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 Abstract 

  

Frost resistance of concrete is directly dependent on its air content and parameters of air 

void system. Nowadays concrete is rarely produced without water-reducing agents, used 

also in air-entrained mixes. Sequence of adding admixtures during mixing seem to affect 

final properties of concrete, concerning its performance throughout service life. 

This work is a result of studying the effect of different adding sequences of air-entraining 

agents (AEA) and superplasticizer (SP) on air content in mortar. The basis for work is a 

study of foam index change for different materials and adding sequences, carried out by a 

group of BSc students in spring 2015 [1]. 

Consequently, a set of experiments for materials of interest (2 different AEAs, 1 co-polymer 

SP, 1 OPC, 1 Norwegian fly ash and 1 limestone filler), used in the above mentioned study, 

were performed.  

The following parameters of the mix were selected: OPC/FA – 70/30, mass of limestone – 

5% of binder, w/c ratio – 0,45. Matrix volume was changed during the experiment from 330 

to 400 litres. Whole range of received data is included in the report for a broader overview 

of the effect of AEA and SP mixing sequence. 

The results shows that, notwithstanding matrix volume and type of AEA used, sequence of 

adding admixtures has a significant influence on the air content in concrete both in fresh and 

hardened state. 

It is noted that when SP is added after AEA, the effect of AEA is reduced while in mixes 

where AEA is added after SP, the air content is higher, presumably due to adsorption of SP. 

The highest air content gives adding AEA together with SP. The appreciable difference in 

the air content is also noted for different AEAs, coming from different producers. An 

attempt for characterizing of air-void parameters for most interesting cases was abandoned 

due to insufficient strength for polishing of young fly ash mortar, unveiled at last stage of 

the procedure. 
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1 Introduction 

 

Freezing and thawing occurred in cold and harsh environment can cause scaling and 

cracking in badly prepared concrete and with inadequate amount of air. To prevent 

deterioration, it is important to stabilize the right volume of air and create a system of air 

pores in the concrete, mainly, by use of Air Entraining Agents (AEAs). 

In the Scandinavian countries, as in the rest of Europe, there is a clear tendency towards 

reduction of cement consumption, mainly for ecological reasons. Therefore, concrete with 

fly ash has become a very popular product. However, it appeared to be hard to determine the 

right dosage of AEA for this type of concrete. The reason is a fly ash which can contain too 

much carbon because of incomplete combustion in the power plant (high Loss on Ignition – 

LOI), so the quality of fly ash can vary significantly. 

Even if we obtained the correct dosage of AEA and SP, thanks to the FI test [1], one should 

comprehend that the air-entraining problem is more complicated. Dosages of admixtures can 

vary in practice and they do not necessarily correspond with material data sheets, giving 

recommendations on dosing of admixtures depending on composition and volume of the 

mix. The water reducing admixtures, usually Superplasticizers, are used in mixes to improve 

the workability when w/b ratio is low, which is often a case. Therefore, dealing with air 

entraining of concrete cannot be considered without looking at procedure of adding AEAs 

and SP, as one of the most crucial factors to consider when obtaining frost resistant concrete 

for particular exposure conditions. Investigation on adding sequence of AEAs and SP in the 

mortar mixes can show which mixing procedure can give us the most predictable air content 

and which can give the least. 

The scope of this thesis is to investigate the sequence of adding Superplasticizer (SP) and 

Air Entraining Agents (AEA) to obtain stable air content in the fresh and hardened concrete. 

Sequences are taken from the FI report [1] written as a Bachelor Thesis in 2015, and all the 

results from it are compared with the obtained on mortar specimens. Foam Index test is used 

to measure the amount of AEA for obtaining stable foam, and it is very useful in the initial 

phase of calculation of dosage of admixtures like AEAs and SP. However, during work, 

selection of correct dosage of AEA was found complicated, therefore some changes in 

output dosage of AEA were made. In the experiments, selected materials were the same as 

ones that had been used in the Foam Index test. Throughout the work, different sequences of 
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adding abovementioned admixtures and variable dosages have been studied for 2 types of 

AEA. Consequently, air content in the hardened concrete was measured. 

2 Background 
 

2.1 FI test. Final results 

 

Foam Index test was made and described in the Bachelor Thesis [1] by the students 

from Gjøvik University College. Main target of their research was to find the sequence 

and dosage of AEAs and SP to obtain stable foam. In the investigation, different fly 

ashes, cements, fillers and admixtures were used.  

The results show (see Appendix A), that the air entrainment stability depends strongly 

on type of AEA, combination with Superplasticizer (SP) and binder powder. It was 

found, that SP added to the mixes before AEA reduces the negative effect of carbon in 

the fly ash in several cases, whereas SP added after AEA in most cases has a negative 

effect on air entrainment. Results obtained in the experiments have shown that AEA is 

less effective at higher carbon content in the fly ash as depicted in theory. The Foam 

Index test shown, that there is a difference in using ordinary Portland cement (OPC) and 

OPC in combination with fly ash.  

The FI report [1] includes also results from experiments made on the cement and fly ash 

from USA. The US fly ash had lower carbon content than the Norwegian fly ash. 

By virtue of insufficient quantity of the materials from USA, it was impossible to 

incorporate mixes with them in present report. 

