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Summary 
Ordinary Portland Cement (OPC) consumption has grown nearly exponentially in the last twenty years. 

OPC has become the highest-volume manufactured product on the planet. Production of OPC is energy-

intensive, consumes unrenewable natural resources and is one of the primary contributors to global 

warming (accounting for at least 5-8% of worldwide anthropogenic CO2 emissions). Therefore, the 

concrete industry is actively trying to reduce energy consumption, natural resource exploitation and 

greenhouse gas emissions. One of the solutions that is applied already, is to reduce the Portland cement 

clinker consumption by using industrial byproducts like Blast Furnace Slag (BFS) or Fly Ash (FA) as 

Supplementary Cementitious Materials (SCMs) in conventional concrete. Another alternative is Alkali-

Activated Concrete (AAC), for which Portland cement is completely substituted by an alternative binder. 

Instead of using OPC and water, precursors (raw materials) like BFS or FA are activated with an alkaline 

activator solution. 

Although AAC seems to have promising qualities for structural application in terms of sustainability, 

worldwide use is not yet established. One of the reasons for this is the fact that there are no available 

regulations or codes to apply it, the material is relatively new and limited research has been conducted. 

Furthermore, the codes that are used for conventional concrete are probably not applicable for AAC. For 

OPC concrete, the design codes are based on compressive strength at 28 days (strength at later ages stays 

either constant or is higher) and most other mechanical properties used in calculations are estimated 

based on this compressive strength. For AAC it is not yet sure if the same relations and assumptions as for 

OPC are also valid. First, because mechanical properties that have been reported for AAC in literature vary 

a lot, depending on mixture composition and curing conditions. Second, the long-term strength 

development of AAC is scarcely investigated and it is not clear if the compressive strength at 28 days can 

be used as a safe reference for design. Namely, a few researchers reported a decrease of strength or 

stiffness over time, for AAC mixtures that contain blast furnace slag. The observed decrease might not be 

a very desirable phenomenon and should be well-understood prior to wider structural application of AAC. 

Therefore, the main research question of this thesis is: Can a decrease of stiffness and strength over time, 

as sometimes reported in literature for AAC, also be found for AAC used at TU Delft
1
 and if so, what could 

be an explanation for this behaviour? Does the amount of BFS in the binder play a role, as a decrease over 

time has only been reported for AAC containing BFS? And if not, what other cause could lead to a decrease 

of properties over time? The intention is to make some first steps towards a better understanding of this 

phenomenon. 

The research question is investigated in an experimental manner. Compressive strength, elastic modulus, 

splitting tensile strength and flexural strength are tested at different ages (28, 56 and 91 days) after being 

wet-cured (20°C and 95% RH) for 28 days. Two different AAC mixtures are investigated, S100 and S50, 

characterized by a BFS/FA binder ratio of 100:0 and 50:50 respectively. Furthermore, the flexural 

behaviour of reinforced beams is investigated by conducting four-point bending tests on both S100 and 

S50 concrete of two different ages (33/34 days and 69/70 days) and compared to an OPC concrete control 

beam.  

                                                                 
 

1
 There where in this thesis “TU Delft alkali-activated concrete mixtures” is mentioned, it is meant to be referred to Arbi et 

al. (2015), Arbi et al. (2016) and Nedeljković (2014). 



 

Most of the obtained results show a decrease of mechanical properties (elastic modulus, splitting tensile 

and flexural strength) over time, for both S50 and S100. Elastic modulus shows the highest decrease (of 

approximately 30% for S50), whereas compressive strength is approximately constant over time, for both 

mixtures. This is consistent with the few results that have been reported in literature. Furthermore, it is 

observed that S50 shows a higher degree of decrease over time than S100 for all tested properties. Based 

on these results, it is obvious that the decrease is not directly related to the amount of BFS. If the amount 

of slag would be the only reason for the decrease over time, it would be logical to assume that S100 

shows a higher degree of decrease than S50 concrete, which has not been observed. 

The four-point bending tests on reinforced AAC beams exhibited flexural failure for all four beams; for 

three beams, reinforcement failure was observed, but for the S50 beam tested at 69 days, crushing of the 

concrete in the compression zone occurred. The failure load for the S50 beam tested at 69 days is lower 

when compared to the AAC beams (S50 at 33 days and S100 at 34 and 70 days) that show flexural 

reinforcement failure. For the same load, AAC beams show higher deflections than an OPC concrete 

control beam (that has a lower compressive strength than the AAC beams, but similar E-modulus as the 

S100 mixture), as has also been reported in literature (Shah & Shah, 2017). The overall stiffness of the AAC 

reinforced beams is lower than for the OPC concrete beam, both in the pre-cracking but also in the crack 

formation stage, following the same trend of E-modulus tests on the material that also showed a relatively 

lower E-modulus for AAC when compared to OPC concrete. The results of the four-point bending tests 

confirm that the overall stiffness of reinforced AAC is decreasing over time, as the beams tested at an age 

of 69/70 days show a lower stiffness than the beams tested at an age of 33/34 days. This is also consistent 

with the observed decrease of E-modulus for S50 and S100 concrete over time.  

Structural behavior and cracking patterns (spacing and width), were found to be similar for reinforced AAC 

and conventional concrete, both in literature (Kumaravel & Thirugnanasambandam, 2013) as well as in 

the conducted four-point bending tests. But, possibly due to the relatively lower stiffness, reinforced AAC 

beams show larger deflections and exhibits more ductile behavior (higher rotational capacity) compared 

to reinforced OPC concrete. This should be taken into account with considering possible structural 

applications for AAC.  

With the acquired results from the conducted experiments, the main research question has been 

answered partially. The development of strength and stiffness for AAC over time is known, for the chosen 

mixture compositions and curing conditions. For most mechanical properties, a decrease over time is 

observed. Steps towards understanding the cause for this phenomenon are made, by conducting 

additional research. 

All the samples were wet-cured for 28 days and then exposed to laboratory conditions, while tests were 

performed at different ages (28, 56 and 91 days). It might be that exposing the samples to dry after the 

wet-curing period has influence on the strength development. A few extra samples that were wet-cured 

for 92 days were also tested. Samples that are exposed after 28 days of wet-curing show a decrease in 

properties, while extra samples that are tested after 92 days of wet-curing show an increase when 

compared to the 28 day properties. Therefore, the acquired results indicate that the decrease of strength 

and stiffness that has been observed might be related to drying. Drying might therefore be the reason for 

the fact that the S50 reinforced beam tested after approximately two months showed compressive failure 

(while a similar beam tested after one month showed reinforcement failure). Drying in the outer layer of 

the beam can result in a lower capacity and thus a different failure mode.  



 

For one sample (wet-cured for 92 days), weight loss was measured after exposing the sample to 

laboratory conditions. An approximately linear relationship between moisture loss and decrease of elastic 

modulus was observed, giving another indication that drying (moisture loss) might be causing the 

decrease in properties. For OPC concrete, this is also the case: specimens that are tested in wet conditions 

show an E-modulus that is approximately fifteen percent higher than corresponding specimens tested in a 

dry condition, disregarding any difference in mix proportions or curing age (Monteiro & Kuhmar Mehta, 

2006). Depending on the microstructure, alkali-activated concrete might lose more moisture because, 

compared to OPC concrete, less water is required in the alkali-activation process and more water can 

evaporate during drying. However, while generally for regular OPC concrete the compressive strength is 

higher when specimens are tested in a dry condition, compared to testing under wet conditions (Monteiro 

& Kuhmar Mehta, 2006), the results on AAC show contradictory behaviour. Therefore, it is not yet clear if 

the decrease in elastic modulus can be explained by only moisture loss.  

To investigate if any difference in microstructure was visible, an ESEM (Environmental Scanning Electron 

Microscope) analysis was performed on samples that were wet-cured for 28 days and then exposed to 

drying at laboratory conditions and samples that were wet-cured for 92 days. The ESEM analysis did not 

show explicit differences in microstructure between the samples that were cured for 28 days or 92 days.  

In order to use the material for practical applications, it is important that the observed phenomenon of a 

decrease of properties over time is understood. Subsequently, it can be judged what this phenomenon 

means for structural application of the material, or how it can be dealt with. So, further research should 

focus on a deeper understanding of the strength and stiffness reduction over time. A suggestion is to 

analyze the microstructure of the material for different curing conditions and concrete mixtures and to 

study the influence of drying (moisture loss). However, apart from zooming in, it is also recommended to 

upscale. It could be that the observed decrease only plays a role for small-sizes samples, or at least, that 

the effect is (almost) negligible in large reinforced elements. In addition to this, it is advised to investigate 

the behaviour of AAC over a longer period of time. As long as it does not cause cracking, it might be that 

the observed decrease is only temporary (due to eigenstresses caused by shrinkage gradient), so 

examining the material behaviour over a longer period of time could lead to other conclusions.  

It should be emphasized that the physical and chemical properties of alkali-activated concrete vary a lot. 

For traditional OPC concrete, a lot of properties can be adjusted by modifying the water-cement ratio, this 

is not exactly the same in AAC. Instead of using Portland cement and water, a lot of different raw 

materials and alkali activator solutions can be combined to form a binder. The properties of alkali-

activated concrete depend largely on the used raw materials, chosen activator and the curing conditions. 

Therefore, this does not mean that the observed phenomenon of a drop of properties over time would 

occur for every alkali-activated concrete mixture or for every curing regime. It is necessary to investigate 

how the composition of AAC mixtures and different types of curing can affect the properties of alkali-

activated concrete. 

To conclude, this research has confirmed that alkali-activated concrete containing BFS can show a 

decrease of strength and stiffness properties over time, at least for the investigated mixtures and chosen 

curing conditions. Especially for E-modulus, quite a significant decrease (of about 30%) has been 

observed. The acquired results indicate that the observed decrease of properties is related to drying 

(moisture loss). However, more research is needed to get a grip on the observed phenomenon, especially 

related to the aimed practical application of alkali-activated concrete. 
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1  
Introduction 

1.1. Background 

During the last century, concrete has become the most popular construction material. Next to water, 

concrete is the most consumed substance on earth. In order to make concrete, a binder is needed. The 

combination of Ordinary Portland Cement (OPC) and water is widely used, because of the ease of use, 

freedom in form, and good performance. Furthermore, the widespread availability and relatively low costs 

of the needed materials and technologies contributed to the fact that OPC has become the highest-

volume manufactured product on the planet (Zhang et al., 2014). 

However, the production of cement is energy-intensive. The production of cement is one of the primary 

contributors to global warming, accounting for at least 5-8% of worldwide anthropogenic CO2 emissions 

(Provis et al., 2014). Each produced tonne of OPC generates approximately one tonne of CO2. This is not 

that much compared to other materials, like steel and aluminium (Fig. 1.1, left).  

 

 

Fig. 1.1: Left: comparison of kg CO2 emission per produced kg of material for Ordinary Portland Cement (OPC), steel and aluminium. 
Middle: volume of production in for these materials. Right: comparison of CO2 emission per kg times volume of production per 

material. Based on data that were retrieved by de Rooij et al. (2010) 

 
Still, the impact of cement production is enormous (Fig. 1.1, right), because of the enormous volume of 

production (Fig. 1.1, middle). Portland cement consumption has grown nearly exponentially in the last 



 

2 

twenty years and it is estimated that the overall demand will be about 3.6 x 10
9
 tonnes by 2020 (Garcia-

Lodeiro et al., 2015a). So, the demand for cement is continuously growing, particularly in the developing 

parts of the world due to urbanization and associated infrastructure development. Because of this, the 

cement production is still increasing substantially (Fig. 1.2). This does not only lead to an enormous flow of 

CO2 emissions, the further growing cement production also implies overexploitation of natural resources 

like limestone quarries (Garcia-Lodeiro et al., 2015a).  

 

 

Fig. 1.2: Global cement production (Zhang et al., 2014, p. 115) 

The cement and concrete industries are therefore actively trying to reduce greenhouse gas emissions and 

use of raw materials and energy. One of the solutions that is already applied, is to reduce the Portland 

cement clinker content in cement and concrete. This is done by using industrial byproducts as 

supplementary materials, as Supplementary Cementitious Materials (SCMs) in conventional concrete, as is 

shown in the overview in Table 1.1. Examples of these byproducts are Blast Furnace Slag (BFS), Fly Ash 

(FA), natural pozzolans and silica fume.  

 
Table 1.1: Different types of cement (NEN, 2013) 

CEM I Portland cement Portland cement + max. 5% of minor additional constituents 

CEM II 
Portland-composite 
cement 

Portland cement + max. 35% of other constituents (BFS, FA) 

CEM III Blast furnace cement Portland cement and higher perc. of BFS 

CEM III/A 36-65% BFS 

CEM III/B 66-80% BFS 

CEM III/C 81-95% BFS 

CEM IV Pozzolanic cement Portland cement and up to 55% of pozzolanic constituents 

CEM V Composite cement Portland cement, BFS or FA and pozzolans 
 
 
In the Netherlands, about 50-60% of the cement used is CEM III, already for decades, that can contain as 

low as only 5% of Portland clinker (Cement&BetonCentrum, 2015). However, researchers are also focused 

on making concrete without any Portland cement. An example of this is alkali-activated or geopolymer 

concrete, where instead of ordinary Portland cement, an alternative binder is used. By using alternative 
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binders, with the aforementioned industrial byproducts (Fig. 1.3), lower energy and environmental costs 

can be realised.  

 

Fig. 1.3: Different binder for regular concrete and AAC/geopolymer concrete 

In the past few years, geopolymer and alkali-activated binders have attracted considerable attention 

because they seem to have similar properties like regular concrete, but are claimed to have lower CO2 

emissions. Several studies praise the good performance of alkali-activated concrete, like high (early) 

strength, good fire performance and high resistance against acid and sulphate attack (Provis & van 

Deventer, 2014). Although alkali-activated concretes (AACs) seem to have good qualities, worldwide use is 

not yet established, due to several technical and non-technical reasons (Van Deventer et al., 2012). One of 

the reasons for this is the fact that there are no available regulations or codes to apply it, the material is 

relatively new and limited research has been conducted. Despite the amount of knowledge about the 

performance of alkali-activated paste and more material-related properties, less research has been 

conducted regarding the structural properties of the material. However, knowledge about the mechanical 

behaviour of alkali-activated concrete is essential for practical applications (Thomas & Peethamparan, 

2015).  

1.2. Problem statement 

Most of the research that has been conducted regarding the engineering properties of alkali-activated 

concrete shows promising results, alkali-activated concrete can show even better performance than 

Portland cement concretes (Pacheco-Torgal, 2014). Although, this varies per mixture composition, as the 

specific characteristics of raw materials and activators used, have a lot of influence on the microstructural 

development and mechanical strength properties. The large amounts of different activators and raw 

materials (called precursors, see Fig. 1.3) result in a wide variety of alkali-activated binders.  

The most common industrial byproducts used as binder precursors are Fly Ash (FA) and Blast Furnace Slag 

(BFS). Both have different chemical compositions, as shown in Fig. 1.4. Apart from the general differences 

between the two raw materials, the chemical and physical properties of BFS or FA are different for each 

specific furnace or factory. When fly ash is used as a precursor in a binder (or another low-calcium 

precursor), alumina and silica react with the alkaline activator solution. A three-dimensional polymeric 

structure with molecular bonds is formed. The final product is a sodium-aluminosilicate (N-A-S-H) gel 
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binder, called ‘geopolymer’. This name was introduced by the French scientist Joseph Davidovits in 1979, 

because the raw materials used can be minerals of geological origin and a polymeric structure is formed. 

Geopolymer binders are a subcategory of all alkali-activated binders, as illustrated in Fig. 1.4. If blast 

furnace slag (calcium-rich) is used to make a binder, the main reaction product is a calcium-silicate-

hydrate (C-A-S-H) gel, rather similar to the binder obtained when ordinary Portland cement (OPC) is used. 

So, the hardening process for low-calcium binders (eg. fly ash based) differs from high-calcium binders 

(eg. slag based). Therefore, strictly speaking, the term “geopolymer” is not suitable for high-calcium 

binders. 

 

 

Fig. 1.4: Usual range of compositions of FA, BFS and OPC; categorization of alkali-activated materials (AAM) and ‘geopolymers’. 
Picture based upon Garcia-Lodeiro et al. (2015b, p. 50) and de Rooij et al. (2010, p. 79). 

 
Because the chemical composition of alkali-activated concrete differs from OPC concrete, it is not yet sure 

if the codes that are used for conventional concrete are applicable for AAC. For OPC concrete, the design 

codes are based on compressive strength at 28 days (strength at later ages stays either constant or is 

higher) and most other mechanical properties used in calculations are estimated based on this 

compressive strength. For AAC it is not yet sure if the same relations and assumptions as for OPC are also 

valid. The mechanical properties that have been reported for AAC in literature vary a lot, ranging from low 

performance to very high performance in strength. Some of these results have been summarised in Table 

1.2.  
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Table 1.2: An overview of the (mechanical) properties reported in literature, for different mixes, tested at 28 days after casting; CS = 
compressive strength; STS = splitting tensile strength; FS = flexural strength and MOE = modulus of elasticity. 

FA/BFS Density CS STS FS MOE Poisson’s

temp [°C] RH [%] sealed? duration [kg/m3] fc,28 [MPa] fsts,28 [MPa] [MPa] [GPa] ratio

Hardjito et al. FA 60-80 24 h 2330-2430 30-80 3,74-6 5-12 23-31 0,12-0,16

Jimenez et al. FA 85 20 h - 29-43,5 - 6.86 10,7-18,4 -

Sofi et al. S0-S20 23 till testing 2147-2408 47-56,5 2,8-4,1 4,9-6,2 23-39 0,23-0,26

Diaz-loya et al. FA? 60 72 h 1890-2371 10-80 - 2,24-6,41 1,9-42 0,08-0,22

Pan et al. FA? 60 24 h 1876-2555 65,1-77,9 2,8-5,1 - 11,2-41,2 0,15-0,19

Wardhono et al. S0 80 dry oven no 24 h 2302 22.4 2.1 4.7 8.02 -

Wardhono et al. S100 23 water-cured no 6 days 2453 39.5 3.3 6 26.77 -

Nath & Sarker S0 18-23 70 ± 10 - 28 days 2378 25.6 - 4.89 - -

Nath & Sarker S10 18-23 70 ± 10 - 28 days 2382 38.3 - 5.79 - -

Nath & Sarker S15 18-23 70 ± 10 - 28 days 2398 46.6 - 5.26 - -

Thomas & Peethamparan S0 50 - yes 48h - 31,5-50,3 6,1-7,6 - 26,0-35,5 0,124-0,128

Thomas & Peethamparan S0 22 95 yes 28 days - 16,2-28,9 2,9-6,7 - 10,5-22,6 0,126-0,128

Thomas & Peethamparan S100 50 - yes 48h - 29,5-50,8 6,1-7,7 - 22,9-33,5 0,124-0,129

Thomas & Peethamparan S100 22 95 yes 28 days - 33,7-52,6 6,3-8,4 - 22,4-34,2 0,125-0,134

Curing conditions

 
 
For alkali-activated concrete, it is not yet clear if the compressive strength at 28 days can be used as a safe 

reference for design calculations, as is the case for OPC concrete. The long-term strength development of 

AAC is scarcely investigated. Most of the studies only considered the strength up to 28 days and there is 

no certainty about strength and stiffness development of alkali-activated concrete over the long term. 

Namely, a few researchers reported a decrease of strength or stiffness over time, for AAC mixtures that 

contain blast furnace slag. 

Collins and Sanjayan (2001) were the first who reported strength reduction for alkali-activated slag 

concrete. In their research, cylinders exposed to 50% RH and 23°C directly after unmoulding, lose 17% of 

their compressive strength between 56 days and 1 year, as is shown in Fig. 1.5 (left). Furthermore, the 

graph indicates the importance of curing, as with sealed and bath curing, compressive strength is about 2-

2.5 times higher than for samples that are directly exposed to laboratory conditions (50% RH and 23°C). 

Fig. 1.5 (right) shows the influence of curing on the development of compressive strength for regular OPC 

concrete, no decrease is visible.  

 

  

Fig. 1.5: Left: Effect of type of curing on compressive strength of alkali-activated slag (100%) concrete for w/b = 0.5. The exposed 
samples are kept in 50% RH and 23°C from day 1 onwards (Collins & Sanjayan, 2001, p. 348). Right: Effect of wet-curing duration on 
development of strength over time for regular OPC concrete, results from U.S. Bureau of Reclamation (1981). NB: curing age would 
not have any beneficial effect on concrete strength unless curing is carried out in presence of moisture (Monteiro & Kuhmar Mehta, 
2006, p. 62) 
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Wardhono et al. (2017) reported a reduction of flexural strength over time for alkali-activated slag 

concrete, illustrated in Fig. 1.6, while compressive strength was approximately constant over time. Also, 

their research shows that the elastic modulus of alkali-activated slag concrete reduced with 43% between 

28 and 540 days, as is shown in Fig. 1.7. Fly ash-based concrete does not show this behaviour. 

