture with 160 

ml/l liquid (Recipe 18.A) is 0.153 W/(m·K) and the thermal conductivity of the mixture with 160 ml/l 

liquid (Recipe 22.A) is 0.165 W/(m·K). The standard deviation of mixture 18.A is 0.05 which may cause 

the varying results.  
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C.2.4 Overall results mixtures based on an un-optimized packing 

 

In Figure C-32 the 28-day compressive strength is given based on the densities. There is no link between the 

28-day compressive strength and the densities. This may occur due to high standard deviations and the poor 

compaction (mixtures were earth-moist) of the samples. The 28-day compressive strength of all the mixtures is 

around 9 MPa (illustrated in Figure C-32) 

 

In Figure C-33 until Figure C-34 the thermal conductivity is illustrated based on the densities and the 28-day 

compressive strength. There is no direct link. The standard deviation of the thermal conductivity of the 

mixtures based on dry LWA is high (0.015-0.077) which may be a reason for this. Another reason may be the a 

poor workability of the mixtures which causes a heterogeneous mixtures with air voids. In the graphs it is 

shown that one mixture has a no worth mentioning standard deviation (0.006), this is the mixture based on 

pre-soaked LWA.  

 

 Figure C-32: Compressive strength versus density of 

mixtures with an un-optimized packing 

 

 
Figure C-33: Thermal conductivity versus compressive 

strength of mixtures with an un-optimized packing

 

 
Figure C-34: Thermal conductivity versus density of mixtures with 

an un-optimized packing 
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C.3 Phase B.1 – Total sand replacement by LWA, based on an optimized 

packing approach 
 

The experiments performed so far are based on an un-optimized packing. An optimized packing may lead to a 

higher 28-day compressive strength since the porosity of the mixture may be minimal [35]. The results of the 

promising mix designs are given in Section 3.3. The results of the foregoing experiments to set up the 

promising mix design are reported in this section. 

 

C.3.1 Different volumes of liquid and PQA mineral  

 

The densities of the experiments performed so far are higher than 800 kg/m
3
. The high amount of PQA mineral 

(492 gram/liter mixture) affects the density significantly since the PQA mineral has the largest share of weight 

in the mixtures. The effect of different volumes of PQA mineral (300-500 gram/l) and liquid dosages (150-160 

ml/l) is investigated with an optimized packing (based on cement). Additional information about the Recipes 

(29, 30 and 31 (based on Recipe 19.G)) is given in Appendix B.3. 

 

C.3.1.1 Density 

 

In Figure C-35 the experimentally determined and calculated densities are shown.  

• The calculated and experimentally determined densities are significantly higher for mixtures with a 

higher volume of PQA mineral. In the mixtures with a lower volume of PQA mineral, a certain volume 

PQA mineral is replaced by LWA. The density of the LWA is significantly lower compared to the PQA 

mineral which contributes to the lower density.  

• There is a significant difference between the experimentally determined and calculated density. As 

stated, the LWA may absorb liquid which may cause the higher experimentally determined densities.  

 

 
Figure C-35: Different densities of mixtures with 

different volumes of liquid and PQA mineral, ordered by 

amount of PQA mineral 

 

 
Figure C-36: Compressive strengths of mixtures with 

different volumes of liquid and PQA mineral, ordered 

by amount of PQA mineral 

C.3.1.2 Compressive strength 

 

In Figure C-36 the strength development over time is illustrated based on different volumes of PQA mineral 

and different amounts of liquid.  

• For mixtures with 155 or 160 ml/l liquid, the compressive strength increases when higher volumes of 

PQA mineral are applied. The compressive strength is lower for the mixture with 150 ml/l liquid and 

500 gram/l PQA mineral compared to the mixture with 150 ml/l liquid and 400 gram/l PQA mineral. 

Mixtures with 500 gram/l PQA mineral are affected the most by the volume of liquid on small scale. 



 

Master Thesis – D.M.A. Huiskes – Ultra-lightweight geopolymer concrete – Appendix –22 

 

The liquid dosage of 150 ml/l liquid may be too low for 500 gram/l PQA mineral so a lower 

polycondensation rate is achieved which results in a lower compressive strength.  

• The compressive strength is the lowest for mixtures with 300 gram/l PQA mineral (Figure C-36). To 

little PQA mineral may be present in the mixture to create a strong microstructure. 

• The compressive strength is equal for different amounts of liquid (150-160 ml/l) when 300 or 400 

gram/l PQA mineral is applied (9 and 5 MPa, respectively).  

In Figure C-37 the 28-day compressive strength is illustrated based on the densities.  