2.2 Literature study  

2.2.1 Freezing and thawing in the concrete structures 

 

Depends on the air content in the hardened concrete, the freeze-thaw resistance can 

vary. Freezing and thawing in combination with de-icing salts or seawater in the cold 

and harsh environments, like in the Scandinavian countries, can cause frost damage 

called scaling in the concrete structures when it does not have the right volume of air 

pores. Possibility of frost damage depends on the air void size distribution expressed as 

specific surface and specific factor. The size of the fine porosity is also important when 
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dealing with frost resistance. Water in pores with lower diameter will freeze at lower 

temperature while water in pores with bigger diameter will freeze in temperatures close 

to 0˚C. Both forms of deterioration: internal and external can occur in concrete 

independently. Resistance to both damage forms is dependent on air voids. 

 In the Scandinavian countries, as it is in other countries, cement in combination with fly 

ash is used for reduction of cement consumption. Because of the variety of the fly ash, 

dosage of AEA can vary. It is caused by the carbon content, measured as a Loss on 

Ignition. The influence of carbon content in the fly ash was described in the papers, 

written by Gebler and Klieger [2], [3] and [4]. 

2.2.2 Air pore system in concrete 

 

Pores in concrete can be divided into micro and macro. In the micro pores there are 

capillary- and gel porosity which are formed during hydration process. Capillary pore 

size is 0,1-10 microns and the gel pore size is nanoscopic. Macro pores cannot be filled 

with water without extra force applied. Serving as sites for pressure release and ice 

formation during freezing, macro air voids improve concrete frost resistance. Reducing 

anisotropy of concrete body AEA is used to organize and refine air void structure, and 

by that improve range of concrete properties (see 2.2.3). 

 The air void system is established during the mixing process and, if it is stable, it can be 

the same in the fresh and the hardened concrete. However, there are some factors 

influencing the air pore system. G. Fagerlund [6] describes three different mechanisms 

for the air-pore instability of the fresh concrete. First mechanism is a loss of coarse air-

bubbles due to handling, transport and compaction and it does not affect on the freeze-

thaw resistance so much. The second mechanism is dissolution of small bubbles in the 

water and due to this mechanism reduction in the freeze thaw resistance can obtain. The 

last mechanism is transfer of air from small to coarser bubbles and it influences on the 

air content and leads to a reduction in the freeze thaw resistance. The air pore system in 

the fresh concrete may differ from the hardened concrete because of the factors affecting 

it in the period between production and setting.  

As we can read in the Du & Folliard’s paper [7], “Air bubbles in fresh concrete are 

inherently unstable. The interfaces between the dispersed air and the surrounding matrix 
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contain free surface energy and the thermodynamic tendency is to reduce the interfacial 

surface areas. Thus, all air bubbles have persistence.”  

Persistence of air bubbles in mortar (our case) is controlled by many parameters and 

conditions, most important of them to mention are: paste volume, fineness of cement, 

binder constituents, content of filler and its size, sieve curve of sand, and application of 

air-entraining agent (AEA).  

2.2.3 AEA and its influence on the concrete properties  

 

According to the Norwegian Standard NS 2001, concrete used in the concrete structures 

should be produced with right volume of air pores to obtain frost resistance. It can be 

done by adding the air entraining admixtures, like AEA, during the concrete production. 

AEA are used to entrain small and evenly distributed air bubbles throughout the 

concrete. In the Norwegian Standard NS EN 934-2 [8], the Air Entraining Agents are 

described as: “Admixtures which allow a controlled amount of small evenly distributed 

air bubbles to be incorporated within the composition remain after curing.” 

The main reason to use the AEAs is to obtain the freeze-thaw resistance in the concrete 

structures. However, there are other effects, which can be observed when using AEAs. 

For instance, small bubbles can improve workability. We will see later that the 

workability has correlation with the air content, as it was also noted by Eickschen E. [5]. 

The negative effect of using AEAs can be lower strength of concrete. This is why it is so 

important to obtain the right dosage of AEA to increase frost-resistance and not lose the 

strength. As the dosage of air-entraining admixture increased, concretes containing fly 

ash tended to show instability of air content in the fresh state. 

As it is written in the paper [9], AEAs belong to the group of chemical admixtures also 

known as ‘’surfactants” which is an abbreviation of “surface active admixtures”. 

Surfactants generally have a molecular structure of a long non-polar hydrocarbon chain 

at one end and a polar group at another. Since surfactant molecules have a strong bipolar 

nature, they tend to be absorbed and usually concentrate at the air-paste interface 

(around the air voids). As a result, of this property, the surface layer around the 

entrained air voids may have a different composition with respect to the bulk fluid in the 

mixture.  
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2.2.4 Superplasticizers (SP) 

 

Superplasticizing/water reducing admixtures are organic poly-electrolytes, which belong 

to the category of polymeric dispersing agents. Some of them are synthetic, while others 

are from natural products. They are used in the concrete to reduce the amount of water 

or to increase the workability in the mixes with low w/c -ratio. They are not working as 

a retarder and it can be dosed drop wise without giving a poor effect. They are mainly 

used with the AEAs, but it is important to know when the SP should be added to the 

mix. As we can read in the Foam Index test [1], the SP can suppress the foam, which 

means that we can obtain lower air content by incorrectly using AEAs and SP.  