 
 

 

Fig. 1.6: Development of flexural strength over time for Alkali-Activated Concrete, data from Wardhono et al. (2017). BFS-samples 
are demoulded, water-cured (23°C) for 6 days and kept at room temp. until being tested. FA-samples were heat-cured (80°C) using 

dry oven for 24h, then demoulded and kept at room temp. until testing 
 

 

 

Fig. 1.7: Development of elastic modulus over time for Alkali-Activated Concrete, data from Wardhono et al. (2017). BFS-samples are 
demoulded, water-cured (23°C) for 6 days and kept at room temp. until being tested. FA-samples were heat-cured (80°C) using dry 

oven for 24h, then demoulded and kept at room temp. until testing 

 

In order to use alkali-activated concrete as a construction material, it is evident that the material should 

maintain a certain performance during the design lifetime of a structure. Therefore, it is important to 

investigate the development of strength and stiffness properties for alkali-activated concrete and study 

possible strength and stiffness reductions as reported by a few researchers for alkali-activated slag 

concrete.   
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1.3. Research question 

Some researchers reported a decrease of strength or stiffness over time for alkali-activated concrete 

containing blast furnace slag. The observed decrease might not be a very desirable phenomenon and 

should be well-understood prior to wider structural application of AAC. Therefore, the main research 

question of this thesis is: Can a decrease of stiffness and strength over time, as sometimes reported in 

literature for alkali-activated concrete, also be found for alkali-activated concrete used at TU Delft and if 

so, what could be an explanation for this behaviour? Does the amount of blast furnace slag in the binder 

play a role, as a decrease over time has only been reported for alkali-activated concrete containing blast 

furnace slag? And if not, what other cause could lead to a decrease of properties over time? The intention 

is to make some first steps into a better understanding of this phenomenon. 

1.4. Outline of master thesis 

In chapter 2, alkali-activated concrete is introduced. Apart from information on the binder chemistry, this 

chapter also addresses applications of alkali-activated concrete and the factors that limit the use of the 

material for practical applications. Chapter 3 gives an overview of the results that have been reported in 

literature, mainly about the mechanical properties of the material, like compressive strength, tensile 

strength and elastic modulus. Additionally, results that have been reported in literature on reinforced 

beams, more structural elements, are also presented. After this literature research, chapter 4 presents 

the approach and method that have been used for the experimental research conducted in order to 

answer the main research question of this master thesis. Chapter 5 deals with the results of the 

conducted experiments. In chapter 6, these results are analysed and discussed with respect to the main 

research question. Chapter 7 provides answers to the research question and summarizes the conclusions.  
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2  
Alkali-activated concrete 

2.1. Introduction 

According to J. L. Provis (2014), the German chemist Kühl was the first who patented a solid material 

formed by the reaction of an alkali source with an alumina- and silica-containing material in 1908. The 

Belgian engineer Purdon further explored the creation of construction materials by alkaline-activation of 

blast furnace slags in the 1940s. In China and the former Soviet Union, alkali-activated binders were 

further developed, due to cement scarcity (J. L. Provis, Duxson, et al., 2014). Especially in the former 

Soviet Union a theoretical basis was established, by the Ukrainian scientist Glukhovsky. In the following 

decades there was not a lot of progress in the research field (Pacheco-Torgal, 2015). Important changes 

occurred in the 1970s, when the French scientist Joseph Davidovits researched the development of alkali-

activated binders based on metakaolin. The resulting material, called ‘geopolymer’, was initially promoted 

for its good fire resistance. However, the high early strength got notable attention soon after. Davidovits 

introduced the term geopolymer to describe alkali-activated aluminosilicate binders. Nowadays, the term 

is also being used to describe a larger family of alkali-activated “calcium-aluminosilicate” binders, not only 

the aluminosilicate binders. In the 1980s and 1990s more important research has been conducted, but 

still it is only since the last decade that alkali-activated binders gained more interest. The focus on 

sustainable construction and the reduction of carbon dioxide emissions lead to a commercialization of 

more sustainable concrete binders like alkali-activated cements and geopolymers.  

This chapter provides a general introduction on the constituents and chemistry of alkali-activated 

concrete. Furthermore, a brief overview of the (former) applications of alkali-activated concrete is 

presented. 

2.2. Constituents of alkali-activated concrete 

Concrete is a composite material that consists essentially of aggregate and a binder. Aggregate is a 

granular material, such as sand, gravel or stones. In regular OPC (Ordinary Portland Cement) concrete a 

binder consists of cement and water. Cement is not a binder by itself, but becomes a binder after 

hydration. However, in alkali-activated concrete the binder does not contain any cement, but is formed by 

an alkaline activator (dissolved in water) and a solid precursor (raw material) containing alumina and silica.  
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In theory, any material consisting of silica and aluminium can be alkali-activated (Li et al., 2010). When 

these so-called precursors are mixed with an alkaline activator, the substance will set and harden, 

resulting in a binder. Usually, the alkaline activator used is either an alkaline salt or a caustic (corrosive) 

solution in water. In Handbook of alkali activated cements and mortars, Garcia-Lodeiro et al. (2015b) 

distinguish six different categories of activators, identified by Glukhovsky: 

1. caustic solutions: MOH 

2. slightly acid, non-siliceous salts: M2CO3, M2SO3, M3PO4, MF; 

3. silicates: M2O.nSiO2; 

4. aluminates: M2O.nAl2O3; 

5. aluminosilicates: M2O.Al2O3.SiO2; 

6. non-siliceous, highly acid salts: M2SO4. 

An interesting aspect of alkaline activation is the fact that both industrial by-products, recycled 

aluminosilicates and natural materials (such as clay) can be used as precursors (Garcia-Lodeiro et al., 

2015b). Materials like glass waste, metakaolin, fly ash, pozzolans and blast furnace slag can all be used, as 

can be seen in Fig. 2.1. Furthermore, combining two or more of these materials is also possible.  

 

 

Fig. 2.1: Alkali-activated system components (Garcia-Lodeiro et al., 2015b, p. 49). 

The most common industrial byproducts used as binder precursors are fly ash (FA) and blast furnace slag 

(BFS) (Fig. 2.2). Therefore, a brief description of those two materials is given in the following paragraphs. 
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Fig. 2.2: Fly ash (left) and blast furnace slag (right). 

 

2.2.1. Blast furnace slag (BFS) 

Blast furnace slag is a byproduct of pig iron production. It is formed when the slagging agents (e.g. 

limestone) are added to the iron ore for purification. A molten slag that floats on top of the molten iron is 

developed, separated from the liquid metal and cooled down. After subsequent quenching, the product is 

known as ground granulated blast furnace slag (GGBFS), a latent hydraulic material with pozzolanic and 

cementitious properties (Li et al., 2010). The chemical and physical properties of the slag are different for 

each specific furnace and ore, but properties of slag from a particular furnace are reasonably constant 

(Duxson, 2009). The common composition ranges are shown in Table 2.1. In general, blast furnace slag 

can be characterized as a calcium- and silicon-rich material. 

Table 2.1: Mean chemical composition of blast furnace slag (Garcia-Lodeiro et al., 2015b, p. 50). 

 

The reactivity of slag is, amongst other things, influenced by particle size. Big particles react very slow, the 

more 3– 20 µm particles are present, the higher the long-term strength is (Wan et al., 2004). So, the 

particle size is a key factor in the alkaline activation of blast furnace slag; influencing the reaction, setting, 

strength development and microstructure (Bernal et al., 2014).  

2.2.2. Fly ash (FA) 

Fly ash is a byproduct of coal-fired power plants. It is formed during coal combustion, used as fuel for the 

generation of electric power. The fly ash is removed as a fine particle residue, before the combustion 

gases are released into the atmosphere via the chimney. The composition of fly ash is very dependent on 

the impurities in the coal before combustion, as well as on the properties of the combustion process 

(Duxson, 2009). Therefore, the chemical properties of fly ash vary substantially. In general, silica and 
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alumina are its main constituents. However, fly ash is generally classified into two main categories, 

depending on the lime content present (Garcia-Lodeiro et al., 2015b). The common compositions of both 

types are shown in Table 2.2. Type F fly ash, characterized by lower calcium content, is mostly used for 

geopolymer binders. Research on the use of type C fly ash for geopolymerisation is limited, probably due 

to the rapid setting properties (Duxson, 2009). 

Table 2.2: Average percentage (weight percentage) of the compounds in high- and low-calcium fly ash (Garcia-Lodeiro et al., 2015b, 
p. 54) 

 

2.3. Categorisation alkali-activated binders 

The large amount of different activators and precursors results in a wide variety of alkali-activated 

binders, Fig. 2.3 illustrates the most commonly used precursors, and their typical composition range. The 

hardening process for these alkali-activated cements is very dependent on the used precursor(s) or 

activator, and the ratio between both components.  

 

Fig. 2.3: Usual range of compositions of raw materials used to manufacture alkaline cements (Garcia-Lodeiro et al., 2015b, p. 50) 

Both Palomo et al. (1999) and Garcia-Lodeiro et al. (2015a) divided the alkaline cements into two main 

categories. This division is shown in Table 2.3. The first type is the activation of a calcium-rich precursor 
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(eg. blast furnace slag) by a mild alkaline solution, with C(A)SH as a main reaction product. The second 

category of alkali activation is categorised by activating a low-calcium precursor (eg. metakaolin or class F 

fly ash) with medium or high alkaline solutions. This results in zeolite-like polymers, the French material 

scientist Davidovits named this second category ‘Geopolymer’ because of their polymeric structure.  

Table 2.3: Products precipitating in different types of binders (Garcia-Lodeiro et al., 2015a, p. 23) 

 

J. Provis and van Deventer (2014) made a simplified overview of alkali-activated materials, shown in Fig. 

2.4, in which they classify geopolymers as a subset of alkali-activated materials. However, Davidovits does 

not agree with this, according to him, geopolymers are not a subset of AAM because they are not a 

calcium hydrate alternative and polymer chemistry is very different from hydrate chemistry (Geopolymer 

Institute, 2015).  

 

 

Fig. 2.4: Classification of alkali-activated materials, shading indicates alkali content, darker shading corresponds to higher Na and/or K 
concentrations. Diagram courtesy of I. Beleña (J. Provis & van Deventer, 2014, p. 8). 

geopolymers 
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However, the term geopolymer is currently the generally accepted name for the whole range of alkali-

activated binders. Still, in this thesis research, the term geopolymer will only be used for alkali-activated 

low-calcium binders. As pointed out before, the activation of the cementitious components is different for 

both categories. The following sections will provide a brief description of these different processes.  

2.3.1. High-calcium binder chemistry (BFS) 

When high-calcium precursors (like blast furnace slag) are used to make a binder, the main reaction 

product is a C-A-S-H (calcium-silicate-hydrate) gel, comparable to the product that is obtained during the 

hydration of ordinary Portland cement. According to Garcia-Lodeiro et al. (2015a) the gel has a lower 

calcium/silica (C/S) ratio then in Portland cement paste.  

There is discussion in literature about the type of reaction products that are formed during the alkaline 

activation of high-calcium precursors. Nevertheless, it is clear that the structure of binders formed by 

alkali-activation of calcium-rich precursors like blast furnace slag is very dependent on the characteristics 

of the raw material and the type and amount of activator used. Sodium hydroxide and waterglass are the 

two types of activators that are most commonly used (Garcia-Lodeiro et al., 2015a). Fig. 2.5 shows a 

model that describes the reaction mechanism of slag alkaline-activation. First, the slag is attacked by the 

alkaline solution, then C-S-H reaction products are formed.  

 

 

Fig. 2.5: Theoretical model for the reaction mechanism in alkali-activated slag, based upon a model by Glasser in 1990 (Garcia-
Lodeiro et al., 2015a, p. 22) 

 

2.3.2. Low-calcium binder chemistry (FA) 

According to Garcia-Lodeiro et al. (2015a), the alkali-activation process of low-calcium precursors (like fly 

ash) is relatively new and therefore less thoroughly understood than the activation of high-calcium 

binders like blast furnace slag. Duxson et al. (2007) proposed a model (Fig. 2.6) for the process of 

geopolymerisation, divided into five main stages: (1) dissolution, (2) speciation equilibrium, (3) gelation, 

(4) reorganization and (5) polymerization and hardening. These processes are coupled and occur 

simultaneously, although the steps are presented linearly in Fig. 2.6. The activation process begins with 

the alkali-activated solution that tears into fly ash particles. This results in reaction product at both the in- 
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and outside of the particle, until the fly ash particle is (almost) consumed. Fig. 2.7a and Fig. 2.7b show 

partially reacted fly ash particles.  

 

 

Fig. 2.6: Conceptual model for geopolymerisation (Duxson et al., 2007, p. 2919) 

 

2.3.3. Combined systems 

In the previous paragraphs, the two main categories of alkali-activated binders have been discussed. 

However, low-calcium (eg. fly ash) and calcium-rich (eg. blast furnace slag) precursors can also be mixed 

to create a binder. This results in a combined system, where a good synergy between mechanical strength 

and durability can be achieved, according to Provis and Bernal (2014). In their opinion, there is a growing 

focus on these hybrid systems, because they are characterised by the stable coexistence of the reaction 

products characteristic of hydration of Portland clinker or alkali-activated BFS (C-S-H gels, as explained in 

paragraph 2.3.1) and alkali-activated aluminosilicates like fly ash resulting in geopolymeric gel (explained 

in paragraph 2.3.2). So, coexistence of C-S-H gels and N-A-S-H type of gels is the main microstructural 

feature of hybrid systems.  

Mixing reactive calcium-rich precursors (like slag) with low-calcium materials (like fly ash) seems to be a 

good method to be able to use low-calcium materials that do not provide sufficient strength development 

when they would be activated alone, because of lacking reactivity. Provis and Bernal (2014) summarized 

some interesting results: Li and Liu showed that adding only 4 percent BFS to a 90% fly ash/10% 

metakaolin mixture, that was cured for 14 days, increased the strength with more than 40%. Kumar et al. 

(2010) reported that fly ash had more influence in the total reaction product for curing under elevated 

temperatures (60°C), while blast furnace slag contributed more to the system chemistry when cured at 
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lower temperatures (27°C). A few of their Scanning Electron Microscopy pictures are shown in Fig. 2.7. So, 

it is clear that blending different types of precursors can be used to optimize alkali-activated concretes. 

 

 

Fig. 2.7: Scanning Electron Microscopy images of alkali-activated concrete, showing (a) a partially reacted cenosphere in fly-ash 
based geopolymer ; (b) sample with 15% slag showing fly ash cenosphere coated with reaction product; (c) sample with 35% slag 
showing short prismatic structure; (d) sample with 15% slag showing cenosphere with reaction product on the surface; (e) sample 

with 25% slag showing dense gel phase and (f) samples with 35% slag showing fibrous products (Kumar et al., 2010, p. 612) 

  



 

17 

2.4. Benefits of using alkali-activated concrete 

Nowadays, there is an increasing focus on sustainability and energy consumption, because of the problems 

that arise due to global warming. For the building industry, this means that apart from economic 

efficiency (including quality, costs and time), there are new demands concerning sustainable construction 

to reduce the environmental impact. Alkali-activated concrete can be a more sustainable alternative for 

energy-consuming ordinary Portland cement concrete, as was already explained in paragraph 1.1 

Background. For example, the emitted amount of CO2 is about 55-75% lower for alkali-activated concrete 

compared to OPC concrete (Yang et al., 2013), as is shown in Fig. 2.8. The CO2-footprint of alkali-activated 

concrete is fairly dependent on the type, concentration and dosage of the activator.  

 

Fig. 2.8: CO2 footprint for different concrete types.(Yang et al., 2013, p. 269) 

Apart from the fact that less CO2 is emitted during the production of alkali-activated concrete, it is also 

sustainable that byproducts from several industries can be re-used. In Western Europe, re-using materials 

like fly ash and blast furnace slag is already applied. Some European countries utilize almost 100% of fly 

ash and types of slag (Manz, 1997; vom Berg & Feuerborn, 2015), making Europe a world-leader in re-

using industrial byproducts. Especially ground granulated blast furnace slag is almost entirely utilized due 

to its beneficial properties for Portland cement concretes (J. L. Provis, Duxson, et al., 2014).  

However, in countries like China and India, characterized by enormous urban and infrastructural 

developments, electricity is often generated in coal-fired power plants. This results in a lot of available fly 

ash. Coal ash is even China’s largest single source of industrial solid waste (Greenpeace, 2010). 0 shows 

the current utilization rates of fly ash for the US, India and China. The level of re-use in 2015 is estimated 

at 50% for the US, 60% for India and about 70% for China (Yao et al., 2015). However, Greenpeace states 

that, while it is widely believed that over 60% of coal ash is re-used in China, in reality the rate is likely less 

than half of this. According to them, this impression results from the reporting of false data by the power 

companies as well as inadequate government control waste (Greenpeace, 2010). In each case it is clear 

that a significant proportion of fly ash is left-over and could be re-used. Therefore, countries facing huge 

urban and infrastructural developments (like China and India) are likely to be the primary areas in which 

alkali-activation technology can be very important and influential (J. L. Provis, Duxson, et al., 2014). 
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Not only sustainability, but also durability can be a reason to apply alkali-activated concrete. Portland 

cement concrete is not the optimal solution for all construction applications, as it suffers from durability 

problems in aggressive environments (Juenger et al., 2011). It is often claimed that alkali-activated 

concrete has better durability properties than regular OPC concrete. It has a good freezing and thawing 

resistance and better resistance against acids (J. Provis & van Deventer, 2014; Wang et al., 1995). In 2015, 

alkali-activated concrete was used for a floor in a milk-powder factory in the Netherlands, as the concrete 

for this application needs to have a high resistance against acids. With regular OPC concrete, the floor had 

to be renewed every few years. This is an example of a possible application direction of alkali-activated 

concrete.  

Another advantage of alkali-activated concrete is the fact that is much easier to produce high-strength 

concrete with alkali-activated cements than with regular OPC. Alkali-activated slag concrete with a 

compressive strength of about 70-120 MPa is approximately 10-40% cheaper and saves 60-80% in coal 

usage when compared to high strength OPC (with added silica fume) concrete (Wang et al., 1995).  

Furthermore, alkali-activated concrete is claimed to have better fire resistance than ordinary Portland 

cement concrete. The residual strength of OPC concrete after a fire of 800-1000°C is about 20-30% 

because of microstructural destruction and dehydration (Singh et al., 2015). For alkali-activated concrete, 

especially low-calcium geopolymer concrete, the high permeability acts as an escape route for moisture in 

the matrix, thereby decreasing the damage during a fire.  

However, it is important to emphasize that the physical and chemical properties of alkali-activated 

concrete vary a lot. For traditional OPC concrete, most properties can be adjusted by modifying the water-

cement ratio. This is not the same in alkali-activated concrete. Instead of using Portland cement and 

water, many different raw materials and alkali activators can be combined to form a binder. Alkali-

activated concrete based upon slag has different properties then fly ash-based concrete. A combination of 

both precursors, or choosing a different activator, results again in different properties. So, the properties 

of alkali-activated concrete depend largely on the used raw materials, chosen activator and the curing 

conditions. Thus, it is necessary to investigate how the composition of mixtures affects the properties of 

alkali-activated concrete.  

2.5. Factors that limit the use of alkali-activated concrete 

The use of alkali-activated concrete is still limited, despite the fact that a lot of research has been 

conducted in the past few decades. There are several aspects that make application of alkali-activated 

concrete difficult. First of all, there is a large variation in properties of alkali-activated concrete, due to the 

many possible combinations of components (activators and precursors) in the alkali-activated binder 

(SBRCURnet, 2016). Furthermore, Also, the chemical and physical properties of slag or fly ash are very 

dependent on the source of the raw materials. So, non-uniformity and local unavailability of raw materials 

make it hard to use alkali-activated concrete on the scale of regular concrete (Garcia-Lodeiro et al., 

2015a). 
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The absence of specifications and standards is another factor that makes it difficult for the building 

industry to apply the material. Alkali-activated concrete has a different microstructure than ordinary 

Portland cement concrete, therefore, assumptions in codes may not be valid for alkali-activated concrete. 

An additional problem is the limited experience in practice and the fact that little is known about the long 

term behaviour and durability of the material. The workability of alkali-activated concrete is another 

challenge. Compared to OPC concrete, alkali-activated concrete seems to harden much faster. Vermeulen 

and de Vries (2015) reported an open time of about 90 minutes, after which they had to rescue their 

truck-mixer using a lot of water and aggregate. However, the fact that the material hardens faster than 

regular OPC concrete is not necessarily a negative thing, for the precast industry this could be an efficient 

feature.  
2.6. Applications 

Already in the 1980s and 1990s, a few buildings have been built using alkali-activated slag. These 

structures were mainly built in countries where frost resistance was an important structural issue, like 

Russia and Ukraine. Recently, reinforced alkali-activated geopolymer concrete elements have been 

applied in, for example, Australia, both precast and cast in-situ Aldred and Day (2012). In this paragraph 

some of these projects, both older and recent projects, will be highlighted.  