• There is an indication that the compressive strength is linked to the density. At higher densities the 

28-day compressive strength is higher.  

• Mixtures with a calculated density of 800 kg/m
3
 and a 28-day compressive strength between 9 and 10 

MPa are the mixtures with 400 kg/m
3
 PQA mineral and 150-160 ml/l liquid.  

 

 
Figure C-37: 28-day compressive strength versus density 

 

C.3.2 Different volumes of geopolymer binder with and without 4-8 mm LWA  

 

In Section 3.3, the key effects are given when different volumes of PQA mineral are applied and when a 

volume of 4-8 mm LWA is replaced by 2-4 mm LWA. In this section additional information is reported. 

 

C.3.2.1 Compressive strength 

 

In Figure C-38 the 28-day compressive strength is given based on the densities. 

• The compressive strength is higher at higher densities, this applies for the different levels of PQA 

mineral and for mixtures with and without 4-8 mm LWA. When a higher volume of PQA mineral is 

used a stronger microstructue may be obtained. As mentioned, this trend is in agreement with 

literature.  

 
Figure C-38: The 28-day compressive strength versus density 
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C.3.2.2 Thermal conductivity 

  

The thermal conductivity based on the density and 28-day compressive strength is illustrated in Figure C-39 

until Figure C-40. It is illustrated that the standard deviation for the thermal conductivity is minimal. 

• The thermal conductivity is directly linked to the oven-dry density. A lower oven-dry density causes a 

lower thermal conductivity. Mixtures with a lower oven-dry density contains more air instead of 

mixture which may be the reason for this. 

• There is an indication that mixtures with a higher thermal conductivity may have a higher 

compressive strength. A denser mixture may be a reason for these two phenomenon’s.   

  

 
Figure C-39: Thermal conductivity versus density  

 

Figure C-40: Thermal conductivity versus 28-day 

compressive strength 

C.3.2.3 Water penetration under pressure 

 

There seems to be no link between the water penetration under pressure and the experimentally determined 

density or 28-day compressive strength (illustrated in Figure C-41 and Figure C-42). On reason for this may be 

the high standard deviation for the mixtures. Another reason may be the limited recipes and the variation in 

the recipes (400 and 492 gram/l PQA mineral, respectively and 0.25-4 mm and 0.25-8 mm LWA, respectively).  

 

 
Figure C-41: Water penetration under pressure versus 

density 

 

 

Figure C-42:Water penetration under pressure versus 

28-day compressive strength 
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C.3.3 An optimized packing based on PQA mineral 

 

The experiments performed so far in Phase B.1 are based on an optimized packing based on cement (based on 

the recipe of cement based ULWC which is performed at the TU/e). The PSD of cement differs from PQA 

mineral. It is interesting to investigate the effect of the optimized packing based on PQA mineral on the 

properties of the concrete. 388 gram/l PQA mineral and 174 ml/l liquid are applied in the mixture which 

contributes to a high l/p ratio. Originally 140 ml/l liquid should be used, however, extra liquid is added to 

obtain a workable mix. No 4-8 mm LWA are used since the results in Section 3.3.3 illustrate that the addition of 

this fraction has a negative effect on the compressive strength and thermal conductivity.  

In Section 3.3 the results are given briefly and in this section additional information and graphs are reported. 

Additional information about the Recipe (35) is given in Appendix B.3. 

 

The properties of the recipe based on a new optimized packing with PQA mineral (Recipe 35) are compared 

with the mixture based on the optimized packing based on cement with 4-8 mm LWA and 175 ml/l liquid (exp. 

19.G) since this mix design is based on an optimized packing, the volume of liquid is comparable and the 

mixtures show comparable densities. 

 

C.3.3.1 Workability 

 

• The workability of the mix design based on an optimized packing and PQA mineral is poor. There is no 

workability directly after mixing (t=0). For the mixture based on an optimized packing based on 

cement there was still a workability after 60 minutes of missing (illustrated in Section 3.3.1). This is 

remarkable since the mixtures are both based on an comparable liquid dosage. The optimized packing 

based on PQA mineral consists of substantially more 0.25-0.5 mm LWA which may contribute to a 

higher water demand since the specific surface area of the total volume of LWA increases. When so, 

less available liquid is left in the mixture to contribute to the workability. 

 

C.3.3.2 Density 

 

• The densities of the mixture based on an optimized packing based on PQA mineral are slightly lower 

(1-5%) compared to the mixtures based on an optimized packing based on cement (illustrated in 

Figure C-43).  