2.2.5 Sequence of adding Superplasticizers and Air Entraining Agents  

 

Mixing procedure is very important during concrete production. It can influence the 

properties of both fresh and hardened concrete. Depending on the sequence of adding 

admixtures into the mixture, quantity of added admixtures can vary. While adding more 

air entraining agents can influence on the air content in the concrete, increasing time of 

mixing over 2 minutes, according to Eickschen’s paper [5], does not influence the air 

content significantly.  Combination of superplasticizer (SP) and air entraining agent 

(AEA) in a mix is a major issue due to lack of knowledge on how admixtures affect 

each other. Even if one fined the right dosage of these admixtures in some experiment, 

there would be a problem to reproduce the same concrete with the exact amount of air 

content because of other factors, which can influence, like volume of the mix or 

different fly ash. 

AEAs are active surface substances, surfactants, which “settle down” on the cement 

particles between water and air bubbles. The admixtures orient themselves so that one 

end faces towards the water (hydrophilic end), while the other end is hydrophobic 

(afraid of water) and creates stability in the air void system.  

Some particles of SP attach themselves to the surface of the cement grains while the rest 

scatters in the liquid. This causes the cement grains to physically separate from each 

other simultaneously achieving a longer opening time and increased water reduction.  
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3 Methods and Experiments 

3.1 Materials 

 

In the experiments, selected materials left after the measurements in the FI test [1] were 

used. All materials were stored in buckets at room temperature of 20˚C. To the reference 

mixes, aggregate was taken from big container and the moisture of it was measured 

every time before mixing. The proper mixes were made on material constant moisture by 

isolating a required volume of aggregate in a sealed bucket with plastic liner.  

3.1.1 Cement, fly ash and filler 

   

Binder 
Density 

[g/cm
3
] 

Carbon 

content 

[%] 

L.O.I 

[%] 

Blaine 

[m
2
/kg] 

Data sheet 

Norcem 

Standard OPC 
3,15 0 2,35 396 Appendix B 

Norcem Fly 

Ash FA 
2,30 1,74 2,27 334 Appendix B 

Limestone 2,73 0 37,66 362 Appendix B 

 Table 1 Cement, fly ash and filler data 

3.1.2 Air Entraining Agent (AEA) 

 

Norwegian AEA, based on the producer statement, is diluted 1:9, i.e 1 part of AEA: 9 

parts of water. Table 2 below shows recommended dosages based on the datasheets to 

obtain 4-6% air in concrete.  After all reference mixes, mass of AEAs was chosen as 0,7 

mass % of binder. As we can see in the table included in the Appendix A, in the FI report 

[1], 7 different AEAs were investigated. In this report, only 2 AEAs were taken under 

consideration. AEA4 and AEA5 were chosen because they gave the most representative 

results. 

AEA Description 

Minimum 

recommended 

dosage (µl/g) 

Maximum 

recommended 

dosage (µl/g) 

Data sheet 

AEA4 – Sika 

Multi Air 
Olefin sulfonate 0,1 1,95 Appendix B 

AEA5 – Mapeair 

25 1:9 

Based on the 

synthetic tensides 

and tall oil 

derivatives 

0,1316 1,316 Appendix B 

 Table 2 Description and recommended dosage of AEA 



 

11 
 

3.1.3 Superplasticizer (SP) 

 

In all experiments, mass of Superplasticizer was chosen as 0,45% of mass of binders, 

that corresponds to about 4,5 µl/g. 

SP Description 

Minimum 

recommended 

dosage (µl/g) 

Maximum 

recommended 

dosage (µl/g) 

Data sheet 

SP – Dynamon SX - 

130 
Akrylpolymer 3 12 Appendix B 

 Table 3 Description and recommended dosage of SP 

 

3.2 Proportioning and correction 

 

3.2.1 Proportioning and weighed in materials 

 

Calculation of all materials needed for concrete is the most important part of the concrete 

production. Mistake during calculation can have significant influence on the properties 

of fresh and hardened concrete. Therefore, there had been a great focus on the 

calculations before first reference mixes were done.  First reference mixes were done 

based on the Skanska Excel sheet which did not work for mortars with fillers. In our 

case, where mortar with filler was investigated, it was very helpful to create a new Excel 

sheet (Appendix C) which included all data and, without any problem and in a very fast 

way, it was possible to calculate proportions of the concrete for different dosages of 

Superplasticizer or Air Entraining Agents. Results obtained based on the new calculation 

sheet were included in the report. 

First of all, moisture of the aggregate was checked from formula as followed: 

  
         

    
 

Matrix volume and theoretical air content were assumed on the beginning of the work, so 

it was possible to calculate volume of the aggregate: 
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Knowing the moisture and the mass of the aggregate, it is easy to calculate to mass of 

water absorbed by the aggregate: 

              

w/b – ratio of 0,45 was selected for all the mixes. If it is known, the formula below can 

be used: 

        

            
      

where: 

                                      

C – cement, FA – fly ash, LS – limestone, W - water 

Mass of the cement was assumed as 70% mass of cement and fly ash, mass of fly ash – 

30% mass of cement and fly ash, and mass of limestone – 5% mass of cement, fly ash 

and limestone: 

                

                 

                      

If all those relationships are known, formula below can be used to calculate mass of 

cement: 

        
  

  
 

   

   
 

   

   
 

        

  
 

 

Mass of admixtures is calculated as followed: 
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After all calculation, proportioning values were multiplied by the volume of the mix to 

get masses of the materials weighed in to the mix. Table 4 below present values of the 

weighed in materials for matrix volume 400 litres depending on the sequence (see 3.3): 