2.6.1. Projects in the former USSR 

Up to 1989, more than 3 million cubic metres of alkali-activated slag concrete was used in the former 

USSR. Also, national conferences on alkali-activated concrete were held and national standards have been 

produced. Alkali-activated concrete has been used for floor slabs, foundation piles, road elements, railway 

sleepers, columns, beams, dams, irrigation canal and centrifugal pipes (Wang et al., 1995). A few of 

projects, some of them were in use since 1962, have been examined in 1973 and 1984. During this 

inspection, no structural damage was observed. Furthermore, the frost resistance, strength and 

impermeability of the concrete had developed significantly during the service years, as is shown in Table 

2.4. Wang et al. (1995) even state that ordinary Portland cement concrete, under the same conditions, 

showed less increase in strength and durability. 

Table 2.4: Case studies in the USSR, strength and frost-resistance results (Wang et al., 1995, p. 100) 
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Not only parts of buildings have been made using alkali-activated slag concrete, several high-rise buildings 

were built between 1986 and 1994 by the industrial company Tsentrmetallurgremont in Lipetsk, Russia. 

One of these buildings, a 24-storey building, is shown in Fig. 2.9. Floor slabs, stairways and other structural 

elements were pre-cast, the exterior walls were cast in-situ. The concrete for this in-situ elements was 

transported from the mixing location to the building site with regular concrete trucks, and the concrete 

has been cured with electrical heating elements.  

 

       

Fig. 2.9: left: 24-storey building in Lipetsk, Russia, built in 1994 with alkali-activated slag concrete, right: Comparison of cast-in-situ 
alkali-activated slag concrete (left) and ordinary Portland cement concrete road (right) in Ternopol, Ukraine (J. L. Provis, Brice, et al., 

2014, p. 316). 

 
Between 1984 and 1990, a 330 meters long cast-in-situ alkali activated slag concrete road and fountain 

basin were constructed by an industrial enterprise in Ternopol, Ukraine. The road, basin and other 

equivalent structures built side-by-side with regular ordinary Portland cement concrete were inspected in 

1999 (J. L. Provis, Brice, et al., 2014). The comparison can be seen in Fig. 2.9. The structures built with 

ordinary Portland cement concrete showed serious deterioration, while the road and basin built with 

alkali-activated slag concrete exhibited good conditions.  

 

2.6.2. Storehouse in Kraków 

In Kraków, in 1974, a storehouse has been built using alkali-activated blast furnace slag concrete. The mix 

composition is shown in Table 2.5. Precast reinforced floor slabs and wall elements have been cast and 

cured in air at 70 °C for 6 hours, before installing them in the building. The building is shown in Fig. 2.10. 

 

 

 

https://www.google.nl/search?q=deterioration&spell=1&sa=X&ved=0ahUKEwjq7pWP-cvTAhVIUlAKHVpqDZwQBQgkKAA
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Table 2.5: Mix composition of alkali-activated slag concrete used in Kraków 

ground granulated blast furnace slag 300 kg/m
3
 

mixed aggregates 1841 kg/m
3
 

Na2CO3  18 kg/m
3
 

water 140 kg/m
3
 

 

 

Fig. 2.10: 6-storey building in Kraków, built with alkali-activated slag concrete in 1974 (J. L. Provis, Brice, et al., 2014, p. 314) 

 
One very interesting aspect of this building is the fact that it has been monitored for many years. And, 27 

years after construction, cylinder specimens (diameter 100 mm) were taken from the wall panels and 

tested on compressive strength and carbonation depth. Furthermore, the microstructure has also been 

examined from these samples. Table 2.6 shows the test results of compressive tests. It is clear that there 

is a significant increase in strength from 28 days until 27 years for all specimens. The microstructure 

showed dense C-S-H binders and no microcracking. Furthermore, no steel corrosion has been observed 

after 27 years of lifetime. 

 
Table 2.6: Compressive strength of alkali-activated slag concrete cores of a storehouse built in 197 in Krakow, Poland (J. L. Provis, 

Brice, et al., 2014, p. 315) 
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2.6.3. Global Change Institute in Brisbane 

The Global Change Institute, part of the University of Queensland, is the first building in the world where 

alkali-activated geopolymer concrete has been used for structural purpose, according to the Geopolymer 

Institute (2013). However, in the past buildings have been built using alkali-activated slag, as described in 

the previous paragraphs. Therefore, this is the first multi-storey building where ‘modern’ geopolymer 

concrete, containing fly ash, is used. The four-storey building, shown in Fig. 2.11, features three 

geopolymer concrete floors made with 33 precast elements. Two beam sizes have been used, both 2.4 

meters wide, spanning 10.8 and 9.6 meters respectively. The beams have a curved soffit, and contain 

pipes for temperature controlled heating of the building (Aldred & Day, 2012).  

    

Fig. 2.11: Render of the Global Change Institute (left) and at the right a geopolymer concrete beam, with a length of 10.8 meters, 
being craned into position (Aldred & Day, 2012, p. 14). 
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3  
Material and structural properties of 

alkali-activated concrete 

3.1. In general 

A thorough understanding of the mechanical properties of alkali-activated concrete is essential for 

practical applications. This chapter provides an overview of the mechanical properties of AAC and the 

results reported in literature. The following mechanical properties are discussed: compressive strength, 

elastic modulus, tensile splitting strength, flexural strength and flexural behaviour of reinforced AAC 

beams.  

The results from Collins and Sanjayan (2001) and Wardhono et al. (2017), also highlighted in paragraph 

1.2 Problem statement, both show a decline in strength for mixtures with a high amount of blast furnace 

slag. The slag to fly ash ratio may be a very important factor on the mechanical properties of alkali-

activated concrete, according to Ding et al. (2016). They conclude that alkali-activated slag concrete has 

rapid strength development, whereas fly-ash based concrete generally needs heat curing. Puertas et al. 

(2000) also state that increasing the slag content in the binder results in higher compressive strengths. 

Another important factor for the development of strength is the way of curing. Most researchers consider 

curing conditions, like temperature, relative humidity and curing time, as an important factor for the 

development of strength in alkali-activated concrete. However, the effect seems to be different for alkali-

activated slag compared to concretes based on fly ash. Thomas and Peethamparan (2015) state that the 

mechanical strength of alkali-activated fly ash concrete shows a significant effect from curing condition, 

while in alkali-activated BFS concrete, different curing conditions resulted in no difference in mechanical 

strength. In contrast to this, Bakharev et al. (1999) investigated that heat treatment considerably 

accelerates the strength development of alkali-activated slag concrete, but at later ages the compressive 

strength of the material is reduced compared to concrete cured under ambient conditions. The research 

by Collins and Sanjayan (2001), as mentioned in paragraph 1.2 Problem statement, also shows a significant 

effect of curing conditions on the compressive strength of alkali-activated slag concrete (Fig. 1.5). The air-

exposed sample is characterised by little strength development compared to the sealed and bathed 

samples.  
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It seems that the BFS/FA ratio and curing conditions are of paramount importance for the properties and 

their development over time. Therefore, for each mechanical property, the influence of BFS/FA ratio and 

curing conditions will be examined. Furthermore, the development of strength or stiffness over time will 

be discussed, as far as research has been conducted in that specific area. After discussing all these 

properties, the second last subchapter will deal with flexural strength of reinforced beams, to investigate 

how alkali-activated concrete behaves when reinforcement is added. In order to be able to use alkali-

activated concrete for practical applications, research should not only focus on mechanical properties, but 

also on more structural elements. The final subchapter summarizes the information that has been 

retrieved during the literature review with respect to the main research question. 

3.2. Compressive strength 

The compressive strength of regular Portland-cement concrete is the basis of all codes, based on 

compressive strength and its correlation with the other properties, most of the material properties of OPC 

concrete can be estimate quite well. Like in regular OPC concrete, reported AAC compressive strengths 

range from very low to very high values. Strengths of more than 50 MPa have been widely reported by 

several authors.  

The development of strength is realised by the formation of calciumsilicate or aluminosilicate components 

in the alkali-activation process. This process depends on a lot of factors, like: chemical composition of raw 

materials, particle size distribution, type and concentration of activator (Juenger et al., 2011; J. Provis & 

van Deventer, 2014). Curing conditions like temperature, curing time and relative humidity also play an 

important role in the development of these calciumsilicate and aluminosilicate gels and thus strength 

development (Komljenović, 2015).  

3.2.1. Influence of BFS/FA ratio  

Pure alkali-activated fly ash concrete mixtures are characterized by low strength development. Therefore, 

elevated temperature curing conditions are needed to improve its early strength development, as 

suggested by Palomo et al. (1999). However, instead of energy-intensive heat curing, some studies 

proposed to combine high-calcium BFS with low-calcium fly ashes in order to improve early strength. 

Puertas et al. (2000) studied the development of compressive strength over time of alkali-activated paste 

specimens (1 x 1 x 6 cm
3
) with different fly ash/slag ratios and activator concentrations NaOH (2 or 10 M) 

for different curing temperatures, see Fig. 3.1. Some samples were cured at 65°C during the first 5 hours, 

other specimens were cured at 25°C. After these five hours, all specimens were exposed to ambient 

temperature and 98% RH. Their study showed that as slag content in the paste increases, the compressive 

strength also increases.  
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Fig. 3.1: Compressive strengths of alkali-activated mortars, for different fly ash/slag ratios (100/0; 70/30; 50/50; 30/70 and 0/100), 
curing temperature (65°C or 25°C during the first 5 hours) and activator concentration (NaOH: 2 or 10M) at different ages Puertas et 

al. (2000) 

This same trend was observed by Kumar et al. (2010), as is shown in Fig. 3.2. The figure shows the 

compressive strength of specimens cured at 27°C for 1–28 days. The compressive strength increases for 

higher amounts of blast furnace slag, and increases with the age of curing. 

 

Fig. 3.2: Effect of BFS on the compressive strength, in relation to hydration time at 27°C (Kumar et al., 2010, p. 613) 
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Lee and Lee (2013) showed a similar result with their study on the behaviour of different slag/fly ash 

concrete mixes, as is shown in Fig. 3.3. Their results show that the compressive strength at 28 days 

increases from approximately 15 MPa to 23 MPa by using 15% of slag compared to a 10% fly ash 

replacement.  

 
Fig. 3.3: Lee and Lee (2013) investigated the effect of slag on the 28-days compressive strength of alkali-activated BFS/FA concrete, , 

cured until testing, 20°C and 60% RH (Ding et al., 2016, p. 71). 

 
However, a higher amount of slag does not necessarily mean that the compressive strength increases. Fig. 

3.4 (left) shows the strength development of S20, S25 and S30 concrete specimens with phosphoric acid 

(H3PO4), this was added in order to slow done the setting of the concrete. In this case, the S30 specimen 

showed unstable development of compressive strength at lager age compared to the S20 and S25 

specimens. Also, the specimen with the highest amount of slag (S30) showed cracks, while the other 

specimens did not show these surface cracks. Adding phosphoric acid leads to more drying shrinkage, 

according to Chang et al. (2005), which is the hypothetical reason for these surface cracks. However, the 

other specimens cast from S20 and S25 mixtures also contained phosphoric acid, but did not show these 

surface cracks.  

 

Fig. 3.4: Development of compressive strength over time for S20, S25 and S30 specimens, with added H3PO4, cured until testing, 20°C 
and 60% RH, and the observed surface cracks (Lee & Lee, 2013, p. 1206) 
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3.2.2. Influence of curing conditions 

As already mentioned in paragraph 1.2 Problem statement curing conditions seem to have a major impact 

on the development of compressive strength for alkali-activated concrete. Curing temperature, curing 

time (duration) and relative humidity can be distinguished as factors that all seem to influence the 

properties of AAC.  

Kumar et al. (2010) investigated compressive strength development for slag/fly ash concrete mixes and 

concluded that heat treatment significantly accelerates the strength development of alkali-activated slag 

(see Fig. 3.5), however, at later ages the compressive strength reduces compared to alkali-activated 

concrete that is cured at room temperature (Fig. 3.6). In their opinion, the reaction at 27°C is governed by 

dissolution of C-S-H gel resulting from slag activation, only little interaction of BFS and FA is present. 

However, at 60°C, the process is regulated by both fly ash and blast furnace slag, and both C–S–H and N-

A–S–H gel are formed. So, the higher initial compressive strength in case of room temperature curing can 

be explained by the higher amounts of resulting C-S-H gel, that improves hardening of the alkali-activated 

concrete.  

The research by Bakharev et al. (1999) reports similar findings, they also concluded that heat-cured alkali-

activated slag developed more early strength than samples cured under ambient conditions. However, at 

later ages the strength of heat-cured samples reduced slightly, and correlates with inhomogeneity in the 

concrete microstructure. According to them, heat-cured alkali-activated slag has a more open 

microstructure than OPC. In their opinion, the rate of reaction was much faster than the rate of diffusion, 

that the hydration products are located close to grains in the slag. This causes relatively open zones in-

between, resulting an inhomogeneous microstructure.  

 
Fig. 3.5: Compressive strength development of heat-cured alkali-activated slag (HAAS GR40) concrete and regular OPC concrete 
(HOPC GR60) at 65°C, compared with non-heat-cured alkali-activated slag concrete (AAS GR40) and regular OPC (OPC GR40 and 

GR60) concrete, until the first 700 hours (Bakharev et al., 1999, p. 621) 
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Fig. 3.6: Compressive strength development of heat-cured alkali-activated slag (HAAS GR40) concrete and regular OPC concrete 
(HOPC GR60) at 65°C, compared with non-heat-cured alkali-activated slag concrete (AAS GR40) and regular OPC (OPC GR40 and 

GR60) concrete, until the first 400 days (Bakharev et al., 1999, p. 622) 

 
Not only curing temperature is an influential factor in the development of compressive strength, sealing 

conditions also seem to have some influence. The aforementioned research by Collins and Sanjayan 

(2001), see paragraph 1.2 Problem statement and Fig. 1.5, showed that for bath-cured alkali-activated slag 

concrete samples, the compressive strength was increasing until 400 days, while sealed specimens did not 

gain much strength after 91 days. Their research even showed a slight compressive strength decrease for 

air-exposed samples, possibly due to microcracks that developed.  

 

3.2.3. Development over time 

Few studies have investigated the development of compressive strength over time. A study by Wallah and 

Rangan (2006) for alkali-activated fly ash concrete indicates that, overall, the compressive strength 

increased over time, see Fig. 3.7. However, the increase is only about 10-20% compared to the 7-day 

strength, and slight drops in strength are visible. 

 

Fig. 3.7: Change in compressive strength of sealed, heat-cured (60 °C for 24 hours) fly ash alkali-activated concrete with age, 
compared to 7-day compressive strength (Wallah & Rangan, 2006, p. 36). The authors do not specify the conditions after curing, 

assumed is ambient air-exposure under lab conditions.  
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The research by Wardhono et al. (2017) see Fig. 3.8, shows no significant development of compressive 

strength over time for alkali-activated slag concrete. The compressive strength is approximately constant 

after 28 days. For alkali-activated fly ash concrete, this is not the case. The compressive strength increases 

over time and is about 48% higher at 540 days when compared to the 28-day strength.  

 

Fig. 3.8: Compressive strength development over time for alkali-activated FA- and BFS-based concrete (Wardhono et al., 2017, p. 
275). BFS-samples are demoulded, water-cured (23°C) for 6 days and kept at room temp. until being tested. FA-samples were heat-

cured (80°C) using dry oven for 24h, then demoulded and kept at room temp. until testing. 

 

3.3. Modulus of elasticity  

The elastic modulus is an important parameter for the design of concrete structures, it gives an indication 

of the resistance against elastic deformation when a force is applied. Several researchers have 

investigated the modulus of elasticity for a range of alkali-activated concretes, but the reported results are 

not very consistent. Most reported results show that the elastic modulus of alkali-activated concrete is 

slightly lower than that of ordinary Portland cement concrete, for comparable compressive strengths 

(Collins & Sanjayan, 2001; Lee & Lee, 2013; Singh et al., 2015). But, overall, most of the studies showed an 

elastic modulus between 10 and 40 GPa, which is comparable to ordinary Portland cement concrete.  

In general, the elastic modulus of ordinary Portland cement concrete depends on the type and amount of 

coarse aggregate fraction. According to Kameswara Rao et al. (1974), the modulus of elasticity for OPC 

concrete can be accurately predicted by both the elastic modulus and poisson’s ratio of the paste, and the 

modulus of elasticity and poisson’s ratio of the aggregates. However, in alkali-activated concrete, the 

microstructure, composition of raw materials and amount of hydration also seem to have a lot of 

influence on the elastic modulus (Ding et al., 2016; Duxson et al., 2005).  

In regular OPC concrete, the modulus of elasticity is highly correlated with compressive strength. In 

Eurocode 2, Equation 3.1 can be found.  
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𝐸𝑐𝑚 = 22000 [
𝑓𝑐

′ + 8

10
]

0.3

     [𝑀𝑝𝑎] 

Equation 3.1: f’c [MPa] is the specified compressive strength of concrete and Ec the modulus of elasticity (EC2) 

For alkali-activated concrete, such an widely applicable expression has not yet been established. Several 

authors reported a possible equation, however, there is no general consensus yet that these equations 

are applicable for all types of alkali-activated concrete. As discussed in the previous paragraph, more 

factors seem to influence the elastic modulus for alkali-activated concrete than in case of regular OPC 

concrete.  

Singh et al. (2015) concluded that the modulus of elasticity of alkali-activated fly ash concrete increases 

for higher compressive strengths, like in OPC concrete.. Yang et al. (2012) stated that the elastic modulus 

of alkali-activated slag concrete can be estimated using the corresponding compressive strength, as 

described in the American building codes (ACI). But, the expressions in Eurocode 2 and CEB-FIB model 

code overestimate the elastic modulus for alkali-activated slag concrete, as can be seen in Fig. 3.9. Note 

that the orange line shows the EC2-expression, the authors did not plot the equation in a correct way. 

 

Fig. 3.9: Correlation between compressive strength and modulus of elasticity for alkali activated slag concrete, for S-type activator: 
Ca(OH)2 + Na2SiO3 and C-type activator: Ca(OH)2 + Na2CO3. Note that the orange line shows the EC2-expression, the authors did not 

plot the equation in a correct way. (Yang et al., 2012, p. 509) 

It is clear that the expressions that are known for regular OPC concrete cannot be applied directly for 

alkali-activated concrete. It seems that the elastic modulus of alkali-activated concrete depends on more, 

or other factors, than in OPC concrete. 

3.3.1. Influence of BFS/FA ratio  

When comparing the reported results in literature, it is important to consider the ratio of blast furnace 

slag versus fly ash that is chosen for the conducted experiments. Lee and Lee (2013) found that the elastic 

modulus of their alkali-activated BFS/FA specimens were approximately 20-40% lower than described in 

the American concrete codes (ACI), shown in Fig. 3.10. In contrast to this, Sofi et al. (2007) reported that 

EC 2: 𝐸𝑐 = 22000 [
𝑓𝑐

′+8

10
]

0.3
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the ACI codes underestimated the modulus of elasticity they found in their experiments, the elastic 

modulus is much higher than reported by Lee and Lee. Curing conditions for both studies are comparable, 

the specimens are cured at room temperature. However, the ratio of slag versus fly ash is different in both 

studies, and this is a possible reason for the difference in elastic modulus. The primary hydration product 

of alkali-activated slag is C-S-H gel, which has a higher intrinsic Young’s modulus then the N-A-S-H gels that 

are formed for alkali-activated low-calcium fly ash. Therefore, the elastic modulus is higher in case of 

higher slag/fly ash ratios. 

 

Fig. 3.10: Summary of the relationship between elastic modulus and compressive strength for alkali-activated slag/fly ash concrete 
(Ding et al., 2016, p. 72). Based upon results for alkali-activated slag/fly ash concrete by Lee and Lee (2013) and Sofi et al. (2007). 

Thomas and Peethamparan (2015) state that the model proposed by Lee and Lee for BFS/FA concrete 

mixes underestimates the modulus of elasticity of their alkali-activated fly ash test results, as plotted in 

red in Fig. 3.11. According to them, this could be due to the higher water content of those mixes or solely 

due to the different mix compositions. 