 

 
Figure C-43: Densities of mixtures based on an optimized 

packing based on cement or PQA mineral 
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C.3.3.3 Compressive strength 

 

• The 7- and 28-day compressive strength is significantly higher for the mixture based on the optimized 

packing based on cement compared to the mixture based on the optimized packing based on PQA 

mineral. The lower water absorption (due to the lower specific surface are of the total amount of 

LWA) and the significant higher amount of PQA mineral may contribute to this trend. Due to the 

higher amount of available liquid in the mixture based on the optimized packing based on cement the 

polycondensation rate may be higher which may result in a higher 28-day compressive strength.  

 

 
Figure C-44: Compressive strength of mixtures based on 

an optimized packing based on cement or PQA mineral 

 
Figure C-45: 28-day compressive strength versus 

density 

 

C.3.3.4 Thermal conductivity 

 

• The thermal conductivity of the mixtures based on an optimized packing based on cement or PQA 

mineral is reported in Table 36. The thermal conductivity is comparable for the mixtures. 

• The thermal conductivity is significantly higher for the mixture based on an optimized packing based 

on PQA mineral compared with the mixture with a comparable amount of PQA mineral based on an 

optimized packing based on cement (0.0142 compared to 0.07 W/(m·K) for Recipe 34). The standard 

deviation of both mixtures is minimal (around 0.006). The significant higher amount of 0.25-0.5 mm 

LWA and lower amount 2-4 may be one reason for the higher thermal conductivity. It is shown that a 

certain volume of 2-4 mm LWA instead of 4-8 mm LWA will decrease de thermal conductivity since 

the mixture is distributed more homogeneously (illustrated in Section 3.3.3). However, it seems that 

there has to be a certain balance between bigger and smaller particles to achieve the lowest thermal 

conductivity value.  

 

 
Table 36: Thermal conductivity and water penetration under pressure for mixtures based on an optimized 

packing based on cement or PQA mineral 

 

 

 

  



 

Master Thesis – D.M.A. Huiskes – Ultra-lightweight geopolymer concrete – Appendix –26 

 

C.4 Phase B.2 – Effect of the NaOH molarity 
 

Different molarities NaOH may have an effect on the costs and the compressive strength of the mixture. The 

key effects of the different molarities NaOH are given in Section 3.4.1 and additional information is given in 

this section.  

 

C.4.1 A lower molarity NaOH in the mixture based on the new optimized packing 

 

In Section 3.4.1, it is illustrated that mixtures with a molarity of 2M NaOH have a higher 28-day compressive 

strength compared to mixtures with 3M NaOH on small scale. Recipe 35 (new optimized packing based on PQA 

mineral, 174 ml/l liquid and 388 gram/l PQA mineral) is performed again with a molarity of 2M NaOH. It is 

investigated if mixture with a molarity of 2M NaOH will also show a higher 28-day compressive strength at 

large scale and if the lower molarity NaOH affects other properties. Additional information about the Recipe 

(36 (based on Recipe 35)) is given in Appendix B.4. 

 

C.4.1.1 Workability 

 

The workability is poor for the mixtures with a molarity of 3M and 2M NaOH. Directly after mixing there is no 

flow or slump. The effect of the different molarities is not visible. 

 

C.4.1.2 Density 

 

The calculated, experimentally determined and oven-dry densities are comparable for the mixtures with a 

molarity of 3M and 2M NaOH. This is illustrated in Figure C-46. The different molarities seems to have no 

effect on the densities.  

 

 
Figure C-46: Density of mixtures 

applying different molarities NaOH 

 
Figure C-47: Compressive strength of 

mixtures applying different molarities NaOH 

 

C.4.1.3 Compressive strength 

 

• The 7-day compressive strength is comparable, however, the 28-day compressive strength for the 

mixture with a molarity of 2M NaOH is significant higher compared to mixture with 3M NaOH 

(illustrated in Figure C-47). This indicates that the destroying of the LWA by NaOH may occur over a 

longer time which result in a decreased compressive strength.  
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C.4.1.4 Thermal conductivity 

 

• The different molarities do not have a significant effect on the thermal conductivity. This is illustrated 

in Table 37.  

 

 
Table 37: Thermal conductivity and water penetration under pressure of mixtures 

with different molarities of NaOH

 

C.4.1.5 Water penetration under pressure 

 

• The different molarities (2M or 3M NaOH) seem not to have a significant effect on the thermal 

conductivity (reported in Table 37). 
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C.5 Phase B.3 – Effect of air entraining admixtures 
 

As mentioned in Section 2.3, the use of an AEA may decrease the density significantly. Due to the high pH-

value of GP binders most of the AEAs which are suitable for cement binders are not effective in GP binders 

[22]. Different AEAs and various amounts of AEA are investigated on small and/or large scale. 