Mass of: 
No Sp and 

AEA 
3.5.1 

3.5.2 

3.5.3 

3.5.4 

Cement [g] 690,1 696 698,7 

Fly Ash [g] 295,7 298,3 299,4 

Limestone [g] 51,9 52,3 52,5 

Aggregate [g] 3206,5 3206,5 3206,5 

Water [g] 403,3 400,2 397,8 

AEA [g] - 7 7 

SP [g] - - 4,5 

Table 4 Normalized proportions [kg/m^3] 

When the results from experiments are obtained, to calculate air content due to density 

method and correct proportions, formulas presented below can be used: 

 Mass of free water can be calculated: 

                        
            

       
               

where: 

Mw,added – mass of added water 

Magg – mass of dry aggregate 

f – moisture of the aggregate 

abs – absorption of the aggregate 

MAEA – mass of AEA 

MSP – mass of SP 

 

 Theoretical air void free volume [m
3
]: 

                
  

  
 

   

   
 

   

   
 

          

    
          

 

 Theoretical air void free density [kg/m
3
]: 
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 To calculate air content due to density method, fresh density from experiments is 

needed. Then, formula can be used as followed: 

    
      

        
 

3.2.2 Correction of concrete part materials 

 

Correction of concrete volume for measured air content: 

                                              

Mass of concrete part materials in 1m
3
 corrected for measured air content: 

 

    
 

  
 

  
 

      
 

 
 
 

 
 

  

    

  

  

      

                     

           
  

Mass of concrete part materials in 1m
3
 corrected for measured density: 

 

     
 

   
 

   
 

       
  

 
 

 
 

  

     

   
   

       

  
                  

         
 

 

                     

3.3 Mix procedures 

 

Before the proper mixes, reference mixes were done. Thanks to that, we could obtain the 

required workability and repeatability of the experiments. At the very beginning, it was 

assumed that target workability is slump of 80-90mm. Lower slump means that the 

consistence of the concrete is stiff. With low w/b ratio, it was necessary to increase SP to 

obtain required workability.  
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Numeration of the sequences was taken from the FI report [1] and it was as followed: 

3.5.1 – only AEA, without SP 

3.5.2 – SP after AEA 

3.5.3 – SP before AEA 

3.5.4 – SP with AEA 

First of all, dry and wet materials were weighed. In the sequence 3.5.1 and 3.5.2, AEA 

was added to the mix with water and SP was added separately. In the sequence 3.5.3 

AEA and SP were added with half of the water respectively but in the sequence 3.5.4 SP 

was added together with AEA to the water and then to the mix. 

All materials were weighed on the scale with accuracy 0,1g presented on the Picture 1 

below: 

 

Picture 1 Scales 

 

After all reference mixes, procedure for mixing was clarified. The diagrams in 

Eickschen’s paper [5] show that the mixing time of the air entraining admixtures, longer 

than 2 min, does not have significant influence on the air content. Therefore, variation of 

mixing time and its impact on Air content was not studied. Independently from the 

sequence of adding SP and AEAs, time of mixing for all sequences was the same. The 

mixes were done in the Hobart mixer presented on the Picture 2: 
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Picture 2 The Hobart mixer and stopwatch 

The mixing procedures for the particular sequences are presented below: 

a) No AEA and SP 

1) Dry materials     1min 

2) Water     3min 

 

b) 3.5.1 Only AEA 

1) Dry materials     1min 

2) Water + AEA     3min 

 

c) 3.5.2 SP after AEA 

1) Dry materials     1min 

2) Water + AEA     2min 

3) SP     1min 

 

d) 3.5.3 SP before AEA 

1) Dry materials     1min 

2) 
 

 
 water + SP     1min 

3) 
 

 
 water + AEA     2min 
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e) 3.5.4 SP with AEA 

1) Dry materials     1min 

2) Water + AEA + SP     3min 

 

3.4 Measurements method 

 

Procedure for all the experiments was always the same, and it was followed as (numbers 

in the brackets show time after mixing): 

- Slump test (5min) 

- Density method (8min) 

- Pressure method (9min) 

- Specimens (12 min) 

3.4.1 Slump test 

 

The slump test was done on the flat surface. Before every measurement, the steel cone, 

steel rod, steel flat and the surface should be moisture to avoid sticking of the concrete. 

The steel cone was filled with two layers and each layer was compacted with 25 rod-

digging to bottom of each layer.  When the concrete was compacted and the surface was 

levelled, the steel cone was lifted. 

Equipment is shown in the Picture 3: 

- Steel cone (high: 120mm, top diameter: 40mm, lower diameter: 80mm) 

- Steel rod 

- Steel flat to levelling surface 
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Picture 3 The steel cone, steel rod and steel flat 

 

3.4.2 Density and pressure method 

 

Based on the Norwegian Standard NS-EN 12350-6:2009 [10] procedure for density 

method is as follows: 

1) Calculation of the volume of the container (V) 

2)  Weighing the container (m1) 

3) Filling the container with concrete in two layers and compact it with rod and 

some additional hammering on the sides to get side of coarse air bubbles 

4) Levelling the surface 

5) Weighing the container with concrete (m2) 

6) Density is calculated from the formula: 

  
     

 
 

To calculate the air content in the fresh concrete, the formula is used as follow: 

    
      

     
 