 

Fig. 3.11: Modulus of elasticity and compressive strength relationship for alkali-activated fly ash concrete, the red line represents the 
model proposed by Lee and Lee (2013), that underestimates the test results by Thomas and Peethamparan (2015, p. 54). 
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Ding et al. (2016) collected data from several publications on the correlation between compressive 

strength and elastic modulus. Fig. 3.12 (left) shows the relationship between elastic modulus and 

compressive strength for alkali-activated slag concrete. Fig. 3.12 (right) shows the same relationship, but 

then for alkali-activated fly ash concrete. Both graphs show a high variety in results, although the general 

trend is that for alkali-activated fly ash concrete values seem to be lower than the values that were found 

for alkali-activated slag concrete.  

 

Fig. 3.12: Left: summary of the relationship between elastic modulus and compressive strength for alkali-activated slag concrete 
(Ding et al., 2016, p. 72). Based upon results for alkali-activated slag concrete published by Yang et al. (2012), E. Douglas et al. (1992) 

and Thomas and Peethamparan (2015).Right: summary of the relationship between elastic modulus and compressive strength for 
alkali-activated fly ash concrete (Ding et al., 2016, p. 72). Based upon results for alkali-activated fly ash concrete published by 

Thomas and Peethamparan (2015), Fernández-Jiménez et al. (2006) and Joseph and Mathew (2012). 
 

Fig. 3.13 summarises all results, including the reported results on mixed slag-fly ash concretes that are 

shown in Fig. 3.10. It can be seen that there is significant inconsistency in all test data and that the 

concrete codes cannot directly be applied for alkali-activated concrete.  

 

Fig. 3.13: Summary of the relationship between elastic modulus and compressive strength for alkali-activated concrete (Ding et al., 
2016, p. 72). Based upon results for alkali-activated slag concrete published by Yang et al. (2012), E. Douglas et al. (1992) and 

Thomas and Peethamparan (2015); results for alkali-activated fly ash concrete by Thomas and Peethamparan (2015), Fernández-
Jiménez et al. (2006) and Joseph and Mathew (2012); results for alkali-activated slag/fly ash concrete by Lee and Lee (2013) and Sofi 

et al. (2007). 
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3.3.2. Influence of curing conditions 

For alkali-activated fly ash concretes, Wongpa et al. (2010) found that the elastic modulus decreases with 

increasing curing time. Thomas and Peethamparan (2015) reported that for alkali-activated slag concrete, 

sealed during curing, the elastic modulus seams to average around 30 MPa, as shown in Fig. 3.14. The 

results do not show a clear correlation between compressive strength and elastic modulus, as is the case 

in OPC concrete. Furthermore, for alkali-activated slag concrete (Fig. 3.14) curing temperature does not 

seem to have a dominant effect on the elastic modulus, both results are quite spread. 

 

Fig. 3.14: Modulus of elasticity and compressive strength relationship for alkali-activated slag concrete. Half of the specimens were 
cured for 48 hours at elevated temperature (50 ± 0.1°C) and the other half were cured at ambient temperature (22 ± 1°C and >95% 
RH) for 28 days. All specimens remained sealed for the duration of curing to prevent moisture loss, but after curing specimens were 

demoulded. (Thomas & Peethamparan, 2015, p. 54) 

However, for alkali-activated fly ash concrete (Fig. 3.11) the E-modulus of samples that were cured under 

higher temperatures are higher than of those cured for lower curing temperatures. Hypothetically, higher 

curing temperatures result in a higher E-modulus for FA-based concrete.  

3.3.3. Development over time 

Little research has been conducted to show the development of the elastic modulus over time. In 

paragraph 1.2 Problem statement, the research by Wardhono et al. (2017) was mentioned. Their results 

show a decrease in elastic modulus for alkali-activated slag concrete of 43% between 28 and 540 days, as 

is illustrated in Fig. 3.15.  
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Fig. 3.15: Elastic modulus development over time for alkali-activated FA- and BFS-based concrete (Wardhono et al., 2017, p. 275). 
BFS-samples are demoulded, water-cured (23°C) for 6 days and kept at room temp. until being tested. FA-samples were heat-cured 

(80°C) using dry oven for 24h, then demoulded and kept at room temp. until testing 

For fly-ash based concrete, Wardhono et al. (2017) found an increase of E-modulus over time. This trend 

has also been observed by Gunasekara et al. (2017). They measured the E-modulus development over 

time for four different fly ash concrete mixtures from different power stations in Australia (Fig. 3.16), and 

noticed also an increase over time. 

 

 

Fig. 3.16: Development of E-modulus over time for alkali-activated class-F fly ash concrete, different types of fly ash obtained from 
Gladstone, Pt. Augusta, Collie and Tarong power stations in Australia (Gunasekara et al., 2017, p. 5). The samples were kept in a dry 

oven for 24 hours at 80°C with RH 95%, then demoulded and kept at room temp. until testing. 

 

  

Types of fly ash obtained from different power stations 



 

35 

3.4. Splitting tensile strength 

Usually, concrete is not designed to resist direct tension. However, knowledge of the tensile strength is 

needed in order to estimate the load under which cracks will develop. For example, it is useful to 

understand the cracking behaviour in order to prevent corrosion of reinforcement for reinforced elements 

(Neville, 1995). In ordinary Portland cement concrete, the tensile strength is small when compared to the 

compressive strength. The mean tensile strength, fctm is related to the cylinder strength, as is shown in the 

following expressions:  

Strength classes ≤ C50/60:         𝑓𝑐𝑡𝑚 = 0.3𝑓𝑐𝑘

2

3  

Strength classes > C50/60:        𝑓𝑐𝑡𝑚 = 2.12 ∗ ln (1 +
𝑓𝑐𝑚

10
) 

The tensile strength of concrete can be measured by very different types of tests, namely flexural, direct 

tension and splitting. However, the direct tensile strength is a value that is hardly ever determined by 

testing, as a direct tensile test is hard to perform (Neville, 1995). Usually, a tensile splitting test or flexural 

test is performed in order to retrieve the tensile strength. Paragraph 3.5 Flexural strength will deal with 

the flexural strength, this paragraph is about the tensile splitting strength. For regular concrete, the 

tensile strength is determined from the tensile splitting strength using the following relationship: 

         𝑓𝑐𝑡𝑚 = 0.9𝑓𝑐𝑡,𝑠𝑝 

For alkali-activated concrete, the tensile strength is also small when compared to the compressive 

strength. However, some studies indicate that alkali-activated concretes show relatively higher tensile and 

flexural strengths than would be predicted from OPC concretes for similar compressive strength (Lee & 

Lee, 2013; J. L. Provis, Bílek, et al., 2014; Thomas & Peethamparan, 2015). Several authors (Lee & Lee, 

2013; Sofi et al., 2007) reported a hypothetical formula between compressive strength and tensile 

strength, however, there is no general consensus yet that these equations are applicable for all types of 

alkali-activated concrete. 

3.4.1. Influence of BFS/FA ratio  

Ryu et al. (2013) showed that the splitting tensile strength to compressive strength ratio for alkali-

activated fly ash concrete at 28 days ranged between 7.8 and 8.2%, which is similar to that of OPC 

concrete for comparable compressive strengths. The equation mentioned in Eurocode 2 fits their results 

well. However, Thomas and Peethamparan (2015) state that the tensile strength is notably higher than 

that of ordinary Portland cement concrete for comparable compressive strength, for both alkali-activated 

fly ash and slag concrete.  

Ding et al. (2016) summarized data from several publications on the correlation between splitting tensile 

strength and compressive strength. Fig. 3.17 (left) shows the relationship between splitting tensile 

strength and compressive strength for alkali-activated slag concrete. Fig. 3.17 (right) shows the same 

relationship, but then for alkali-activated fly ash concrete.  
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Fig. 3.17: Left: summary of the relationship between compressive strength and splitting tensile strength for alkali-activated slag 
concrete by Ding et al. (2016, p. 74). Based upon results for alkali-activated slag concrete published by Chi (2012) and Yang et al. 
(2012). Right: summary of the relationship between compressive strength and splitting tensile strength for alkali-activated fly ash 

concrete by Ding et al. (2016, p. 74). Results published by Prabir Kumar Sarker (2011) and Ryu et al. (2013). 

 
For slag-based concrete, it is clear that the ratio between splitting tensile strength and compressive 

strength is higher than the relationship that is presented in in the concrete Eurocode. However, for alkali-

activated fly ash concrete, the results are more spread. Ryu et al. (2013) found that the ratio between 

splitting tensile strength and compressive strength is approximately similar to that of ordinary Portland 

cement concrete. Prabir Kumar Sarker (2011) reported that the splitting tensile strength of alkali-activated 

fly ash concrete is generally higher than regular Portland cement concrete for the same compressive 

strength. According to Sarker, this could be due to the fact that geopolymer concrete has a denser 

interfacial transition zone (ITZ) between the aggregates and paste compared to a regular cement matrix. 

In his opinion, the stronger ITZ contributed to the higher splitting tensile strength and bond strength of 

geopolymer concrete. However, it may be questioned if all fly ash-based mixtures have this denser ITZ, as 

the results from Ryu et al. do not show this higher ratio between tensile splitting strength and 

compressive strength.  

For alkali-activated concrete that contains both fly ash and blast furnace slag, the results do not show a 

significant higher ratio between tensile and compressive strength. Fig. 3.18 shows the relationship 

between splitting tensile strength and compressive strength for alkali-activated fly ash/slag concrete, from 

two different researches. There is no consistent trend, both higher and lower tensile to compressive 

strength ratios have been found. 
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Fig. 3.18: Summary of the relationship between compressive strength and splitting tensile strength for alkali-activated slag/fly ash 
concrete by Ding et al. (2016, p. 74). Based upon results for alkali-activated slag concrete published by Lee and Lee (2013) and Sofi et 

al. (2007). 

It can be concluded that it is not clear if the amount of slag or fly ash has a significant influence on the 

splitting tensile strength of alkali-activated concrete, although it seems that often alkali-activated slag 

concrete is characterized by a higher ratio between splitting tensile strength and compressive strength 

when compared to regular OPC concrete.  

3.4.2. Influence of curing conditions 

According to Thomas and Peethamparan (2015), the splitting tensile strength of alkali-activated fly ash 

concrete is sensitive for curing conditions. For samples cured at ambient temperature, they measured 

that the average splitting tensile strength is 19.4 ± 2.8% of the compressive strength, while this ratio is 

16.5 ± 1.9% when the samples were cured at elevated temperature (48h at 50°C). So, either the 

compressive strength is relatively high for samples cured at elevated temperature compared to ambient 

curing, or the tensile splitting strength is relatively low for samples cured at elevated temperature.  

In contrast to this, for alkali-activated slag concrete, the two curing different conditions resulted in no 

significant difference in splitting tensile strength. This can also be seen in Fig. 3.19 (left).  

        

Fig. 3.19: Left: summary of results on alkali-activated concrete by Thomas and Peethamparan (2015, p. 53). Right: Splitting tensile 
strength vs. compressive strength of alkali-activated class C fly ash and BFS for different curing conditions, along with proposed 

models (eq. 12 and 13) and existing models proposed by Lee and Lee (2013, eq. 9) and Sofi et al. (2007, eq. 10). Results from Thomas 
and Peethamparan (2015, p. 53) 
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Another research, by Chi (2012), shows however that different types of curing condition had a significant 

influence on splitting tensile strength of alkali-activated slag concrete. The splitting tensile strength was 

the highest for samples cured at 60°C with RH 80%, followed by the samples that were air-exposed. The 

lowest values were found for samples that had saturated limewater curing. 

3.4.3. Development over time 

The research by Wardhono et al. (2017), as already mentioned in paragraph 1.2 Problem statement, 

shows little tensile strength development over time for alkali-activated slag concrete (see Fig. 3.20), but a 

significant increase in strength for fly ash-based concrete. In their opinion, the tensile strength of alkali-

activated concrete is very dependent on the bond between gel and aggregate. The interface between 

these two elements is important because it shows a different microstructure than the hardened paste in-

between. Wardhono et al. observed that the alkali-activated slag concrete had a dense gel matrix with 

little microcracks in the first 90 days, however, microcracking increased over time. Together with a 

reducing density of the gel matrix, this is the hypothetical cause for the lack of strength development over 

time, according to them. 

 

 

Fig. 3.20: Splitting tensile strength development over time for alkali-activated FA- and BFS-based concrete (Wardhono et al., 2017, p. 
275). BFS-samples are demoulded, water-cured (23°C) for 6 days and kept at room temp. until being tested. FA-samples were heat-

cured (80°C) using dry oven for 24h, then demoulded and kept at room temp. until testing. 

Fig. 3.21 shows the splitting tensile strength development over time for four different types of alkali-

activated fly ash concrete by Gunasekara et al. (2017). These results show the same trend as the results 

for FA-based concrete from Wardhono et al. (2017), Fig. 3.20, splitting tensile strength increases over 

time.  
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Fig. 3.21: Development of splitting tensile strength over time for alkali-activated class-F fly ash concrete, different types of fly ash 
obtained from Gladstone, Pt. Augusta, Collie and Tarong power stations in Australia (Gunasekara et al., 2017, p. 5). The samples 

were kept in a dry oven for 24 hours at 80°C with RH 95%, then demoulded and kept at room temp. until testing. 

 

3.5. Flexural strength  

Whereas paragraph 3.4 Splitting tensile strength dealt with the tensile splitting strength, this paragraph is 

about flexural strength. For regular concrete, the relationship between tensile strength and flexural 

strength can be determined using Equation 3.2: 

    𝑓𝑐𝑡𝑚,𝑓𝑙 = (1.6 − ℎ[𝑚]) ∗ 𝑓𝑐𝑡𝑚 ≥ 𝑓𝑐𝑡𝑚 

Equation 3.2: Relationship between flexural strength and tensile strength for regular Portland cement concrete, in which fctm,fl is the 
flexural strength in MPa, h the height of the specimen in meters and fctm the mean tensile strength in MPa (Eurocode 2) 

For alkali-activated concrete, such detailed expressions have not yet been established. A lot of researchers 

state that the flexural strength of AAC is significantly higher than would be expected from the mentioned 

formulas for Portland cement concrete for similar compressive strengths, as is also the case for tensile 

splitting strength. Fig. 3.22 shows the relationship between flexural and compressive strength for different 

types of alkali-activated concrete. J. L. Provis, Bílek, et al. (2014) obtained the data from a variety of 

literature sources. It is clear that almost all of the data for AAC exhibit higher flexural strengths then are 

given by the expressions for Portland cement concrete.  

 

Types of fly ash obtained from different power stations 
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Fig. 3.22: Relationship between flexural and compressive strength of alkali-activated concretes, synthesized from various precursors 
as marked, at ages between 4 h and 1 year, with the relationship for OPC concretes as specified in ACI 318-02 shown for comparison. 
The data for alkali-activated concretes are taken from Häkkinen (1993), Diaz-Loya et al. (2013), Bernal et al. (2012), Sofi et al. (2007), 

Husbands et al. (1994), Fernández-Jiménez et al. (2006), Collins and Sanjayan (1999), Douglas et al. (1991) and Wu et al. (2011). 
Graph by J. L. Provis, Bílek, et al. (2014, p. 283) 

 

3.5.1. Influence of BFS/FA ratio  

Ding et al. (2016) collected data from two publications about the flexural strength of alkali-activated fly 

ash concrete. Fig. 3.23 shows the load deflection curves for both alkali-activated fly ash concrete and 

Portland cement control concrete. Pan et al. (2011) tested several specimens cured at 60°C in a three-

point bending test. Their results show that the descending branch of the curve was much steeper for 

alkali-activated fly ash concrete than for regular concrete of similar compressive strength. According to 

them, the alkali-activated fly ash concrete showed more brittle behaviour than the OPC control concrete. 

P.K. Sarker et al. (2013) conclude the same, the failure modes they observed for the alkali-activated fly ash 

concrete specimens were generally more brittle than those of the control concrete specimens. As shown 

in Fig. 3.23, the peak load of the alkali-activated concrete specimens was generally higher, and again the 

descending part of the load–deflection curve is steeper. So, alkali-activated fly ash concrete has a higher 

brittleness than regular Portland cement concrete, according to these results. However, this is not that 

remarkable, as the strength of AAC is generally higher than that of OPC concrete, resulting in higher 

brittleness. 

From literature review, it cannot be concluded whether this is only the case for fly ash-based concrete, or 

also for alkali-activated slag concrete. No specific results on slag-based concrete have been found. 

 



 

41 

 

Fig. 3.23: Load-deflection curves of OPC concrete and heat cured (60°C ) alkali-activated fly ash concrete, subjected to three-point 
bending at 28d (Ding et al., 2016). Results from Pan et al. (2011) and P.K. Sarker et al. (2013) 

3.5.2. Influence of curing conditions 

There is little information on the influence of curing on flexural strength of alkali-activated concrete. 

However, in paragraph 3.4.2 Influence of curing conditions, it was shown that there seems to be some 

influence of curing conditions on the splitting tensile strength of alkali-activated concrete. And because 

both splitting tensile strength and flexural strength are closely related to the direct tensile strength of 

concrete, it seems logical to assume that curing conditions can also influence the flexural strength of 

alkali-activated concrete. 

3.5.3. Development over time 

In paragraph 1.2 Problem statement, the research by Wardhono et al. (2017) was mentioned. Their results 

show a decrease in flexural strength for alkali-activated slag concrete of about 13% between 28 and 540 

days, as is illustrated in Fig. 3.24. For alkali-activated fly ash concrete, they found an increase in flexural 

strength over time.  
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Fig. 3.24: Flexural strength development over time for alkali-activated FA- and BFS-based concrete (Wardhono et al., 2017, p. 275). 
BFS-samples are demoulded, water-cured (23°C) for 6 days and kept at room temp. until being tested. FA-samples were heat-cured 

(80°C) using dry oven for 24h, then demoulded and kept at room temp. until testing. 

In Kennispaper Geopolymeerbeton, a Dutch publication about alkali-activated concrete, a decrease of 

flexural strength over time was also mentioned. Four mixtures were investigated, all four showed a 

decrease of flexural strength between 28 and 250 days. However, as this is not a scientific paper, there 

are not a lot of details about the way of curing. It is even not clear from the paper whether the samples 

were made from alkali-activated fly ash paste, mortar or concrete.  

 

Fig. 3.25: Development of flexural strength for alkali-activated fly ash paste, mortar or concrete over time (SBRCURnet, 2016, p. 9). 

Nevertheless, also this result proves that it is important to investigate the long term behaviour and 

strength development of alkali-activated concrete. 

3.6. Flexural behaviour of reinforced beams 

Sumajouw et al. (2005) investigated the flexural behaviour of sixteen steel-reinforced alkali-activated fly 

ash concrete beams for several reinforcement ratios (0.64-2.69%). They concluded that the behaviour and 

strength of reinforced alkali-activated fly ash beams is similar to that of OPC concrete beams. 

Furthermore, as expected, the flexural capacity increased when the reinforcement ratio was higher. In 
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their opinion, the flexural strength of these geopolymer beams could be calculated using the Australian 

standards for concrete structures (AS 3600).  

Kumaravel and Thirugnanasambandam (2013) observed that the failure modes and crack patterns (Fig. 

3.26) for reinforced alkali-activated fly ash concrete beams were similar to the regular concrete control 

beams. In the compressive zone concrete crushing occurred, but first reinforcement steel yielded. 

However, the pictures (Fig. 3.26) of the beams after failure seem to show a higher degree of concrete 

compressive failure than the AAC beams. Kumaravel and Thirugnanasambandam reported that the 

ultimate load capacity of alkali-activated fly ash beams was about 15% higher than the regular concrete 

control beams (Table 3.1). But, the compressive strength of AAC was about 26 MPa, whereas the OPC 

control concrete had a compressive strength of 23.5 MPa.  

Table 3.1: Summary of test results. (Kumaravel & Thirugnanasambandam, 2013) 

 

 

Fig. 3.26: Crack pattern of regular concrete control beams (the two on top) and alkali-activated fly ash beams (two beams at bottom 
of picture). (Kumaravel & Thirugnanasambandam, 2013, p. 3) 

Shah and Shah (2017) investigated the behaviour of both plain and reinforced beams in four-point 

bending tests. They tested beams with 30% slag and 70% FA, beams with only FA as a binder precursor 

and OPC concrete control beams. The failure pattern of alkali-activated concrete was very similar to OPC 

concrete, but the load carrying capacity of the AAC beams was about 50% higher than that of the OPC 

concrete beams for beams with flexural reinforcement (Table 3.2). The AAC beams also had larger 
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displacement when compared to the OPC concrete beams. So, generally speaking, the AAC beams were 

characterized by higher deformation capacity before failure, resulting in a higher load capacity compared 

to the OPC specimens.  

Table 3.2: Results of four-point bending tests on AAC beams and OPCC beams (Shah & Shah, 2017, p. 320). The authors did not 
specify the type of curing for OPC concrete beams, but it is assumed that these beams were air exposed.  