 

C.5.1 Different AEAs in mixtures based on optimized packing, with a GP binder and LWA 

 

In Section 3.5, it is reported that AEA ‘Tillman mengolie TM AEA-B’ and ‘BasF Micro air 169’ may reduce the 

density of the mixtures. The experiments showed that that the addition of the maximum required amount of 

AEA resulted in mixtures with the lowest densities. Besides these AEAs, ‘Sika LDS A 94’ (Sika liquid) and ‘Sika 

EAR solid’ (Sika solid) are also investigated. The maximum recommended amount of AEA is added to different 

Recipes (40.A until 40.E and 42.A until 42.G, based on optimized packing with different liquid dosages). 

Additional information about the recipes is given in Appendix B.5.  

  

C.5.1.1 Density 

 

In Figure C-48 the effect of different AEAs on mixtures with GP binder, LWA and 180 ml/l liquid is illustrated.  

• None of the AEAs decrease the density significantly, the density of the mixture with Sika Liquid (Sika 

LDS A 94) even increase. This experiment is performed again and in this experiment the density also 

increased. The fact that none of the AEAs decreases the density significantly in this experiment and it 

did in the experiments illustrated in Section 3.5 (both GP binders) indicates that the effect of an AEA 

in a GP mixture on small scale is not consistence in this research. 

 

In Figure C-49 the effect of the different AEAs on a mixture with GP binder, LWA and 170 ml/l liquid is 

illustrated.  

• The effect of the AEAs is minimal and for some mixtures the density increases. This indicates again 

that the effect of the AEAs varies in this research.  

 

 
Figure C-48: Density of mixtures applying an AEA (GP 

binder with 180 ml/l liquid and LWA) 

 

 
Figure C-49: Densities of mixtures applying an AEA (GP 

binder with 170 ml/l liquid and LWA) 
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C.5.1.2 Compressive strength 

 

In Figure C-50 the effect on the compressive strength in mixtures with a GP binder, LWA, 180 ml/l liquid and 

different AEAs is shown. 

• 3 grams of Sika liquid (Sika LDS A 94) may increase the density (15%, illustrated in Figure C-48) 

however, the 28-day compressive strength also increases significantly (30%) compared to the 

reference mixture. The AEA may increase the workability which result in a better compaction which 

may contribute to a higher compressive strength.  

• Other AEAs decrease or increase the density of the mixture slightly (Figure C-48). The 28-day 

compressive strength is comparable for most mixtures (Figure C-50) however, it may also be 

significantly higher (illustrated in Figure 3-50 in Section 3.5). A better workability may be a reason for 

this phenomenon.  

 

 
Figure C-50: Compressive strength when AEAs are 

applied (GP binder with 180 ml/l liquid and LWA) 
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C.5.2 Promising air entraining agent in GP ULWC 

 

The effect of the AEA ‘Tillman mengolie TM AEA-B’ on large scale is investigated. The key effects are reported 

in Section 3.5.1, however, additional information is given in this section.  

 

C.5.2.1 Workability 

 

• The workability for a mixture with the AEA is comparable with the mixture without the AEA, this is 

illustrated in Figure C-51 and Figure C-52.  

 

 
Figure C-51: Slump of mixtures 

with or without an AEA 

 
Figure C-52: Flow of mixtures with 

or without an AEA 
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Appendix D Effect of heat exposure 
 

In Figure D-53 and Figure D-54 the reduction of the compressive strength is illustrated for mixtures based on 

an optimized packing and an un-optimized packing when exposed to 600°C for one hour. The compressive 

strength decreases with approximately 65% (59-70%) for mixtures based on an un-optimized packing (Figure 

D-53) and with approximately 50% (40-57%) for mixtures based on an optimized packing (Figure D-53). This 

indicates that the packing approach of the mixture may have a significant effect on the heat resistance of the 

concrete.  

The LWA may have a lower resistance against heat compared to other light weight aggregates since it is 

reported that the decrease in compressive strength (after exposure to 600°C for one hour) for geopolymer 

mixtures based on other LWA (lightweight expanded clay aggregates) is significantly lower (26%) [33]. 

However, it has to be taken into account that oven-dried samples are used which may already have a reduced 

compressive strength due to possible deformations in the microstructure. This may reduce the compressive 

strength of the oven-dried samples which may result in a lower compressive strength for the samples which 

are exposed to 600°C for one hour.  

 

 
Figure D-53: Strength loss after 

exposure to high temperatures 

for mixtures with an un-optimized 

packing 

 
Figure D-54: Strength loss after exposure to high temperatures for mixtures 

with an optimized packing 

 

 