Where: 

       depends on the value of the mass and the volume of the container. The volume of 

the container is unchangeable but the error of the mass can occur. 
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Equipment is shown in the Picture 4: 

- Container (volume 1l) 

- Chamber  

- Hammer 

- Steel rod 

- Steel flat to levelling surface 

 

Picture 4 Equipment for pressure and density test 

One of the most important things to control in these experiments are compacting and 

levelling the surface. If some errors occur during experiments, the results can be 

affected. Below, calculations of error are presented: 

For example: 

Mass of empty container:  1113g 

Mass of container with concrete:  3372g 

Fresh density:        
               

  
            

Theoretical density:  2351 kg/m
3
 

Air content:     
    

    
        

  

With 0,1g error during weighting: 

Mass of container with concrete:  3372,1g 

Fresh density:        
                

  
              

Theoretical density: 2351 kg/m
3
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Air content:     
      

    
        

 

Error: 
           

     
             

 

      depends on the corrected masses of all the part materials. Based on the Excel 

sheet, it is important to weigh all materials with accuracy to one decimal place. Then, we 

can test assured that our components are in the right proportions. 

 

The pressure method is based on the Boyle’-Mariotte’s law, which states that at 

constant temperature the volume occupied by an ideal gas (air in this case) is 

proportional to the applied pressure; pV=constant=p’V’. Based on the Norwegian 

Standard NS-EN 12350-7:2009 [11], procedure for the pressure method is as follow: 

1) Points from 1) to 4) are the same like in the density method 

2) Cleaning the flanges of the container and cover it assembly (ensure that there 

is a good seal between the container and the cover) 

3) Open valves  

4) Inject water through either valve until water emerges from the other valve 

5) Close valves and pump air into the chamber 

6) Release the lever and read the indicated value 

 

 Accuracy of this method mostly depends on the preparation of the sample, but it is also 

important to do experiment carefully. It is difficult to quantify of the error in this 

method, because the equipment used in the experiments can be leaky and some of the 

pressure can escape.  

 

3.4.3 Specimens 

 

Samples are made in the 4x4x16cm moulds. Procedure for the sampling is as follows: 

1) Wetting the moulds with water 

2) Filling the moulds with concrete in two layers, compacting each layer with 

rod and vibrating table with frequency 50 Hz for 5 sec each layer 
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3) Levelling the surface 

4) Cover the samples with plastic for 24±1h 

5) Specimens should be removed from the moulds, weighed (m1), volume of the 

specimens should be determined (V) and then they should be placed in the 

water (temperature of the water should be about 20˚C) 

6) Density of the hardened concrete can be calculated 

7) Air content in the hardened concrete can be calculated using the density of 

the hardened concrete 

3.4.4 Air void analysis/ Image analysis 

 

The last part of the work was to quantify the air void system in the hardened concrete 

using the ASTM C457 method. Thanks to this method, total air content, specific surface 

and the air-void spacing factor can be determined. Based on these factors, freeze thaw 

resistance can be evaluated.  

The most important thing in this method is the samples preparation. If the samples are 

badly prepared, the results will be affected. To this experiment, 6 samples with two 

different Air Entraining Agents were chosen. Each sample was cut into two parts to 

provide good base for polishing, increase number of specimens, and observe how 

bubbles are distributed from top to bottom of specimens.  

Each sample was prepared using procedure as follow: 

1) Cutting into two parts using diamond saw 

2) Gridding 

3) Polishing each part of the sample using equipment on the Picture 5 and 

powders starting from 120 grit, then sand paper with 240 and 320, and again 

powders 600, 800, 1000 and finally the finest one 1200 grit. 

After every step samples were checked under the microscope whether there is 

an improvement in polishing. As we can read in ASTM standard [10], use of 

ultrasonic cleaners may be harmful to the surface, so we decided to place half 

of the samples in the ultrasonic bath for 5min between every step and the 

second half of the samples were just cleaned under the water using a soft 

brush.  
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Picture 5 The polishing equipment 

4) The polished surface is coloured with black marker the air voids are filled 

with a white powder (BaSO4) with particle size 1 -4 microns 

5) Prepared samples are scanned using the scanner and thanks to the Matlab 

script, factors like total air content, specific surface and air-void spacing 

factors can be calculated 

3.4.5 PF – method 

 

Another method to estimate the air void system in the hardened concrete is PF – method. 

It is based on measurements of porosity in concrete by drying and weighing a sample in 

different moisture conditions. Samples used in the PF method do not have to be regular 

geometrically but in our experiments specimens with approximately the same 

dimensions (4x2x16cm) were used.   

Procedure: 

1) Drying the samples at 105˚C for 7 days to constant mass (W1) 

2) Water suction for 7 days (W2) 

3) Determine the volume of the samples (V) 

4) Pressure saturation under water at 50 bar water pressure (W3) 
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Calculations: 

 Total porosities (including all pores): 

     
     

 
     

 

 Porosities including only gel- and capillary pores: 

      
     

 
     

 

 Air content: 

      
     

 
     

 

 The Pore Protection Factor can be calculated from the formula as followed:  

   
    

         
 

  

     
     

Where: 

Pa is the air/macro porosity that does not fill by water suction  

Ps is the suction porosity 

PF should be >25% for frost resistance in the presence of de-icing salts and  

>20% for pure water.  
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4 Results and discussion 

 

Influence on the air content depends on the sequence of adding SP and 

AEA 

Figure 1 shows the main goal of this work – difference in the air content depends on the 

sequence of adding admixtures. On the graph, two different Air Entraining Agents are 

presented – Mapeair 25 (AEA5) and Sika Multi Air (AEA4). The dark blue bar represents 

mix without AEA and SP. The red bar represents sequence 3.5.1 (only AEA). The green bar 

represents sequence 3.5.2 (SP after AEA). The purple bar represents sequence 3.5.3 (SP 

before AEA) and the light blue bar represents sequence 3.5.4 (SP with AEA). For the matrix 

volume 330 litres dosage of the SP was 0,2% of the mass of the binders while in the matrix 

volume 400 litres dosage of the SP was 0,45% of the mass of the binders. 