 

In their experiments, Shah and Shah also investigated the effect of oven curing. Part of the specimens was 

cured for 24 hours in a 60°C oven, the other beams were kept in ambient temperature. The effect of 

oven-curing was negligible, see Table 3.2.  

 

3.7. Conclusion  

There is no sound explanation for the observed strength and stiffness reduction of alkali-activated 

concrete yet. Little research has been conducted regarding the engineering properties of alkali-activated 

concrete, and especially not in the development of properties over time. It is clear from the literature 

research that strength and stiffness reduction has only been observed in concrete mixtures that contain 

blast furnace slag, and this behaviour has not been reported for fly ash based concrete. The research by 

Wardhono et al. (2017) shows this very explicitly, see Fig. 3.15. The E-modulus for 100% alkali-activated 

blast furnace slag concrete is decreasing over time, while the stiffness of 100% alkali-activated fly ash 

concrete shows an increase over time.  

Furthermore, curing conditions also seem to influence the strength and stiffness development over time, 

although the effect seems to differ for each different type of mixture. The research by Collins and 

Sanjayan (2001), shows a significant effect of curing conditions on the development of compressive 

strength over time for alkali-activated slag concrete (Fig. 1.5). The exposed sample is characterised by 

little strength development compared to the sealed and bathed samples. Also, the exposed samples (50% 

RH and 23°C) showed surface cracks from the first day onwards, as is shown in Fig. 3.27. These surface 

cracks have also been reported by Lee and Lee (2013), as is shown in Fig. 3.4. In their research, concrete 

specimens with 30% slag exposed to 20°C and 60% RH until testing, also showed surface cracks.  
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Fig. 3.27: Microcracks on alkali-activated slag (100%) concrete exposed to 50% RH and 23°C from day 1 onwards (Collins & Sanjayan, 
2001, p. 348) 

So, both curing conditions and the amount of blast furnace slag seem to have influence on the 

development of strength over time. Although Fig. 1.5 shows that curing conditions have influence on the 

overall development of strength over time, it may be questioned whether the way of curing is the main 

cause of a decrease in strength or stiffness at a certain point. In the research by Collins and Sanjayan 

(2001), the exposed samples were constantly kept in 50% RH and 23°C, from the first day onwards. During 

the process, these conditions did not change, but a small decreasing trend in compressive strength is 

visible after approximately 56 days. Wardhono et al. (2017) water-cured their alkali-activated blast 

furnace slag concrete samples for six days, but after this the samples were exposed until testing. So, again, 

the conditions did not change over time after taking them out of the curing room, but at a certain 

moment over time the strength stops to develop, as is illustrated in Fig. 3.28. This implies that something 

related to the material is changing, because the “curing” conditions are still the same. Also, strength and 

stiffness reduction have only been reported for alkali-activated concrete that contains blast furnace slag. 

Hypothetically, the amount of blast furnace slag could be a factor that has influence on the observed 

strength and stiffness decrease over time, although it is clear that also curing conditions affect the 

development of strength and stiffness over time.  

 

 

Fig. 3.28: The change in curing conditions is at a different moment over time compared to the moment over time when strength or 
stiffness stops to develop, according to the reported results in literature, indicating something is happening with the material. 



 

46 

The surface cracks observed by both Collins and Sanjayan (2001) and Lee and Lee (2013) could have 

influence on the strength of the material. However, these cracks were already observed directly after 

hardening, as reported by Collins and Sanjayan (2001). Therefore, if this would be the main cause of a lack 

of strength or stiffness development, this would also influence the early-age test results, and not only the 

long-term behaviour. So, this does not explain a sudden drop in strength or stiffness.  

Some authors state that microcracking inside the material could be an important factor for the lack of 

strength and stiffness development (Collins & Sanjayan, 2001). Combined with the increasing volume of 

the hardening paste, this might lead to a reduction in strength (Thomas & Peethamparan, 2015). 

Wardhono et al. (2017) also name the propagation of cracks and the related reduction of gel matrix 

density as a hypothetical cause for the lack of strength development and drastic decrease of elastic 

modulus they observed. In their study, they included SEM (Scanning Electron Microscope) images that 

show the microstructure at certain ages of the concrete over time, Fig. 3.29 shows the images for their 

alkali-activated fly ash concrete and Fig. 3.30 for alkali-activated blast furnace slag concrete. In their 

opinion, the fly ash concrete showed a non-compact heterogeneous microstructure in the first 90 days, 

but over time the microstructure became denser, consistent with on-going gel formation. However, they 

point out that the alkali-activated slag concrete showed a dense gel matrix with little microcracks in the 

first 90 days, but over time, these cracks developed and the packing density of the gel matrix reduced. 

According to them, this could be the hypothetical reason for the lack of strength and stiffness 

development over time observed for the alkali-activated slag concrete specimens.  

 

Fig. 3.29: Microstructural development of alkali-activated fly ash (100%) concrete (Wardhono et al., 2017, p. 277) 
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Fig. 3.30: Microstructural development of alkali-activated blast furnace slag (100%) concrete (Wardhono et al., 2017, p. 277) 

 
However, this is the only hypothesis that has been reported in literature, possibly due to the fact that in 

general not a lot of research has been conducted regarding the development of engineering properties 

over time for alkali-activated concrete. Therefore, further research on the reported lack of strength and 

stiffness development is needed, to investigate this phenomenon.  
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4  
Approach and methodology 

4.1. Plan 

4.1.1. Research objectives and goals 

As shown in the previous chapter, a few researchers have reported results that indicate a decrease of 

strength or stiffness over time for alkali-activated concrete containing blast furnace slag. In order to use 

alkali-activated concrete for practical applications, the observed decrease might not be a very desirable 

phenomenon and should be well-understood. Therefore, the goal of this research is to give more insight 

in the development of strength and stiffness for alkali-activated concrete mixtures containing blast 

furnace slag and investigate if a decrease of strength and stiffness over time can also be found for the TU 

Delft alkali-activated concrete mixtures.  

So, part of this research is a comparison study of engineering properties of alkali-activated concrete, for 

different BFS/FA ratios. This leads to the following sub-objectives: 

– Give insight in the elastic modulus development of alkali-activated concrete for different BFS/FA 

ratios, over time. 

– Give insight in the compressive strength development of alkali-activated concrete for different 

BFS/FA ratios, over time. 

– Give insight in the tensile splitting strength development of alkali-activated concrete for different 

BFS/FA ratios, over time. 

– Give insight in the flexural strength development of alkali-activated concrete for different BFS/FA 

ratios, over time. 

– Give insight in the performance of reinforced alkali-activated concrete beams for different 

BFS/FA ratios, over time. 

These objectives will be investigated in an experimental manner. For each sub-objective, tests will be 

conducted to investigate the development over time.  
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4.1.2. Parameters 

The development of strength and stiffness over time for alkali-activated concrete containing blast furnace 

slag is the main focus of this research. Therefore, the two main parameters for the experimental part of 

the research are time and the amount of blast furnace slag.  

Blast furnace slag / fly ash ratio  

Hypothetically, the amount of slag could play an important role in the reported results on lack of strength 

and stiffness development for alkali-activated concrete. Therefore, half of the specimens will be casted 

with a binder based upon a BFS/FA ratio of 100:0, named S100, developed by Microlab - TU Delft. 

The other half of the specimens will be casted with a hybrid mixture, with 50% blast furnace slag and 50% 

fly ash, named S50 by the Microlab - TU Delft. The research by Wardhono et al. (2017) showed clearly 

different results for a 100% slag mixture, compared with a 100% fly ash concrete mixture. Therefore, it is 

interesting to see the development of strength and stiffness over time for a mixture with both raw 

materials, and investigate if strength or stiffness reduction also occurs for this S50 mix. Another reason to 

use the S50 mixture is the fact that a combination of slag and fly ash seems most suitable for practical 

applications. Mixtures with only slag have bad workability and short setting time in general, while 

mixtures with only fly ash are characterized by a very slow strength development. 

Time 

The parameter time is included in the research in order to discover the development of several 

mechanical properties of alkali-activated concrete. In order to get a good indication of the strength and 

stiffness development, the properties should be tested at several ages. Furthermore, it is important to 

investigate the “long-term” behaviour, and not only consider the strength and stiffness up to 28 days. 

Therefore, it is decided that the experiments will be conducted at 28, 56 and 91 days.  

Curing conditions 

Although curing conditions may not be the direct cause or mechanism causing a lack of strength or 

stiffness development over time, it is clear that curing has a significant influence on the overall strength 

development. That is reported by a lot of researchers, and also clear from Fig. 1.5. Hypothetically, 

exposing the samples to ‘severe’ drying in an early stage could cause the surface cracks reported in 

literature, due to drying shrinkage. However, in order to be able to investigate the strength and stiffness 

development of alkali-activated concrete over time and the possibly related material changes, surface 

cracks are not very desirable for research purposes. 

The experience with alkali-activated concrete at the TU Delft indicates that, in case of wet curing, the 

duration of curing is an important factor to consider. As shown in Fig. 4.1, S50 samples that have been 

cured for 28 days show no cracks, whilst short-time curing (1, 3 or 7 days) resulted in more surface cracks. 

In order to eliminate the effect of these surface cracks (that are hypothetically caused by the way of 

curing), all samples will be wet-cured (20°C and 95% RH) for 28 days. 
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Fig. 4.1: Cracks visible in casted surface of S50 specimens that were cured for 1, 3 or 7 days. No cracks visible in the specimens that 

were cured for 28 days. All specimens are casted with the S50 mixture (50% FA, 50% BFS). (Aldin et al., 2017) 
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4.2. Approach 

For the experimental part of this research, the experimental programme was separated into two main 

parts; one focusing on the mechanical properties of alkali-activated concrete, while the other experiments 

concentrate on the structural behaviour of reinforced beams subjected to four-point bending. The 

experimental programme is shown in Fig. 4.2. 

 

 

Fig. 4.2: Overview of experimental programme. 

 

4.3. Method 

4.3.1. Materials and mixture designs 

Table 4.2 shows the concrete mixture designs as applied in this research, based on previous studies in the 

Microlab - TU Delft. Fly ash and blast furnace slag are the precursors (raw materials) that have been used, 

their chemical compositions are shown in Table 4.1. Two different concrete mixtures have been casted, 

the S50 and S100 mixture. The S100 concrete mixture contains only blast furnace slag as a precursor, the 

S50 concrete mixture is characterised by a 50%/50% BFS/FA precursor ratio. The precursors have been 

activated by an alkaline solution. The alkaline solution was made by mixing anhydrous pellets of sodium 
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hydroxide with deionized water and commercial sodium silicate solution (27.5 wt.% SiO2, 8.25 wt.% Na2O). 

Both concrete mixtures are characterised by a water/binder ratio of 0.53. No admixtures have been 

added.  

Table 4.1: Chemical composition of BFS and FA used, based upon X-ray fluorescence results by Nedeljković et al (2017). 

[%] SiO2 Al2O CaO Mg Fe2O SO3 Na2 K2 TiO P2O L.O.I. 

BFS 34.4 11.53 39.1 7.81 1.42 1.6 0.23 0.58 - - 1.15 

FA 54.2 23.32 4.23 1.62 8.01 0.6 0.85 1.97 1.23 0.54 1.37 

 

Table 4.2: TU Delft alkali-activated concrete mixtures.2 

  S50 S100 

for 1 m
3
 concrete: [kg] [kg] 

low calcium fly ash (FA) 200 0 

blast furnace slag (BFS) 200 400 

sand (0-4 mm) 784 784 

gravel (4-8 mm) 435,5 435,5 

gravel (8-16 mm) 522,5 522,5 

alkaline solution 212 212 

w/b ratio 0.53 0.53 

 

4.3.2. Casting and curing procedures – prisms specimens 

The preparation of all prism specimens was divided over three different days, to spread the amount of 

tests in the weeks after the castings (Table 4.3). The mixing of concrete was carried out using a 40L 

concrete mixer, in batches of 25L. All materials were weighed and divided in buckets, per batch (see Fig. 

4.3a). First, the dry materials (blast furnace slag and/or fly ash, fine and coarse aggregates) were mixed for 

3 minutes. Meanwhile, the sodium-hydroxide solution was added to the waterglass and continuously 

stirred (see Fig. 4.3b). Then, the alkaline activator was added to the dry mix (Fig. 4.3c), and mixing 

continued for another 3 minutes. After this, the mixture was glossy and well-mixed. Then, the concrete 

was poured into a wheelbarrow (Fig. 4.3d). The workability of the S50 concrete mixture (Fig. 4.3e) was 

satisfactory, the open time was about 20 minutes. The S100 concrete mixture had almost no workability, 

it was immediately hardening (Fig. 4.3f). 

                                                                 
 

2
 There where in this thesis “TU Delft alkali-activated concrete mixtures” is mentioned, it is meant to be referred to Arbi et 

al. (2015), Arbi et al. (2016) and Nedeljković (2014). 

I: 25L S50 II: 25L S50 III: 25L S50 IV: 25L S50 I: 25L S100 II: 25L S100 III: 25L S100 IV: 25L S100 I: 25L S50 II: 25L S50 III: 25L S50 IV: 25L S100

material needed: [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg]

FA 5.00 5.00 5.00 5.00 0.00 0.00 0.00 0.00 5.00 5.00 5.00 0.00

BFS 5.00 5.00 5.00 5.00 10.00 10.00 10.00 10.00 5.00 5.00 5.00 10.00

sand (0-4) 19.60 19.60 19.60 19.60 19.60 19.60 19.60 19.60 19.60 19.60 19.60 19.60

gravel (4-8) 10.89 10.89 10.89 10.89 10.89 10.89 10.89 10.89 10.89 10.89 10.89 10.89

gravel (8-16) 13.06 13.06 13.06 13.06 13.06 13.06 13.06 13.06 13.06 13.06 13.06 13.06

alkaline sol. 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30

16th of May - total 100L S50, 4 batches

casting day I

18th of May - total 100L S100, 4 batches 23th of May  - total 75L S50 + 25L S100

casting day II casting day III

Table 4.3: Casting of prism specimens - batches 
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Half of the concrete mixture was then poured in the pre-oiled moulds (Fig. 4.3g and h), that were 

positioned on the vibrating table. During the first casting day, oil was used, but the second and third 

casting Vaseline was applied, because it proved to be much easier during unmoulding. 

When all moulds were half full, the concrete was vibrated for about 20 seconds. After this, the rest of the 

concrete was poured in the moulds and another 20 seconds of vibrations were applied (Fig. 4.3i). The 

moulds were covered with plastic (Fig. 4.3j). After one day, all specimens were unmoulded (Fig. 4.3k) and 

placed in the fog room where they have been cured (22° and 99% RH) until 28 days, see Fig. 4.3l. After the 

28-day curing period, the specimens were moved from the curing room to laboratory conditions (20°C 

and 55% RH). Comparison photos of the surfaces of S50 and S100 concrete can be found in 0. 

4.3.3. Casting and curing procedures – reinforced beams 

All reinforced beams have been casted at the same day. In the weeks before the casting day, the moulds 

were prepared and the reinforcement was made. All beams were reinforced with 3 bars ø8 as tensile 

reinforcement at the bottom, and 2 bars ø8 at the top, as practical reinforcement (Fig. 4.4). The 

reinforcement drawings are attached in Appendix C – Reinforcement drawings. Also, a calculation of the 

expected failure load was made, the calculation is attached in Appendix D – Calculation of reinforced 

beams. After the reinforcement and the moulds were ready, spacers have been casted from alkali-

activated paste (see Fig. 4.5a) and placed in the moulds (Fig. 4.5b). The mixing of concrete was carried out 

using a 220L mixer (Fig. 4.5d) for S50 concrete, in batches of 100L (Table 4.4). For the S100 concrete, 

smaller batches were chosen, because of the fast hardening time. The S100 beams were casted using a 

40L concrete mixer (Fig. 4.5e) in batches of 25L. All materials were weighed and divided in buckets, per 

batch (Fig. 4.5c). First, the dry materials (blast furnace slag and/or fly ash, fine and coarse aggregates) 

were mixed for 3 minutes. Meanwhile, the waterglass and sodium-hydroxide were mixed. Then, the 

alkaline activator was added to the dry mix and mixing continued for another 3 minutes. The mixture was 

well-mixed after this procedure. Then, the concrete was poured into a wheelbarrow and transported to 

the moulds, prepared with Vaseline, on the vibrating table (Fig. 4.5f). The workability for both mixtures 

was the same as described in paragraph 4.3.2 Casting and curing procedures – prisms specimens. Half of 

the concrete was then poured into the moulds. Per beam, also three cubes (Fig. 4.5g) of 150 x 150 x 150 

mm
3
 were casted, to determine the compressive strength when testing the beam. 

 
 

 
 

A1: 100L S50 A2: 100 L S50 A3: 100 L S50 B1: 40L S100 B2: 40L S100 B3: 40L S100 B4: 40L S100

[kg] [kg] [kg] [kg] [kg] [kg] [kg]

FA 20.00 20.00 20.00 0.00 0.00 0.00 0.00

BFS 20.00 20.00 20.00 16.00 16.00 16.00 16.00

sand (0-4) 78.40 78.40 78.40 31.36 31.36 31.36 31.36

gravel (4-8) 43.55 43.55 43.55 17.42 17.42 17.42 17.42

gravel (8-16) 52.25 52.25 52.25 20.90 20.90 20.90 20.90

alkaline sol. 21.20 21.20 21.20 8.48 8.48 8.48 8.48

A: 300L S50 - 3 x 100 L

CASTING THURSDAY 29th of JUNE

B: 160 L S100 - 4 x 40L

Fig. 4.3 (opposite page): Preparation of the prism specimens 

Table 4.4: Casting of reinforced beams – batches 
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Fig. 4.4: Cross-section and side-view of reinforced alkali-activated concrete beams. 

 
When all moulds were half filled, the concrete was vibrated for about 20 seconds. Then, the rest of the 

concrete was poured in the moulds and another 20 seconds of vibrations were applied. However, for 

S100, the batch size was too small to fit a full mould, so there was a full “stop” between the casting 

moments, in which the new batch was prepared. All filled moulds (beams and cubes) were covered with 

plastic (Fig. 4.5h and i). After one day, all specimens were unmoulded (Fig. 4.5j, k and l) and placed in the 

fog room where they have been cured (22° and 99% RH) for 28 days. After the 28-day curing period, all 

specimens were moved from the curing room to laboratory conditions (20°C and 55% RH) and were kept 

there until testing. 

 

4.4. Testing procedures 

4.4.1. Flexural test  

The three-point bending tests have been performed in accordance with NEN-EN 14651+A1, except for the 

fact that the prism size was 100x100x400 mm
3
 instead of 150x150x550-700 as specified in the NEN-

standard. The tests have been performed using the Instron machine in the Microlab - TU Delft, with a 

speed of 0.5 micron/sec. A notch of 25 mm was made at midspan, for all samples, using wet-sawing. After 

this, the samples were dried for at least 6 hours before testing. Two Linear Variable Data Transformers 

(LVDTs) were placed, one on each side of the specimen (Fig. 4.6, left), measuring length change. After 

reaching the maximum force, the test was continued until the force was about one-third of the maximum-

reached force. Then, the flexural strength was calculated from the maximum sustained load using 

Equation 4.1: 

 

𝑓𝑓𝑙𝑒𝑥 =
𝑀

𝑊
=

1
4

∗ 𝐹 ∗ 𝐿

1
6

∗ 𝑏 ∗ ℎ2
=

1
4

∗ 387 ∗ 𝐹

93750
 

Equation 4.1: fflex is the flexural strength in MPa. M is the moment in Nmm, using the maximum sustained load (F, in N) and the 
spanning length L, in mm. W is the section modulus, in mm3, using the width and height (minus notch depth) of the specimen. 

Fig. 4.5 (opposite page): Preparation of the reinforced beam specimens. 
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Fig. 4.6: Left: three-point bending test setup. Right: Compressive strength test set-up. 
 

After the flexural tests, six cubes (100x100x100 mm
3
) were sawn from each three specimens, illustrated in 

Fig. 4.7. These cube specimens have been used to determine the tensile splitting and compressive 

strength, as is explained in the following subparagraphs. 

 

 

Fig. 4.7: Specimen re-use process. 

 

4.4.2. Compression test 

The compressive strength test has been performed in accordance with NEN-EN 12390-3, however, cube 

specimens of 100x100x100 mm
3
 were used. These cubes were sawn from the specimens that were first 

used for flexural tests, using wet-sawing, as explained in paragraph 4.4.1 Flexural test. After this, the 

samples were dried for at least 2 hours before testing. The tests have been performed using the CYBER-

TRONIC machine in the TU Delft Macrolab (Fig. 4.6, right), with a loading rate of 6.5 kN/sec. All cube 

specimens have been positioned so that the load is applied perpendicularly to the direction of casting. The 

compressive strength of the concrete was then obtained from the maximum load sustained by the 

specimen, divided by the cross-sectional area of the concrete specimen.  