 

 Figure 1 Master plot. Total air content for different adding sequences, AEAs and matrix volumes 

In the table 5 and 6, results from experiments made on the matrix volume 330 and 400 litres 

are presented. For the matrix volume of 330 litres only one type of the AEA was used – 

Mapeair 25 while in the experiments with matrix volume of 400 litres two different AEAs 

were used – Mapeair 25 and Sika Multi Air. For all experiments, the same data were used: 

w/b ratio 0,45; OPC/FA was 70/30 and Limestone was 5% mass of the cement, fly ash and 

limestone. 
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AEA5 – Mapeair 25 

Matrix volume = 330 litres 

    No SP and AEA 3.5.1 3.5.2  3.5.3 3.5.4 

    Mix 1 Mix 2 Mix 1 Mix 2 Mix 1 Mix 2 Mix 1 Mix 2 Mix 1 Mix 2 

Slump [mm] 30 40 20 20 60 45 60 35 60 60 

Density method – air content [%] [-1,1] [-1,0] 1,8 1,4 4,2 3,4 7,0 6,0 7,3 7,4 

Pressure method – air content [%] 1,5 1,5 3,6 3,7 5,2 5,0 7,4 7,0 7,8 7,6 

Matrix volume = 400 litres 

    No SP and AEA 3.5.1 3.5.2 3.5.3 3.5.4 

    Mix 1 Mix 2 Mix 1 Mix 2 Mix 1 Mix 2 Mix 1 Mix 2 Mix 1 Mix 2 

Slump [mm] 20 20 25 30 100  90  90  

Density method – air content [%] 0,5 0,6 1,2 1,5 [-0,5]  3,1  6,9  

Pressure method – air content [%] 2,0 2,0 3,0 3,0 1,5  5,8  7,6  

Average density of specimens 

[kg/m
3
] 

 2294,49  2260,18 2295,07  2211,88  2154,08  

Air content in hardened specimens 

[%] 
 0,7  2,1 0,6  4,2  6,7  

Table 5 Air content in mixes with AEA5 
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AEA4 – Sika Multi Air 

Matrix volume = 400 litres 

    No SP and AEA 3.5.1 3.5.2  3.5.3 3.5.4 

    Mix 1 Mix 2 Mix 1 Mix 2 Mix 1 Mix 2 Mix 1 Mix 2 Mix 1 Mix 2 

Slump [mm] 20 20 25  105  90  90  

Density method – air content [%] 0,5 0,6 2,1  0,3  5,0  12,6  

Pressure method – air content [%] 2,0 2,0 3,5  2,2  5,9  11,2  

Average density of specimens 

[kg/m
3
] 

 2294,49 2263,4  2287,74  2188,36  2044,37  

Air content in hardened specimens 

[%] 
 0,7 2,0  0,9  5,2  11,4  

Table 6 Air content in mixes with AEA4 

 

 

[  ] – negative values. Results obtained in the density method where materials data needed for calculations. The negative values of the air 

content can be caused by the wrong value of the fly ash density. As we can see in the data sheet (Appendix B), density of fly ash can vary 

depending on Loss on Ignition. 
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As we can see on the Figure 1, there is an effect of adding sequence for SP and AEA. We 

can also observe that dosage of SP has influence on the air content. When we consider mixes 

with matrix volume 330 litres, SP does not affect the air content because quantity of SP is 

low. When we look at the bars where results from mixes with 400 litres of matrix volume 

are presented, there is an effect of adding SP after AEA. When we compare these results and 

the results from FI test report [1], we can see that in both cases SP ‘kills’ air when it is added 

after AEA. The most efficient sequence is 3.5.4 when we add AEA with SP at the same 

time. We can also observe that there is no significant difference in the air content when we 

compare AEA4 and AEA5 for the sequences without SP and AEA, 3.5.1, 3.5.2 and 3.5.3 for 

the matrix volume 400 litres. However when we came to the sequence 3.5.4 there is a 

significant difference in the air content. It means that the AEA4 – Sika Multi Air is more 

efficient that AEA5 – Mapeair 25.  

Workability vs. air content 

Figure 2 shows the relationship between workability and the air content due to pressure 

method for experiments done with matrix volume 330 litres and AEA5.  

 

Figure 2 Matrix volume 330 litres: workability vs. air content - AEA5 

Figure 3 shows the relationship between workability and air content due to pressure method 

for experiments done with matrix volume 400 litres and AEA5. 
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Figure 3 Matrix volume 400 litres: workability vs. air content - AEA5 

 Figure 4 shows the relationship between workability and air content due to pressure method 

for experiments done with matrix volume 400 litres and AEA4. 