4.4.3. Splitting tension test 

The splitting tension tests have been performed in accordance with NEN-EN 12390-6, however, cube 

specimens of 100x100x100 mm
3
 are used instead of cylindrical specimen. According to NEN-EN 12390-6, 

the results obtained from testing cube specimens of concrete are likely to be about 10% higher than that 
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obtained from testing a cylindrical specimen of the same concrete. The cubes were sawn from the 

specimens that were first used for flexural tests, using wet-sawing, as explained in paragraph 4.4.1 

Flexural test. After this, the samples were dried for at least 2 hours before testing. All cube specimens 

were positioned in the ‘CYBER-TRONIC’ machine so that the load is applied perpendicularly to the 

direction of casting. Small wooden slats were placed in the middle of the top and bottom surfaces of the 

specimens (see Fig. 4.8, left), in order to concentrate the load and cracking pattern. Then, the specimen 

was loaded until failure with a loading rate of 1.1 kN/sec. The splitting tensile strength was calculated 

from the maximum sustained load using Equation 4.2: 

𝑓𝑐𝑡 =
2 ∗ 𝐹

𝜋 ∗ 𝐿 ∗ 𝑑
 

Equation 4.2: fct is the splitting tensile strength in MPa. F is the maximum sustained load in N. L is the length of the line of contact of 
the specimen, in mm, and d is the designated cross-sectional dimension in mm. 

 

    

Fig. 4.8: Left: Splitting tensile strength test set-up. Right: Elastic modulus test set-up. 

4.4.4. Elastic modulus test  

The elastic modulus has been determined in accordance with ISO 1920-10:2010 (ISO, 2010). However, the 

specimens have not been re-immersed in water for 12 h, before testing. The specimen size was 100 x 100 

x 400 mm
3
, so the height/width ratio is 4, that fits the limits of the ISO code. LVDT’s were placed on the 

specimen, four horizontal and four vertical, to measure horizontal and vertical displacement (see Fig. 4.8, 

right). The tests have been performed using the TONI-BANK machine in the TU Delft Macrolab. First, the 

specimen was loaded using displacement-control, until a stress of 5 MPa was achieved. Then, the machine 

was switched to strain-controlled loading, with a speed of 0.001/s, until one-third of the maximum 

strength (determined before from compressive tests). Then this cycle was repeated once or twice more. 

The output is a series of force vs. displacement data, obtained by the LVDT’s. These results were 

translated to strain vs. stress curves from which the E-modulus can be determined using linear regression 

between the two stress levels (5 MPa and one third of maximum strength). 
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4.4.5. 4-point bending test – reinforced beams 

All beams were tested in a test machine with a capacity of 100 kN. The beams were simply supported over 

a span of 1500mm, and subjected to two concentrated loads placed symmetrically on the span. The 

distance between the loads was 500mm, as can be seen in Fig. 4.9.  

 
Fig. 4.9: Schematical representation of test set-up 

 
One side of the beam was painted white, with an irregular pattern of black dots on top of it (Fig. 4.10, 

left), for the purpose of image analysis (for other researches in the TU Delft Macrolab). Linear Variable 

Data Transformers (LVDTs) were placed at several locations on the beam, three at the bottom, one at the 

side and one to measure vertical deflection. For measuring the vertical deflection, a substructure was 

attached to the beam, spanning from support to support at the height of the neutral axis (Fig. 4.10, right). 

Load and the deflection data were electronically recorded, data was sent to the computer two times per 

second. The specimens were tested under a displacement controlled force, with a speed of 0.01 mm/sec. 

After every step of 5 kN, the process was paused. Cracks were marked and measured, photos were taken. 

When the force reached approximately 60 kN, the speed was increased to 0.05 mm/sec. 

 

   

Fig. 4.10: Test set-up. Left: painted side of beam for image analysis. Right: LVDTs to measure deformation.  
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5  
Results 

5.1. In general 

This chapter presents results of the conducted experiments. First, all investigated mechanical properties 

will be presented. The second part of the chapter shows the results from the four-point bending test on 

reinforced beams.  

5.2. Mechanical properties  

Table 5.1 shows an overview of all mechanical properties that have been tested over time, for the S100 

concrete mixture (100% slag, no fly ash). In Table 5.2, all results on the S50 mixture (50% slag, 50% fly ash) 

are summarized. It is clear that some properties show a decrease over time. In the following 

subparagraphs, the development of each mechanical property will be presented graphically.  

 

 

 

  

Table 5.1: Mechanical properties of S100 concrete mixture (100% slag, no fly ash). Specimens have been cured (20°C and 95% RH) for 28 days. After this, the 
samples were exposed to laboratory conditions (20°C and 55% RH) until testing. NB: compressive strength and splitting tensile strength have been tested on 

100x100x100 mm3 cubes, instead of regular 150x150x150 mm3 cubes. 

S100
days [Mpa] SD average [Gpa] SD average [-] SD average [Mpa] SD average [Mpa] SD average

91,63 5,46

92,75 32,50 0,153 5,23 6,55

92,84 33,29 0,157 5,11 5,56

96,31 33,08 0,160 5,72 6,57

93,74

99,84 32,41 0,141 5,39 6,87

93,71 30,51 0,137 5,78 6,39

94,39 32,82 0,161 5,09 6,53

4,79

6,07

94,56 30,41 0,149 4,67 6,06

96,09 28,62 0,140 4,84 5,63

103,23 26,63 0,158 4,80 5,60

0,15 0,09 4,77 0,26

0,25 6,60

91 4,63 97,96 1,89 28,55 5,760,01

74 0,90 5,43

47 3,36 95,98 1,23 31,91 0,013 0,146 0,35 5,42

6,22

compr. strength elastic modulus poisson's ratio spl. tens. strength flexural strength

0,003 0,157 0,27 5,38 0,5828 1,76 93,45 0,41 32,96
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5.2.1. Compressive strength 

Fig. 5.1 shows a graphical representation of the compressive strength development for both the S50 and 

S100 concrete mixtures. The results for S100 on compressive strength show an increase of about 4% 

between 91 and 28 days. For the S50 concrete mixture, a decrease of approximately 4% was observed.  

 

 

Fig. 5.1: Development of compressive strength over time for alkali-activated concrete. The graph shows the development over time 
for both S100 (100% slag) and S50 (50% slag and 50% fly ash) concrete mixtures. Specimens have been cured (20°C and 95% RH) for 

28 days. After this, the samples were exposed to laboratory conditions (20°C and 55% RH) until testing. Compressive strength has 
been tested on 100x100x100 mm3 cubes, instead of regular 150x150x150 mm3 cubes. 
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Table 5.2: Mechanical properties of S50 concrete mixture (50% slag, 50% fly ash). Specimens have been cured (20°C and 95% RH) for 28 days. After this, the 
samples were exposed to laboratory conditions (20°C and 55% RH) until testing. NB: compressive strength and splitting tensile strength have been tested on 

100x100x100 mm3 cubes, instead of regular 150x150x150 mm3 cubes. 

S50
days [Mpa] SD average [Gpa] SD average [-] SD average [Mpa] SD average [Mpa] SD average

76,13 26,57 0,136 4,60 4,56

77,00 25,98 0,170 4,30 4,61

72,62 26,73 0,149 5,10 4,82

76,46 21,44 0,141 3,90 4,43

64,88 21,46 0,178 3,88 4,52

75,19 21,31 0,150 3,99 4,82

69,62 4,30

74,50 3,88

77,09 3,72

63,40 3,97

72,10 3,88

75,42 4,42

74,12 3,85

74,89 19,28 0,167 3,58 -

74,11 18,00 0,175 3,50 4,16

68,99 18,15 0,203 3,99 3,88

73,53 17,90 0,181 3,32 3,77

67,31 18,45 0,189 3,43 -

- - - 3,76 -

0,20 3,930,013 0,18391 3,39 71,77 0,56 18,36 0,24 3,60

3,9572 4,87 72,77 0,24

0,019 0,156 0,20 4,02 0,20 4,59

0,152 0,40 4,67 0,14 4,66

49 5,34 71,54 0,08 21,40

28 2,32 75,25 0,39 26,42 0,017

compr. strength elastic modulus poisson's ratio spl. tens. strength flexural strength
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5.2.2. Tensile splitting strength 

An overview of the development of tensile splitting strength for both mixtures is shown in Fig. 5.2. It is 

clear that both concrete mixtures show a decrease of tensile splitting strength over time. The splitting 

tensile strength of S100 concrete dropped with 11% between 91 and 28 days. For S50, this decrease is 

about 22%.  
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Fig. 5.2: Development of tensile splitting strength over time for alkali-activated concrete. The graph shows the development over 
time for both S100 (100% slag) and S50 (50% slag and 50% fly ash) concrete mixtures. Specimens have been cured (20°C and 95% 

RH) for 28 days. After this, the samples were exposed to laboratory conditions (20°C and 55% RH) until testing. Tensile splitting 
strength has been tested on 100x100x100 mm3 cubes, instead of regular 150x150x150 mm3 cubes. 

5.2.3. Flexural strength 

Fig. 5.3 shows the development of flexural strength over time for both alkali-activated concrete mixtures. 

The flexural strength of the S100 concrete decreased 7% between 91 and 28 days. For S50 concrete, this 

decrease is more, about 15%.  
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Fig. 5.3: Development of flexural strength over time for alkali-activated concrete. The graph shows the development over time for 
both S100 (100% slag) and S50 (50% slag and 50% fly ash) concrete mixtures. Specimens have been cured (20°C and 95% RH) for 28 

days. After this, the samples were exposed to laboratory conditions (20°C and 55% RH) until testing. 
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5.2.4. Elastic modulus and poisson’s ratio 

In Fig. 5.4, the development of elastic modulus for both mixtures is presented. These results show the 

highest decrease over time, approximately 13% for S100 concrete and more than 30% for the S50 

concrete mixture. 
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Fig. 5.4: Development of elastic modulus over time for alkali-activated concrete. The graph shows the development over time for 
both S100 (100% slag) and S50 (50% slag and 50% fly ash) concrete mixtures. Specimens have been cured (20°C and 95% RH) for 28 

days. After this, the samples were exposed to laboratory conditions (20°C and 55% RH) until testing. 

Fig. 5.5 shows the development of poisson’s ratio over time, for both mixtures. The results show an 

increase for S50 concrete, and relatively constant values for the S100 concrete mixture. However, the 

standard deviation is quite big, between approximately 9-12%. This might be due to the fact that the 

method of determining poisson’s ratio is not very precise, because of damaged equipment.  
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Fig. 5.5: Development of poisson’s ratio over time for alkali-activated concrete. The graph shows the development over time for both 
S100 (100% slag) and S50 (50% slag and 50% fly ash) concrete mixtures.  
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5.3. Bending capacity of reinforced beams 

Table 5.3 gives an overview of all beam test results. All the beams failed in a flexural mode, no shear 

failure occurred. The location of the failure zone was in the constant moment zone (between the loads) 

for all beams, as expected. In all cases, the cracks at the mid-span widely opened near failure. For three 

beams (S50-33d, S100-34d and S100-70d), reinforcement failure was observed before compressive failure 

of the concrete occurred. However, for the S50-69d beam, crushing of the concrete in the compression 

zone occurred before failure of the reinforcement. The failure load for this beam is also irregular (about 

12 percent lower) when compared to the other three beams in which reinforcement failed. However, 

compressive strength is comparable to the other S50 beam.  

Table 5.3: The table shows results for both S100 (100% slag) and S50 (50% slag and 50% fly ash) concrete beams. Compressive 
strength has been tested on 150x150x150 mm3 cubes. Specimens have been cured (20°C and 95% RH) for 28 days. After this, the 

samples were exposed to lab conditions (20°C and 55% RH) until testing.  

Testing 

age

Tens. reinf. 

ratio
Failure load

Max. 

deflection jack 

Max. defl. 

LVDT01

Ultimate 

moment
Failure

Beam [days] [%] [MPa] Average [kN] [mm] [mm] [kNm] Type

80.32

78.31

66.62

81.73

70.87

78.61

91.20

81.94

88.04

71.24

91.79

OPC concrete 33 0.61 45.7 59.1 17.7 10.8 14.8 Concr. 

Compr. strength

75.1

58.8

16.9

16.967.6 30.1

35.2 14.7

0.6134

83.7

86.6

0.61 77.1

0.61

27.4

34.3

33.1

35.0S100 70

32.567.4S50

S50

S100

37.466.3

0.6133

69

Reinf.

Concr. 

compr.*

Reinf.

Reinf. 

(even 

broke)

16.6

 
*The failure mechanism for beam S50-69d is different from the other three beams, compressive failure was observed. 

The OPC beam had an average cube compressive strength of approximately 45 MPa, this implies that the 

beam is characterized by concrete class C30/37 (fcm = fck,cube – 8 = 37 MPa), and an elastic modulus of 32 

GPa. This value is comparable to the E-modulus of S100, as is shown in Table 5.1, but higher than value for 

E-modulus as found for S50 concrete (Table 5.2).  

Fig. 5.6 shows the load versus mid-span deflection curves for the two S50 beams tested at different ages. 

The mid-span deflection was measured using an LVDT, however, because it was out of range during the 

test, it was chosen to plot the deformation of the jack as well. In the graphs, the flexural behaviour of an 

OPC concrete control beam was also plotted. This beam has exactly the same dimensions, reinforcement 

and cover as the alkali-activated beams, but lower compressive strength. The OPC concrete beam was 

casted and tested by TU Delft master student Zhekang Huang. From the graph, it is clear that the alkali-

activated beams deflected more than the OPC concrete beam, for the same load. The overall stiffness of 

AAC is a bit lower, the first part of the graph is steepest for the regular OPC concrete beam. The S50 

concrete beam tested at 69 days is less stiff and deflects more than the S50-33d beam. 
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Fig. 5.6: Relationship between load and deformation for beams subjected two four-point bending tests, left graph shows jack 
deformation and right graph shows deflection as measured by LVDT01. The graph shows the test results for S50 (50% slag and 50% 
fly ash) concrete, at two different ages, and regular OPC concrete (results by master student Zhekang Huang). S50 specimens have 
been cured (20°C and 95% RH) for 28 days. After this, the samples were exposed to laboratory conditions (20°C and 55% RH) until 

testing. OPC concrete was kept in the mould for 33 days (covered with plastic) in lab conditions and then unmoulded.  

Fig. 5.7 shows the load versus deflection curves for the two S100 beams tested at two different ages and 

the OPC concrete control beam by Zhekang Huang. Again, the S100 alkali-activated beams deflected more 

than the regular OPC concrete beam, for the same load. Also, the stiffness of S100-70d is a bit lower, the 

first part of the graph is steepest for regular OPC concrete and S100-33d. The S100 concrete beam tested 

at 70 days shows less stiffness and more deflection than the S100 beam tested at 34 days.  
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Fig. 5.7: Relationship between load and deformation for beams subjected two four-point bending tests, left graph shows jack 
deformation and right graph shows deflection as measured by LVDT01. The graph shows the test results for S100 (100% slag and no 
fly ash) concrete, at two different ages, and regular OPC concrete (results by master student Zhekang Huang). S100 specimens have 
been cured (20°C and 95% RH) for 28 days. After this, the samples were exposed to laboratory conditions (20°C and 55% RH) until 

testing. OPC concrete was kept in the mould for 33 days (covered with plastic) in lab conditions and then unmoulded. 

 
For all four beams, the flexural capacity was higher than expected based on the conducted theoretical 

calculations. In Appendix D – Calculation of reinforced beams, the theoretical calculations are compared 

with the test results.   
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Fig. 5.10 and Fig. 5.11 show the crack patterns of all four alkali-activated concrete beams after failure. The 

cracking pattern of the regular OPC concrete control beam by Zhekang Huang is shown in Fig. 5.8. The 

crack patterns for the S50 and S100 are comparable to the OPC concrete beam. The crack spacing is also 

similar, see Table 5.4. Only one beam, S100-34d exhibited more cracks, so a smaller crack spacing, than 

the other beams. For this beam, compressive strength was also higher compared to the other beams. 

Alkali-activated concrete shows bigger crack widths than OPCC, but also a different failure mode 

(reinforcement failure for three out of the four AAC beams, concrete compressive failure for OPCC beam).  

Table 5.4: Number of cracks in the constant moment area for alkali-activated S50 and S100 beams and OPC concrete control beam 
by Zhekang Huang.  

Testing age Nr. of cracks* Crack spacing

Beam [days] [-] [mm]

S50 33 5 100.0

S50 69 7 71.4

S100 34 5 100.0

S100 70 5 100.0

OPC concrete 33 5 100.0  

 

    

Fig. 5.9: Left: concrete compressive failure for beam S50-69d. Right: three broken tensile reinforcement bars for beam S100-70d.  

Fig. 5.8: Crack patterns in ordinary Portland cement concrete. Dotted lines indicate the constant moment area. Results and photo by Zhekang Huang. 
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Fig. 5.10: Crack patterns in alkali-activated beams, after failure. Dotted lines indicate the constant moment zone. 
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Fig. 5.11: Crack patterns in alkali-activated beams, after failure. Dotted lines indicate the constant moment zone. 
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Fig. 5.12 and Fig. 5.13 show graphical representations of the propagation of cracks and load-deflection 

behaviour during the four-point bending tests, for alkali-activated concrete and the OPCC results from 

Zhekang Huang. These figures show that all crack results are very similar, except for the fact that the 

propagation of cracks in the OPCC beam stopped earlier because of concrete compressive failure, and the 

deflection was still small compared to the alkali-activated concrete beams.  
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Fig. 5.12: Development of cracks during four-point bending tests on S50 beams at 33 and 69 days and comparison with regular OPCC 
beam, results by Zhekang Huang. S50 specimens have been cured (20°C and 95% RH) for 28 days. After this, the samples were 

exposed to laboratory conditions (20°C and 55% RH) until testing. OPC concrete was kept in the mould for 33 days (covered with 
plastic) in lab conditions and then unmoulded. 
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Fig. 5.13: Development of cracks during four-point bending tests on S100 beams at 34 and 70 days and comparison with regular 
OPCC beam, results by Zhekang Huang. S100 specimens have been cured (20°C and 95% RH) for 28 days. After this, the samples 

were exposed to laboratory conditions (20°C and 55% RH) until testing. OPC concrete was kept in the mould for 33 days (covered 
with plastic) in lab conditions and then unmoulded. 

 

In general, the structural and cracking behaviour (crack spacing and width), seems to be similar for 

reinforced AAC and OPC concrete, except for the fact that reinforced AAC showed higher deflections. This 

is attributed to the relatively lower stiffness; AAC exhibits more ductile behavior (higher rotational 

capacity) than OPC concrete.  

65 kN:  >7,0 mm crack for 
both S50 – 33d and 69d 

65 kN - 7,0 mm crack for both 
S100 – 34d and S100 – 70d  
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6  
Discussion 

6.1. In general 

In this chapter, the acquired results will be reviewed with respect to the research question. First of all, it is 

clear that most of the obtained results show a decrease of strength or stiffness for alkali-activated 

concrete over time, at least for the used curing conditions (20°C and 95% RH for 28 days). Fig. 6.1 shows 

the relative change of properties for S50 concrete, relative to the strength or stiffness at 28 days. All four 

properties (compressive strength, splitting tensile strength, flexural strength and E-modulus) show a 

decrease over time. The highest decrease was found for the elastic modulus, the lowest for compressive 

strength.  
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Fig. 6.1: The graph shows the (relative) development of strength and stiffness over time for the S50 (50% slag and 50% fly ash) alkali-
activated concrete mixture. Specimens have been cured (20°C and 95% RH) for 28 days. After this, the samples were exposed to 

laboratory conditions (20°C and 55% RH) until testing. 

In Fig. 6.2, the relative change of properties is plotted for S100 (100% slag) concrete. For S100, the results 

also show the highest decrease over time for the elastic modulus, a slight increase for compressive 

strength.  

So, the results are quite consistent, S50 concrete shows a higher degree of decrease over time than S100 

for all four tested properties (compressive strength, splitting tensile strength, flexural strength and E-
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modulus). This can clearly be seen when Fig. 6.1 and Fig. 6.2 are compared. The degree of decrease is also 

consistent in S50 and S100 concrete. Compressive strength shows almost no decrease (or even an 

increase for S100), flexural strength shows a higher decrease over time, followed by splitting tensile 

strength and elastic modulus, that shows the highest decrease over time for both the S50 and S100 

concrete mixtures. 
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Fig. 6.2: The graph shows the (relative) development of strength and stiffness over time for the S100 (100% slag) alkali-activated 
concrete mixture. Specimens have been cured (20°C and 95% RH) for 28 days. After this, the samples were exposed to laboratory 

conditions (20°C and 55% RH) until testing. 

 
Based on these results, it is obvious that the decrease is not directly related to the amount of BFS. If the 

amount of slag would be the only reason for the decrease over time, it would be logical to assume that 

S100 shows a higher degree of decrease than S50 concrete, which has not been observed. So, it cannot be 

concluded that a higher slag content in the binder is causing the decrease over time, as the S50 concrete 

with 50% fly ash and 50% slag shows a higher degree of decrease than the S100 concrete that contains 

only blast furnace slag as a binder precursor However, based on the results in literature (Wardhono et al., 

2017), it seems that fly ash is not causing a decrease of strength or stiffness over time, as mixtures with 

only fly ash as a binder precursor do not show a decrease of properties over time. Now, the main question 

is of course, what could be the cause of the strength and stiffness loss over time?  

Essentially, alkali-activated concrete consists of two main components: the aggregates and the paste in 

between. It is not likely that the properties of the aggregate will change over time. Furthermore, the bond 

between those two components, the interface, can also contribute to the development of strength and 

stiffness over time (Fig. 6.3). At least one of these aspects is changing over time, resulting in a drop of 

strength and stiffness, possibly due to (micro)cracks. Therefore, it is hypothesized that either the paste, or 

the bonding zone between the paste and aggregate is changing over time.  
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Fig. 6.3: Essential components of alkali-activated concrete. 

 
Apart from changes in the material itself, it could also be that the properties of the material are not 

negatively influenced, but that eigenstresses occur due to shrinkage gradient. This then results in a lower 

strength of the specimens, but as long as it does not cause (micro)cracking, the observed decrease might 

be only temporary. If the conditions outside and inside the material are equal again, a higher value could 

probably be found.  

6.2. Influence of drying 

All the samples were wet-cured for 28 days and then exposed to laboratory conditions, while tests were 

performed at different ages (28, 56 and 91 days). It might be that exposing the samples to dry after the 

wet-curing period has influence on the strength development. During the experimental phase, some extra 

specimens have been casted. When all samples were taken out of the curing room (20°C and 95% RH) 

after 28 days, two 100x100x400 mm
3
 samples of S50 concrete and two similar S100 specimens were kept 

in the curing room. After 92 days, they were taken out and tested. The E-modulus is the property that 

showed the strongest decrease over time, for both S50 and S100 concrete, therefore it was decided to 

determine E-modulus on these samples that were cured for 92 days. After this, one of the samples was 

sawn into cubes and used for splitting tensile strength tests, as this is the second-most influenced 

property. The results of the E-modulus tests are shown in Fig. 6.4. 
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Fig. 6.4: Development of elastic modulus over time for alkali-activated concrete. The graph shows the development over time for 
both S100 (100% slag) and S50 (50% slag and 50% fly ash) concrete mixtures. Specimens have been cured (20°C and 95% RH) for 28 

days or 92 days (see labels). After this, the samples were exposed to laboratory conditions (20°C and 55% RH) until testing. 
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Fig. 6.4 shows that the elastic modulus increased with more than 15% for S100 and S50 concrete between 

92 and 28 days, for the samples that were kept in the curing room for 92 days. Fig. 6.5 shows the results 

from the splitting tensile strength tests. Similarly, an increase in strength is visible, splitting tensile 

strength increased with 3% and 10% for S100 and S50 concrete, respectively.  
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Fig. 6.5: Development of splitting tensile strength over time for alkali-activated concrete. The graph shows the development over 
time for both S100 (100% slag) and S50 (50% slag and 50% fly ash) concrete mixtures. Specimens have been cured (20°C and 95% 

RH) for 28 days or 92 days (see labels). After this, the samples were exposed to laboratory conditions (20°C and 55% RH) until 
testing. Splitting tensile strength has been tested on 100x100x100 mm3 cubes, instead of regular 150x150x150 mm3 cubes. 

These results indicate that the drop of strength and stiffness that has been observed might be related to 

the process of drying. Samples that were taken out after 28 days of wet-curing show a decrease over time, 

while samples that are taken out of the curing after 92 days show an increase when compared to the 28 

day properties. After taking the 92d-cured samples out of the curing, E-modulus has been measured at 

different moments over time for both a S50 and a S100 concrete sample, to investigate if the same 

reduction trend can be observed. Fig. 6.6 shows the decrease in E-modulus for both the samples that 

were cured for 28d and 92d, and a similar trend can be seen.  
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Fig. 6.6: Relative development of elastic modulus over time for alkali-activated concrete, compared to the value for E-modulus on 
the day that the sample was taken out of wet-curing conditions. The graph shows the development over time for both S100 (100% 
slag) and S50 (50% slag and 50% fly ash) concrete mixtures. Specimens have been cured (20°C and 95% RH) for 28 days or 92 days 

(see labels). After this, the samples were exposed to laboratory conditions (20°C and 55% RH) until testing moment. 
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For the S50 and S100 sample, weight loss was also measured, after the wet-curing period of 92 days. The 

result is shown in Fig. 6.7, left. The results show a higher weight loss for S50 concrete when compared to 

the S100 sample. Also, data for CEM III/B concrete is plotted in this graph (Mors, 2011), showing that that 

the weight loss for the S100 is comparable to slag-rich CEM III/B concrete, whereas S50 loses more 

moisture. In Fig. 6.7 (right) the relation between E-modulus and weight loss is shown. A linear relation can 

be observed, which implies that there is a strong influence of moisture loss on the E-modulus. When the 

samples are exposed to drying, after being wet-cured for a certain amount of time, the E-modulus reduces 

over time.   
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Fig. 6.7: Left: weight loss for one S50 and one S100 AAC sample that have been wet-cured (20°C and 95% RH) for 92 days. After this, 
the samples were exposed to laboratory conditions (20°C and 55% RH). Also plotted is weight loss for a CEM III/B concrete sample 

(with the same dimensions), wet-cured for 28 days and then exposed to drying, data from Mors (2011). Right: Relationship between 
E-modulus and weight loss for the same S50 and S100 samples.  

This phenomenon is also observed in regular OPC concrete. Monteiro and Kuhmar Mehta (2006) state 

that concrete specimens that are tested in wet conditions show about 15 percent higher elastic modulus 

than the corresponding specimens tested in a dry condition, disregarding any difference in mix 

proportions or curing age. Monteiro and Kuhmar Mehta mention that the E-modulus decreases because 

the interfacial transition zone (ITZ) loses strength due to microcracking. This could also be the case for 

alkali-activated concrete. Yet, a bigger decrease than 15% is visible in the results on elastic modulus in this 

research. Hypothetically, alkali-activated concrete loses more moisture than OPC concrete because 

(almost no) water is required to form reaction products in the alkali-activation process. In slag-based 

systems (BFS), water is (partly) consumed in the activation process, but for geopolymer binders (FA) this is 

not the case, no water is needed to harden. This is also consistent with the results, S50, containing less 

BFS than S100, shows a higher decrease of E-modulus over time, probably less water was used during the 

hardening process. However, initially, both mixes had the same amount of water. Another reason might 

be a lower porosity and finer pore structure of S100 concrete, which is, therefore, also losing less water 

compared to S50 (Nedeljković et al., 2017). However, in regular OPC concrete the compressive strength is 

about 15 percent higher when specimens are tested in a dry condition, compared to testing under wet 

conditions, because the paste matrix gains strength due to an increase in the van der Waals force of 

attraction in hydration products (Monteiro & Kuhmar Mehta, 2006). Nevertheless, the results on AAC 

show contradictory behaviour. Compressive strength is almost constant over time for S100 concrete, and 

even decreasing for S50. Therefore, it seems that the decrease in elastic modulus cannot be explained 
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only by moisture loss. Probably some additional changes in the microstructure of S50 and S100 are 

present. 

6.3. ESEM analysis of microstructure 

To check if any difference in microstructure was visible, it was decided to investigate the microstructure of 

the specimens with ESEM (Environmental Scanning Electron Microscope) in the Microlab - TU Delft. Thin 

sections were cut out of intact rest pieces from sawing the cubes, for all four concrete types (S50-28d 

cured, S50-92d cured, S100-28d cured and S100-92d cured), see Fig. 6.8. A small sample of these sections 

was taken out, in order to fit the ESEM machine. The small samples were polished with different grain 

sizes (from rough to fine) and then examined with ESEM on the same day. Fig. 6.9 shows a few of the 

images that were acquired during the observation with ESEM. The exact location of the shown images is 

indicated in Appendix F – Location of ESEM images. 

 

   

Fig. 6.8: left: Comparison of wet-sawn cross-sectional surfaces for S50 and S100 concrete, cured for 28d or 92d. Right: sawn 
specimen from section.  

 
The ESEM analysis did not show clear differences between the samples that were cured for 28 days or  92 

days. Fig. 6.9 shows small microcracks (with a width of approximately 5 µm), both in the paste as well as in 

the interface between aggregate and paste. Also, there was no convincing difference between the 

microstructure at the edge (hypothetically more drying occurred there) and the inside of the sample. 

Some locations showed a bit more microcracks, some spots almost none. The analysis of ESEM images can 

be quite subjective when zoomed in on a certain location. To conclude, there seems to be no significant 

difference in microstructure for samples with different curing duration and strength/stiffness 

development, based on these ESEM analysis. Therefore, the hypothesis of Wardhono et al. (2017), 

developing cracks (Fig. 3.30) in the gel matrix and reducing packing density, cannot be confirmed with 

these results. However, it could be that the surfaces look similar because with ESEM analysis only a very 

thin layer of the material (a few µm) is investigated. While preparing the samples, sawing and grinding, 

drying (cracks) may have already occurred in the wet-specimens that were cured for 92 days, resulting in 

similar images that were acquired for the dried specimens that were taken out of the curing at 28 days.  
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Fig. 6.9: ESEM images for S100 (100% slag) and S50 (50% slag and 50% fly ash) concrete. The two columns have different 

magnification factors. Specimens have been cured (20°C and 95% RH) for 28 days or 92 days (see labels). After this, the samples 
were exposed to laboratory conditions (20°C and 55% RH) until the images were made. The exact location of the shown images is 

indicated in Appendix F – Location of ESEM images. 

paste cracking 

paste cracking 

interface crack 

interface crack 
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6.4. Size effects 

If drying would cause a decrease of properties over time, it would be expected that the outer layer is 

affected first, as drying starts from the outside. This implies that small samples would show a stronger 

decrease of strength over time than large samples, because drying has relatively more effect on small 

samples, illustrated in Fig. 6.10.  

 

Fig. 6.10: Drying may cause a size effect when samples of different sizes are compared at similar ages.  

To investigate this hypothesis, results of cube tests on 100x100x100 mm
3
 samples have been plotted 

against the test results on 150x150x150 mm
3
 cubes that have been casted simultaneously with the 

reinforced beams. This is shown in Fig. 6.11. The results do not explicitly confirm the hypothetical size 

effect that can be caused due to drying. For S100, the results on bigger samples are even lower. A possible 

reason for this is the casting procedure and short workable time of the S100 mixture. Namely, 

150x150x150 mm
3
 cubes were casted only after casting the beams, whereas the 100x100x400 prisms 

were cast immediately after mixing. No clear conclusions can be made on the effect of size (in 

combination with drying) with respect to the observed reduction in strength and stiffness for alkali-

activated concrete. 
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Fig. 6.11: Comparison of results on compressive strength for cubes of 150x150x150 mm3 and 100x100x100 mm3 (as indicated) for 
both S100 (100% BFS) and S50 (50% BFS and 50% FA) concrete. Specimens have been cured (20°C and 95% RH) for 28 days. After 

this, the samples were exposed to laboratory conditions (20°C and 55% RH). 
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6.5. Bending capacity of reinforced beams 

The results on the bending capacity of reinforced beams showed a contradictory phenomenon for S50 

concrete. When testing the reinforced specimen at 33 days, the failure mode was reinforcement failure, 

no concrete crushing in the compressive zone occurred yet. The failure load of the reinforced S50 beam 

that was tested at 69 days was approximately 13% lower, and concrete compressive failure was observed 

(Fig. 5.9, left), instead of reinforcement failure. However, compressive tests on cubes (150x150x150 mm
3
) 

indicate that the compressive strength of the S50 concrete increased with time, as is shown in Table 6.1. 

Note that the opposite trend is observed for 100x100x100 mm
3
 compression specimens, as was shown in 

Fig. 5.1 and Fig. 6.1. 

The general properties of both beams are exactly the same (dimensions, reinforcement), and compressive 

strength is about the same, so the same failure mode would be expected. This means that the results 

imply that something is different.  

 
Table 6.1: Comparison of the results from the S50 concrete beams tested at 33 days and 69 days. 

Testing 

age

Tens. reinf. 

ratio

Compr. 

Strength

Failure 

load

Max. 

deflection jack 

Ultimate 

moment
Failure

Beam [days] [%] [MPa] [kN] [mm] [kNm]

S50 33 0.61 75.1 67.4 32.5 16.9 Reinf.

S50 69 0.61 77.1 58.8 35.2 14.7 Concr. compr.*  
*The failure mechanism for beam S50-69d is different from the other three tested beams, compressive failure was observed. 

 
The beam tested at 69 days showed compressive failure, while the compressive strength tested on cubes 

was comparable to cubes tested at 33 days. This indicates that the compressive strength of the top zone 

in the beam might have had different properties than the tests on cubes showed. Right before failure, the 

compressive zone height (xu) is very small, so different material properties in this top layer can have 

impact on the failure mode of the reinforced beams. Fig. 6.12 shows two possible explanations of how the 

top layer of concrete can differ amongst the two beams. It could be the case that due to vibrating during 

casting, aggregates are not evenly distributed across the concrete cross section. This results in a different 

compressive strength for this small top layer than expected based on the cube tests. Another reason 

could be that, like discussed in the previous paragraphs, some phenomenon that has to do with drying 

causes a decrease of properties over time. This is justified by the reduction of compressive strength for 

the 100x100x100 mm
3
 samples. 

If the graphs in Fig. 5.6 and Fig. 5.7 are carefully observed, it seems that the stiffness of the S50 and S100 

beam tested at 69 and 70 days is lower than for the beams tested at 33 and 34 days. The first part of the 

force-displacement graph for the beams tested at 69 and 70 days is less steep. This implies that the E-

modulus is also decreasing over time. But, as only one beam is tested for each mixture and moment over 

time, these observations and hypothesis might not be representative for a big batch. Based on the current 

results with only one tested beam per condition, no final conclusions can be drawn on the cause of the 

different failure mode. A recommendation would be to cut the specimens, and investigate the cross 

section to observe if there is any difference between the beams.  
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Fig. 6.12: Possible explanations for the different failure mode and capacity of the S50 concrete beam tested at 33 days 
(reinforcement failure, no concrete crushing) when compared to the beam tested at 69 days (concrete crushing in the compressive 

zone). 

 

6.6. Comparison with regular OPC concrete 

6.6.1. Effect of drying on the development of strength and stiffness for OPC concrete 

Fig. 6.13 shows development of compressive strength over time for American OPC type I, II and III 

cement
3
 concretes, wet-cured for seven days and then exposed to drying. From this graph, it is clear that 

the behaviour observed in this study (for the chosen AAC mixtures and curing conditions) is not 

comparable to the development of strength for OPC concrete, where an increase over time is observed, 

although the samples are exposed to drying. 

 

Fig. 6.13: Development of compressive strength over time, a comparison between regular OPC concrete (wet-cured for 7 days and 
then exposed to drying) for American CEM type I, II, III according to ASTM C1501 (Rüsch et al., 1983, p. 21) and alkali-activated 

concrete S50 and S100 (orange and grey lines). The coefficient βt = f’c / f’c28 describes the effect of concrete age on compressive 
strength, by comparing all values with the 28 day strength. 

                                                                 
 

3
 Three different types of Portland cements according to ASTM C150. Type I: For use when the special properties 

specified for any other cement type are not required. Type II: For general use, especially when moderate sulphate 
resistance is desired. Type III: For use when high early strength is desired. 
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However, based on the research by Maruyama et al. (2014), it is clear that drying has influence on the 

material properties of OPC concrete, like has been observed for AAC in this research. Maruyama et al.  

observed lower values for compressive strength of OPC concrete that was exposed to 40% RH when 

compared to 80% RH (Fig. 6.14, left). Fig. 6.14 (right) shows the same trend for E-modulus of OPC 

concrete, a lower elastic modulus is observed for samples that were exposed to lower relative humidity. 

According to Maruyama et al. (2014), this is caused by cracks that are formed in the concrete because of 

differences in the change in volume between the aggregate and mortar. 

 

              

Fig. 6.14: Compressive strength (left) and E-modulus (right) of OPC concretes (G1-5) and mortar (M) under different heating or 
drying conditions (Maruyama et al., 2014, pp. 60-61). The specimens were cured under sealed conditions for 2 months at 20°C, after 
this, the specimens were placed in RH-controlled chambers at 80%, 60%, 40%, or 20% RH, or in temperature-controlled chambers at 

40, 50, 60, 70, 80, or 90 °C for about 5 months. 

 
It has been observed, therefore, that drying causes changes in strength and stiffness also for OPC 

concrete. For the samples that were exposed to relative humidity of 40% and 60% after 28 days of sealed 

curing, the reduction of E-modulus and compressive strength can be up to 30 % and 15 % (see Fig. 6.15, 

highlighted area), respectively, and depending on the concrete mixture and type of aggregates used. 

Therefore, the decrease of properties over time that has been observed for alkali-activated concrete in 

this research might be related to the behaviour that is also happening in regular concrete. 
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Fig. 6.15: Normalized compressive strength (left) and elastic modulus (right) for OPC concretes (G1-5) and mortar (M) under 
different heating or drying conditions (Maruyama et al., 2014, pp. 61-62). The specimens were cured under sealed conditions for 2 
months at 20°C, after this, the specimens were placed in RH-controlled chambers at 80%, 60%, 40%, or 20% RH, or in temperature-

controlled chambers at 40, 50, 60, 70, 80, or 90 °C for about 5 months. 

 
  

6.6.2. Measured properties for AAC versus Eurocode 2 for OPC concrete 

In order to be able to apply alkali-activated concrete for structural applications on a bigger scale, codes 

and standards should be available. The design codes for OPC concrete are based on a set of implicit 

assumptions relating its microstructure to macro-behaviour of the material, and because the composition 

of the binder in AAC is chemically different, these assumptions might not be valid for alkali-activated 

concrete (J. Provis & van Deventer, 2014). Therefore, research is, and should be applied in order to check 

if the concrete codes can be applied for alkali-activated concrete, or that modifications should be made. In 

this paragraph, the acquired results on alkali-activated concrete are compared with Eurocode 2 for OPC 

concrete.  

Table 6.2 shows a comparison between the tested properties for AAC and estimated properties for 

concrete with similar compressive strength, where the properties are estimated based on Eurocode 2 

equations. 

 
Table 6.2: Comparison of the Equations in Eurocode 2 versus the 28d test results from S50 and S100 specimens.  

COMPARISON % %

75.3 MPa 75.3 MPa 93.5 MPa 93.5 MPa

60.2 MPa - MPa 74.8 MPa - MPa

4.1 MPa - MPa 4.5 MPa - MPa

 4.6 MPa 4.2 MPa -8.5% 5.0 MPa 5.4 MPa 6.9%

37.7 GPa 26.4 GPa -30.0% 40.2 GPa 33.0 GPa -18.0%

OPCC codes S50 test results S100 test resultsOPCC codes

 

From Table 6.2, it can be concluded that the splitting tensile strength (fct,sp) can be estimated quite well 

using Eurocode 2. But, the value for S50 concrete is overestimated by about 8% using the EC2 equations,  
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this would not give a safe estimation for design calculations. However, the order of magnitude of this 

equation seems to be correct. For the elastic modulus, this is not the case. For S50 concrete, the results 

based upon experiments are 30% lower than the values common for regular OPC concrete. It can be 

concluded that EC2 for regular OPC concrete gives unsafe predictions for alkali-activated concrete, with 

respect to estimation of E-modulus. Revisions, or a completely different approach (maybe not based on 

mainly compressive strength), are needed.  

Although a lot of researchers state that the flexural and tensile strength of AAC is significantly higher than 

would be expected from the codes on OPC concrete, this is not the case for the experimental results that 

were obtained in this research. Fig. 6.16 shows the relationship between flexural and compressive 

strength for different types of alkali-activated concrete, as indicated. The results from this research have 

also been added. It is clear that the ratio between flexural strength and compressive strength is 

comparable to OPC concrete. However, the wide variety in reported results proves that this is not 

necessarily the case for all alkali-activated concrete mixtures. 

 

 

Fig. 6.16: Relationship between flexural and compressive strength of alkali-activated concretes, synthesized from various precursors 
as marked, at ages between 4 h and 1 year, with the relationship for OPC concretes as specified in ACI 318-02 shown for comparison 

(J. L. Provis, Bílek, et al., 2014, p. 283). The results from this research have been added in orange, for both S50 and S100 concrete. 