 

Figure 4 Matrix volume 400 litres: workability vs. air content - AEA4 
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As it is seen from figure 2, with higher workability air content increases. The results on the 

figure 2 are with low dosage of SP and the consistence of the mortar is stiff and stiff/plastic. 

We cannot observe any relationship between parameters as we can see on the figures 3 and 

4, where the consistency is more flowable. It seems that for the slump below 90mm, the air 

content in concrete increases. However, when we exceed 90mm, the air content significantly 

drops down. Both of the experiments were done on the same matrix volume and with the 

same dosages of AEA and SP. It verifies that SP has influence on the air content. When we 

increase the workability, the air content also increases. However, special care should be 

taken when increasing the SP dosage, because of known negative effects of high dosage of 

SP on the air content, as it usually contains damper according to manufacturer. 

Pressure method vs. density method 

Figure 5 shows correlation between the density and pressure method. The comparison was 

made for all experiments with 330 and 400 litres of matrix volume and for AEA4 and AEA5 

as well.  

 

Figure 5 Pressure method vs. density method - air content [%] 

0 

2 

4 

6 

8 

10 

12 

-2,0 0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0 

P
re

ss
u

re
 m

et
h

o
d

 [
%

] 

Density method [%] 

Pressure method vs density method - air content [%] 

AEA5 - matrix volume 330 litres AEA5 - matrix volume 400 litres 

AEA4 - matrix volume 400 litres 



 

30 
 

As we can see on the figure 5, there is a good correlation between the pressure and the 

density method for all cases, indicating that measurements were taken in a consistent 

manner. There are some smaller or bigger outliners which could be caused by the failure in 

the measurements, but all in all the good correlation was kept for all experiments.  

Image analysis 

After polishing samples using powder with 1200 grit, the surface of the samples observed 

under the microscope was rough and it was not ready for further preparations (see photos 

D30, D31 and D32).  Despite this, we decided to coloured half of the specimens and see 

whether the roughness of the surface has big influence on the further results. On the picture 

below, coloured and filled samples with the white powder (BaSO4) are presented: 

 

Picture 6 Prepared samples for Image analysis 

As we can see, the samples are not representative and in the Image analysis we would 

 obtain  erroneous results. There is a noticeable excess of white powder, BaSO4, which filled 

the roughed surface of the specimens and, as it is known, white points in the Image analysis 

represent air pores in concrete. 



 

31 
 

Therefore, we decided to polish the second half of the samples using finer sand paper, 2000 

and 4000 grit. Normally, the process of polishing is finished on 1200 grit powder. Sand 

papers with finer size are rarely in use for concrete / mortar. Unfortunately, surface was still 

rough and it was not ready to further experiment.   

The roughness of the surface is caused by fly ash in mortar, which matures longer than 

cement and limestone used in the mixes. During the polishing, immature particles of the fly 

ash were separate and it caused rough surface.  

Due to lack of results on hardened mortar, we decided to perform PF test [12] instead of 

Image analysis. From the PF-method we obtain total air content in hardened state, which can 

be compared with total air content in a fresh state. Unfortunately, parameters of pore 

structure cannot be obtained from PF-method.  

 

Air content in the fresh concrete vs. Hardened concrete 

In the table 7 comparisons between the air content in the fresh and hardened concrete is 

presented. The air content in the fresh concrete is taken from Pressure method and in the 

hardened concrete from PF test. PF factor is also included in the table below.  

 AEA5 AEA4 

Method 3.5.2 3.5.3 3.5.4 3.5.2 3.5.3 3.5.4 

Pressure method [%] 1,5 5,8 7,6 2,2 5,9 11,2 

PF – method [%] 3,4 7,4 8,8 4,1 7,5 12,5 

PF factor [%] 16,4 28,7 34,3 20,1 31,1 43,4 

 Table 7 Results from Pressure method and PF test 

  

As we can see, independently from the sequence, air content in the hardened concrete is 

higher than in the fresh concrete by 1-2%. It may be caused by the coalescence of smaller air 

bubbles to bigger, as it is described in the Fagerlund’s paper [6], resulting in higher air 

content in the hardened concrete. In the PF test, at least 3 specimens from every sequence 

should be tested. In our case only one specimen from every sequence was tested, therefore 

the results should be treated with care.  
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In the table PF factors, which determine the frost resistance, are presented. Almost all 

specimens have PF factor above 20 % what means that they are frost resistant for fresh 

water).  

5 Conclusions 
  

Air entrainment and stability of the pore system in fresh and hardened concrete is an 

extremely complex problem. It is caused by the lack of knowledge about the effectiveness of 

the sequences of adding admixtures and others factors affecting the air-void system in the 

concrete.  Every component in concrete mixture, including cement, fly ash, binders and 

admixtures affect the air void system to varying degree. Use of different mixers, transport, 

placing and compaction methods and other operations affect the air entrainment. This report 

is focused on adding sequence of admixtures - Air Entraining Agents (AEAs) in 

combination with Superplasticizer (SP) and its effect on the air-void system.  

Investigation about sequence of adding AEAs and SP included in this report was based on 

the FI report [1]. Based on the results obtained in this experimental investigation, following 

conclusions are drawn:  

1) When we are talking about combination of adding admixtures, it is clearly 

  seen that the Foam Index test results correlate well with results on mortar 

  mixes in present report. The most effective  sequence, when the highest  

  volume of the air pores in concrete is required, is the sequence where Air 

  Entraining Agent is added with Superplasticizer. Both tests show also that SP 

  added after AEA ‘kill’ the air in the mix, hence this sequence should be  

  avoided during production of air-entrained concrete. 

2)  As it was mentioned in this report, calculations have significant influence on 

  the final results. Before the right Excel sheet was created, Excel sheet from 

  Skanska had been used. Skanska Excel sheet was created for simple  

  calculations with ordinary Portland cement (OPC) or Fly ash cement (FA 

  cement). In this case, OPC was mixed with fly ash and filler in the laboratory 

  so the Excel sheet from Skanska did not suit our test program.  

3) Dosage of the SP has influence on the air content in the concrete if dosage of 

  the AEA is kept constant. Higher dosage of the SP increases the workability 
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  of mixture, so the air content in concrete decreases as we can see on the  

  screen shots from Excel sheet included in the Appendix C.  

4) Concerning adding sequences, different AEAs behave in the same way. Only 

  total air content differentiates, depending on the efficiency of surfactant. 

5) There were many combinations of different mixture parameters used in the 

  work. Despite clear correlations of some of the parameters, the data requires 

  to be regained from repeated experiments to increase data pool and  

  probability of conclusions. 
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Appendix A – Foam Index – Results table 

 

 Table A1 Foam Index - results table 

 

Table A1 shows results obtained in the FI test described in the report [1] written by the 

Bachelor students from Gjøvik University. In this table, dosages of AEAs and SP in unit of µl/g 

are presented. For AEA5 we can see that there are indexes with dosages. They mean that these 

values are average from 5 tests. Number in the bracket show time where foam was stable. As it 

is known from this report and from FI report [1] SP “kills” the foam.  
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Appendix B – Materials data sheets 
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Appendix C – Calculations 

Table C1 shows calculations for mixes with matrix volume 400l and AEA5 
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Table C1 Calculations for mixes with matrix volume 400l and AEA5 
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 Table C2 shows calculations for mixes with matrix volume 400l and AEA4 

 

 

Table C2 Calculation for mixes with matrix volume 400l and AEA4 
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Table C3 shows calculations for mixes with matrix volume 330l and AEA5 
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Table C3 Calculation for mixes with matrix volume 330l and AEA5 
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Table C4 shows calculations for PF test for mixes with matrix volume 400l both for AEA4 and AEA5 

 

 

Table C 4 PF test - calculation for specimens with matrix volume 400l 
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Appendix D – Photo documentation 

Mixes with matrix volume of 330l and with Mapeair 25 

 

 Photo D 1 Sequence 3.5.1 - mix 5 – mixture  Photo D 2 Sequence 3.5.1 - mix 5 – slump 

    

 

  

 

 Photo D 3 Sequence 3.5.2 - mix 4 – mixture  Photo D 4 Sequence 3.5.2 - mix 4 – slump 
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 Photo D 5 Sequence 3.5.3 - mix 2 – mixture  Photo D 6 Sequence 3.5.3 - mix 2 – slump 

    

 

 

   

 Photo D 7 Sequnece 3.5.4 - mix 2 – mixture  Photo D 8 Sequence 3.5.4 - mix 2 – slump 
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 Mixes with matrix volume of 400l and with Mapeair 25 

   

 Photo D 9Sequence 3.5.1 - mix 2 – mixture  Photo D 10 Sequence 3.5.1 - mix 2 – slump 

    

 

   

 Photo D 11 Sequence 3.5.2 - mix 3 – mixture  Photo D 12 Sequence 3.5.2 - mix 3 – slump 
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Photo D 13 Sequence 3.5.2 - mix 3 - edge of the slump 

 

 

   

 Photo D 14 Sequence 3.5.3 - mix 4 – mixture  Photo D 15 Sequence 3.5.3 - mix 4 – slump 
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 Photo D 16 Sequence 3.5.4 - mix 3 – mixture  Photo D 17 Sequence 3.5.4 - mix 3 – slump 

    

 

 

 

Photo D 18 Sequence 3.5.4 - mix 3 - edge of the slump 
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 Mixes with matrix volume of 400l and with Sika Multiair 

   

 Photo D 19 Sequence 3.5.1 - mix 1 – mixture  Photo D 20 Sequence 3.5.1 - mix 1 – slump 

    

 

   

 Photo D 21 Sequence 3.5.2 - mix 1 – mixture  Photo D 22 Sequence 3.5.2 - mix 1 - slump 



 

61 
 

    

 

Photo D 23 Sequence 3.5.2 - mix 1 - edge of the slump 

 

 

   

 Photo D 24 Sequence 3.5.3 - mix 1 – mixture  Photo D 25 Sequence 3.5.3 - mix 1 – slump 
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Photo D 26 Sequence 3.5.3 - mix 1 - edge of the slump 

 

 

  

 Photo D 27 Sequence 3.5.4 - mix 1 – mixture  Photo D 28 Sequence 3.5.4 - mix 1 – slump 
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Photo D 29 Sequence 3.5.4 - mix 1 - edge of the slump 

 

 Photos of the surface seen under the microscope 

 

Photo D 30 Sequence 3.5.2 - AEA4 (surface after polishing with 4000µm Sand paper) 
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Photo D 31 Sequence 3.5.2 - AEA5 (surface after polishing with 4000µm Sand paper) 

 

Photo D 32 Sequence 3.5.3 - AEA5 (surface after polishing with 4000µm Sand paper) 