 
To conclude, although the appearance of OPC concrete and alkali-activated concrete might look 

comparable, this paragraph showed that not all properties are similar. It might even be ‘wrong’ to 

compare AAC to OPC concrete, because the hardening process and type of reaction can differ a lot, it can 

also be categorized as a completely different material. The reported results on alkali-activated concrete 

vary a lot, properties depend on the used raw materials, chosen activator and curing conditions. For OPC 

concrete, most of the properties can be influenced by adjusting the water-cement ratio. This approach 

does not seem to be valid for AAC, which seems to be much more complex and has much more 

parameters, besides water/solid ratio, which largely influence the mixture properties. 

The fact that AAC seems to be a different type of material, or at least with a wider range of possible 

properties, could also imply that ‘habits’ for OPC concrete might not be the optimal solution for the whole 
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range of AAC. An example of this is the type of curing used. Maybe, wet-curing is not the ideal type of 

curing for the mixtures applied in this research, although it proved itself in OPC concrete. For OPC it is 

favorable (as water is beneficial for hydration), however for the AAC reaction, less water is needed. It 

could be that sealed curing is a better choice, resulting in strength and stiffness increase over time, for 

instance. Instead of comparing the material to OPC concrete, the industry should perhaps consider AAC as 

a different type of material, and try to develop a design procedure for the alkali activated mixtures and to 

investigate how mixture compositions and different curing conditions can influence the properties.  
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7  
Conclusions and recommendations 

This chapter summarizes the results presented in this thesis. An answer to the main research question will 

be formulated, based upon the acquired results. Also, practical recommendations and directions for 

further research will be suggested.   

7.1. Conclusions 

The main goal of this research was to give insight in the development of strength and stiffness over time 

for Alkali-Activated Concrete (AAC) containing blast furnace slag, as a few researchers reported a decrease 

of strength and stiffness over time for slag-based mixtures. Based upon results in literature (Fig. 7.1, left), 

it was hypothesized that the amount of blast furnace slag in the binder of alkali-activated concrete 

influences strength and stiffness development over time. Therefore, the development of strength and 

stiffness was investigated for two alkali-activated concrete mixtures, S50 and S100, characterized by a 

50:50 and 0:100 fly ash/slag binder ratio respectively. The results from the experimental research on 

prism specimens show a decrease of strength and stiffness over time, for both S50 and S100 concrete 

(Fig. 7.1, right). However, it should be noted that this is the case for the chosen curing conditions and 

mixtures and does not imply that every AAC mixture shows the same behaviour. The acquired results from 

the experiments show that S50 concrete is characterized by a higher degree of decrease over time than 

S100 for all four tested properties (compressive strength, splitting tensile strength, flexural strength and 

E-modulus). Based on these results, it is obvious that the decrease is not directly related to the amount of 

BFS. If the amount of slag would be the only reason for the decrease over time, it would be logical to 

assume that S100 shows a higher degree of decrease than S50 concrete, which has not been observed. 
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Fig. 7.1: Left: Schematic representation of results in literature (Wardhono et al., 2017). Right: Results from conducted experiments. 
The three different mixtures with the following BFS/FA binder ratios 0:100, 50:50, 100:0 are named respectively S0, S50 and S100.  

 
The degree of decrease is consistent for both S50 and S100 concrete. Compressive strength shows almost 

no decrease (or even an increase for S100), flexural strength shows a higher decrease over time, followed 

by splitting tensile strength and elastic modulus, that shows the highest decrease over time. This is 

consistent with the few results that have been reported in literature, that also show the biggest decrease 

for E-modulus and (almost) no decrease for compressive strength (Wardhono et al., 2017). 

The results of four-point bending tests on reinforced AAC beams might confirm that the elastic modulus is 

decreasing over time, as a decrease of the overall stiffness was observed in time. The same trend was 

observed both for S50 and S100 reinforced beams. However, because only one beam is tested for each 

mixture and moment over time, these observations might not be representative. Furthermore, a 

contradictory phenomenon for S50 concrete beams tested at the age of 33 and 69 days was observed. 

When performing the four-point bending test on the reinforced specimen at the age of 33 days, the 

failure mode was reinforcement failure, no concrete crushing in the compressive zone was observed. The 

beam tested at 69 days showed compressive failure, while the compressive strength tested on cubes was 

comparable to cubes tested at 33 days. It is therefore assumed that the compressive strength of the top 

zone in the beam might have been different than the tests on cubes showed. Right before failure, the 

height of the compressive zone is about 15mm and different properties in the top layer can influence the 

failure mode of reinforced beams. Two possible reasons were named, one is the fact that due to vibrating 

during casting, aggregates are not evenly distributed across the concrete cross section. This results in a 

different compressive strength for this small top layer than expected based on the cube tests. Another 

reason could be that the strength and/or stiffness properties are decreasing due to a phenomenon that 

has to do with drying (for example, due to microcracking or eigenstresses), causing a decrease of strength 

over time, especially in the outer layers initially. It is advised to saw the specimens in order to be able to 

examine the cross-sections at midspan.  

In general, the structural behavior and development of cracks (spacing and width), seem to be 

comparable for reinforced AAC and conventional concrete. But, due to the relatively lower E-modulus, 

reinforced AAC shows higher deflections and exhibits more ductile behavior (higher rotational capacity). 

This should be taken into account with considering possible structural applications for AAC.  
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With the acquired results from the conducted experiments, the main research question has been 

answered partially. The development of strength and stiffness for AAC over time is known, for the chosen 

mixture compositions and curing conditions. For most mechanical properties, a decrease over time is 

observed. Steps towards understanding the cause for this phenomenon were made, by conducting 

additional research.  

All the samples were wet-cured for 28 days and then exposed to laboratory conditions, while tests were 

performed at different ages (28, 56 and 91 days). It might be that exposing the samples to dry after the 

wet-curing period has influence on the strength development. A few extra samples that were wet-cured 

for 92 days were also tested. Samples that are exposed after 28 days of wet-curing show a decrease in 

properties, while extra samples that are tested after 92 days of wet-curing show an increase when 

compared to the 28 day properties (Fig. 7.2). Therefore, the acquired results indicate that the decrease of 

strength and stiffness that has been observed might be related to drying. 

Furthermore, an approximately linear relationship between moisture loss and decrease of elastic modulus 

was observed, giving another indication that drying (moisture loss) might be causing a decrease of 

properties. For OPC concrete, this is also the case. OPC concrete specimens that are tested in wet 

conditions show an E-modulus that is approximately 15% higher than corresponding specimens tested in a 

dry condition, disregarding any difference in mix proportions or curing age. Depending on the 

microstructure, alkali-activated concrete loses more moisture because, compared to OPC concrete, less 

water is required to form reaction products in the alkali-activation process. This might be the reason for 

the fact that the observed drop in E-modulus is significantly higher than 15%.  

However, for regular OPC concrete the compressive strength is about 15% higher when specimens are 

tested in a dry condition, compared to testing under wet conditions, the results on AAC show 

contradictory behaviour. Therefore, it is not yet clear if the decrease in elastic modulus can be explained 

by only moisture loss. To investigate if any difference in microstructure was visible, an ESEM 

(Environmental Scanning Electron Microscope) analysis was performed on samples that were wet-cured 

for 28 days and then exposed to drying at laboratory conditions and samples that were wet-cured for 92 

days. The ESEM analysis did not show explicit differences in microstructure between the samples that 

were cured for 28 days or 92 days. 

To conclude, this research has confirmed that alkali-activated concrete containing BFS can show a 

decrease of strength and stiffness properties over time, at least for the investigated mixtures and chosen 

curing conditions. Especially for E-modulus, quite a significant decrease has been observed. The acquired 

results indicate that the observed decrease of properties is related to drying (moisture loss). However, 

more research is needed to get a grip on the observed phenomenon, especially related to the aimed 

practical application of alkali-activated concrete. 
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Fig. 7.2: Schematic representation of results and the effect of wet-curing on strength and stiffness development over time. 

 

7.2. Recommendations for further research 

In order to use the material for practical applications, it is important that the observed phenomenon of a 

decrease of properties over time is understood. Subsequently, it can be judged what this phenomenon 

means for structural application of the material, or how it can be dealt with. So, further research should 

focus on a deeper understanding of the strength and stiffness reduction over time.  

A first aim could be to study the influence of drying on strength and stiffness development of AAC, 

because the results from this thesis research suggest that the observed decrease over time might be 

related to moisture loss. If moisture loss is the main reason for the drop in investigated material 

properties, maybe sealed conditions might be more appropriate for curing alkali-activated concrete and 

moist curing should be absolutely avoided, for instance. 

A suggestion is to experiment with a quantitative approach to analyze the microstructure of the material 

for different curing conditions and concrete mixtures. Possibly, comparing the size and amount of 

microcracks in the microstructure while varying curing conditions might help to identify if, and how, 

drying affects the material. Investigating the behaviour of only paste is another possible research direction 

to check if, and under which conditions, strength or stiffness reduction occurs.  

However, apart from zooming in, it is also wise to upscale. It could be that the observed decrease only 

plays a role for small-sizes samples, or at least, that the effect is (almost) negligible in large reinforced 

elements. In addition to this, it is advised to investigate the behaviour of AAC over a longer period of time. 

In this research, the age of the material was only 91 days during the last tests. In literature (Wardhono et 

al., 2017) the samples have been tested until 540 days. As long as it does not cause cracking, it might be 

that the observed decrease is only temporary (due to eigenstresses caused by shrinkage gradient), so 

examining the material behaviour over a longer period of time could lead to other conclusions. The 

applications that were discussed in paragraph 2.6 showed a significant strength gain for alkali-activated 

slag concrete over almost 30 years. This indicates that the observed decrease of properties in this 

research does not necessarily mean that AAC shows this phenomenon for every mixture composition, 

curing regime or over every period of time. 
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It should be emphasized that the physical and chemical properties of alkali-activated concrete vary a lot. 

For traditional OPC concrete, a lot of properties can be adjusted by modifying the water-cement ratio, this 

is not exactly the same in AAC. Instead of using Portland cement and water, a lot of different raw 

materials and alkali activator solutions can be combined to form a binder. The properties of alkali-

activated concrete depend largely on the used raw materials, chosen activator and the curing conditions. 

Therefore, this does not mean that the observed phenomenon of a drop of properties over time would 

occur for every alkali-activated concrete mixture or for every curing regime. It is necessary to investigate 

how the composition of AAC mixtures and different types of curing can affect the properties of alkali-

activated concrete.  
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Appendix A. – Generation and utilization of coal fly ash 

 

 

The graphs were published in a paper by Yao et al. (2015). Data taken from National Development and 
Reform Commission of the People's Republic of China (2012)  
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Appendix B. – Surfaces after curing 

The following photos show the surfaces of alkali-activated concrete a few moments after it was taken out 

of the curing room. Both S50 (50% slag and 50% fly ash) and S100 (100% slag) are shown in the pictures. 

For S100, small surface cracks have been observed, mainly on the casting surface.  
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Appendix C.  – Reinforcement drawings 

This appendix contains the reinforcement drawings that have been sent to the manufacturer.  
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Appendix D.  – Calculation of reinforced beams 

Introduction 

This appendix contains the calculations that were made before testing the reinforced beams, and 

recalculations after testing. The calculations have been made using Excel, to make it easy to adjust. The 

step-by-step procedure with all formulas, using Eurocode 2, can be read from the Excel-sheet, but a few 

things are explained in a bit more detail in the following paragraphs. 

Because alkali-activated concrete has different material properties than OPC concrete, the stress-strain 

curve probably also looks different. Therefore, area factor α and distance factor β are calculated based on 

the implemented stress-strain curve.  

In order to compare the theoretical estimation with the test results, two approaches have been followed 

to make the step from a moment/kappa diagram to expected deformation. The first approach (named w1 

in the sheet) is shown in Fig. 1. From the calculated κ, the radius R can be calculated. Using geometry, an 

estimation of the deflection at midspan (measured between the two supports) can be calculated.  

 

Fig. 1: Theoretical approach 1 for estimated deflection. 

 
Another approach, named w2, is presented in Fig. 2. Here, a standard ‘forget-me-not’ from structural 

mechanics is used. Using the calculated maximum Moment-κ diagram, the corresponding EI can be 

calculated for every part of the diagram, and then the formula can be filled in. However, this is the 

average EI, assumed to be constant over the whole beam. In reality, this is not the case, close to the 

supports, the stiffness will be higher because less cracks initiate in these parts. So, this approach might 

overestimate the deflections.  

 

Fig. 2: Theoretical approach 2 for estimated deflection, based upon the structural mechanics ‘forget-me-nots’. 
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S50 – 33d 

The concrete strain 𝜖𝑐𝑢3 was set as 2.9‰, because the compressive strength of the mixture can be 

compared to high-strength concrete, and is therefore assumed to be more brittle. Furthermore, the 

calculation is based on measured properties (E-modulus, splitting tensile strength and compr. strength). 

These values have been highlighted in the Excel sheet. Based on this calculation, a concrete compressive 

failure mode was expected at a load of around 48 kN.  

 
However, the test showed a different result (see Fig. 3, left), the estimation was not so close. No concrete 

compressive failure was observed, but reinforcement failure and a much higher failure load.   
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Fig. 3: Left: Expected Force-Deflection diagram vs. test results, both approach 1 and 2 (see previous paragraph) are plotted. Right: 
Recalculated Force-Deflection diagram based on the experiment, compared with the test results. 

 



 

103 

After the test, a recalculation has been done. The values that were changed compared to the original 

calculation, have been highlighted yellow in the Excel sheet below. It seems that the maximum concrete 

strain (𝜖𝑐𝑢3) is higher than the assumed 2.9‰, and the steel strength is higher than the characteristic 

value of 500 MPa. The balance between these two values determines the failure mode, if 𝜖𝑐𝑢3 is very high, 

the maximum steel strain will be reached earlier, and reinforcement failure will occur before concrete 

crushing, like observed. Fig. 3 (right) shows the adjusted Force-Deflection diagram. It is clear that the 

theoretical estimation is better than initially, but the calculated deflections are too big.  
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S50 – 69d 

The same procedure was followed as for S50-33d. Again, the concrete strain 𝜖𝑐𝑢3 was set as 2.9‰, 

because the compressive strength of the mixture can be compared to high-strength concrete, and is 

therefore assumed to be more brittle. The calculation is based on approximate measured properties, 

because the properties have not been tested exactly at 69d. Therefore, a rough estimation based on the 

results from 49 days (Table 5.2) has been applied. Based on the initial calculation, concrete compressive 

failure was expected. However, as explained in the previous paragraph, the four-point bending test for 

S50 at 33d showed reinforcement failure instead of concrete compressive failure. Therefore, not based on 

this calculation, but on the gained experience, it was expected that the maximum strain in the concrete 

would be higher than 2.9‰. And that, again, reinforcement would fail before concrete crushing occurs.  

 

Surprisingly, the test results showed concrete compressive failure. Although it was the hypothesized 

failure mode from the calculations, it was unexpected because both S50 – 33d and S100 – 33d days (next 

paragraph) showed reinforcement failure. Still, the maximum load was higher than expected (Fig. 4, left).  
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Fig. 4: Left: Expected Force-Deflection diagram vs. test results, both approach 1 and 2 (see previous paragraph) are plotted. Right: 
Recalculated Force-Deflection diagram based on the experiment, compared with the test results. 

It seems that the steel had a higher strength, in the recalculation this was adjusted (see yellow-highlighted 

cells in the recalculation sheet). Furthermore, it is estimated that the maximum concrete strain (𝜖𝑐𝑢3) is 

higher than the assumed 2.9‰, although it will be lower than for beam S50-33d. Beam S50-33d showed 

no concrete compressive failure, so the maximum concrete strain 𝜖𝑐𝑢3 should be higher for S50-33d when 

compared to S50-69d (if the reinforcement is assumed to be complelty similar). Fig. 3 (right) shows the 

adjusted Force-Deflection diagram, the estimated deflection is now almost correct for theoretical model 1 

(shown in the graph as Recalculated Force-Deflection diagram 1).  
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S100 – 33d 

The initial calculation was conducted in the same way as for S50 - 33d. Again, the concrete strain 𝜖𝑐𝑢3 was 

set as 2.9‰, because the compressive strength of the mixture can be compared to high-strength 

concrete, and is therefore assumed to be more brittle. Furthermore, the calculation was based on 

measured properties (E-modulus, splitting tensile strength and compr. strength). These values have been 

highlighted in the Excel sheet below. Based on this calculation, concrete compressive failure was 

excpected, but the numbers are closer to reinforcement failure than in case of S50 (because the 

compressive strength of S100 is higher when compared to the values for S50). 

The test showed reinforcement failure, unlike the calculation predicted. And, the maximum force was 

higher than calculated (see Fig. 5, left).  
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Fig. 5: Left: Expected Force-Deflection diagram vs. test results, both approach 1 and 2 (see previous paragraph) are plotted. Right: 
Recalculated Force-Deflection diagram based on the experiment, compared with the test results. 
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The maximum concrete strain (𝜖𝑐𝑢3) is higher than the assumed 2.9‰, and the steel strength is higher 

than the characteristic value of 500 MPa, as was also the case for the other beams. The adjusted values 

are highlighted yellow in the recalculation sheet below. Fig. 5 (right) shows the recalculated Force-

Deflection diagram. It is clear that the recalculated theoretical estimation is better than initially, but the 

calculated deflections are too big, as was also the case for beam S50-33d. 

  

S100 – 70d 

The same procedure was followed as for all the other beams. The calculation is based on approximate 

measured properties, because the properties have not been tested exactly at 69d. Therefore, a rough 

estimation based on the results from 47 days (Table 5.1) has been applied. Based on the initial calculation 

(shown below), concrete compressive failure was expected. However, as explained in the previous 

paragraphs, the four-point bending test for the S100 beam tested at 28 days showed reinforcement 

failure instead of concrete compressive failure. Therefore, not based on this calculation, but on the gained 

experience, it was expected that the maximum strain in the concrete would be higher than 2.9‰. And 

that, again, reinforcement would fail before concrete crushing occurs. 

The test showed reinforcement failure, unlike the calculation predicted, but as expected. And, the 

maximum force was higher than calculated (see Fig. 6, left), as was the case for all the other beams. 
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Fig. 6: Left: Expected Force-Deflection diagram vs. test results, both approach 1 and 2 (see previous paragraph) are plotted. Right: 
Recalculated Force-Deflection diagram based on the experiment, compared with the test results. 

The maximum concrete strain (𝜖𝑐𝑢3) is higher than the assumed 2.9‰, and the steel strength is higher 

than the characteristic value of 500 MPa, as was also the case for the other beams. The adjusted values 

are highlighted yellow in the recalculation sheet below. Fig. 5 (right) shows the recalculated Force-

Deflection diagram. It is clear that the recalculated theoretical estimation is better than initially, but the 

calculated deflections are too big, as was also the case for beam S50-33d. 

 

 



 

109 

Conclusion 

It should be emphasized that the conducted calculations are only a simplified version of the realistic 

behaviour, so therefore it will never perfectly fit the test results. Then, a finite element model should be 

made. To conclude, the steel strength was significantly higher than the characteristic value of 500 MPa, 

which is imaginable, as the characteristic value is on the “safe side”. Based on the experimental results, it 

is also clear that the maximum concrete strain (𝜖𝑐𝑢3) is higher than for regular OPC concrete with similar 

compressive strengths. This means that AAC exhibits more ductile behaviour and therefore a higher 

rotational capacity than OPC concrete. The maximum concrete strain (𝜖𝑐𝑢3) seems to be around 4-5 ‰, 

according to the recalculations.  
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Appendix E. – Development of cracks  

This appendix contains the graphs that show a comparison between crack development for beams tested 

at the same moment over time.  

 

Fig. 1: Development of cracks during four-point bending tests on S50 and S100 beams at 33/34 days and comparison with regular 
OPCC beam, results by Zhekang Huang. S50 and S100 specimens have been cured (20°C and 95% RH) for 28 days. After this, the 
samples were exposed to laboratory conditions (20°C and 55% RH) until testing. OPC concrete was kept in the mould for 33 days 

(covered with plastic) in lab conditions and then unmoulded. 

 

 

Fig. 2: Development of cracks during four-point bending tests on S50 and S100 beams at 69/70 days. Specimens have been cured 
(20°C and 95% RH) for 28 days. After this, the samples were exposed to laboratory conditions (20°C and 55% RH) until testing. 
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Appendix F. – Location of ESEM images 

The ESEM images that are shown in paragraph 6.3 ESEM analysis of microstructure were taken at the 

following locations in the sample: 

 

 

 



 

  



 

 
  



 

 


