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 Abstract: Self-compacting concrete has gained a wide range of applications as a result of its 
unique properties, which can offer high strength and durable type of concrete with the proper 
selection of the raw materials. The purpose of this study was to show the effect of the use of high 
dosage of air entraining admixture on the properties of self-compacting concrete. An experimental 
investigation on the frost-salt scaling resistance of conventional and air entraining self-
compacting concrete incorporating slag-blended cement and supplementary cementitious 
materials was carried out. Further fresh and hardened properties tests including slump flow,  
V-funnel, compressive strength, splitting tensile strength, air void characteristics and water 
absorption tests were performed to obtain an objective evaluation between air and non-air 
entrained self-compacting concrete mixtures. Air void characteristics were evaluated through the 
automated image analysis procedure to enrich this investigation. Results indicate the following: 
the air entraining admixture highly decreased the compressive strength up to 52% and the 
metakaolin was the governing supplementary cementitious material concerning the scaling 
resistance and water absorption in comparison with the silica fume. 
 
 Keywords: Self-compacting concrete, Air voids, Frost-salt scaling, Supplementary 
cementitious materials 

1. Introduction 

 Self-Compacting Concrete (SCC) was development to improve the durability 
properties of concrete and to tackle the casting difficulties in challenging geometries. 
However, in order to reach the self-compacting ability, SCC rheological properties 
demand adequate deformability and viscosity of the paste phase [1]. Additionally, SCC 
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differs from normally vibrated concrete in higher cement and super-plasticizer content, 
thus higher cost is needed for SCC production [2]. SCC can achieve high strength 
characteristics through the high volume and enhanced quality of paste, low water to 
binder ratio, optimized particle packing density and self-compacting ability. Therefore, 
the obtained dense matrix also provides durability properties for a remarkable service 
life design [3].  
 Today, the evolution and development of sustainability impose the necessity of 
reducing the dosage of ordinary Portland cement in concrete production. Supplementary 
Cementitious Materials (SCM) provide the key issue for cement replacement. These 
materials are generated from silica dominated (e.g. silica fume, perlite powder, quartz 
powder), alumino-silicates (e.g. activated clays, metakaolins) or ternary composition 
SiO2-Al2O3-CaO (e.g. slags and fly ashes) [4]. Due to their chemical composition, 
degree of crystallinity and fineness (Blaine), SCMs provide an enhancement effect on 
the hardened state of concrete by reacting with the Ca(OH)2 formed during the 
hydration process of Portland cement and thereby additional calcium silicate hydrate is 
formed [4], [5]-[9].  
 Concrete is subjected to several exposure conditions that highly affect its design and 
properties. The damage resulted from the freezing and thawing contributes to the 
concrete repair costs in cold climate countries. This phenomenon is described by the 
freezing of water inside the capillary pore structure causing the volume expansion by 
9%. This can result in internal tensile stresses, which may lead to a local failure of the 
concrete. Moreover, in the presence of deicing salts, the outer layers in contact with 
sodium chloride are more strongly affected by frost causing the removal of the small 
chips or flakes from the material. Hence, air entraining admixture is introduced to the 
concrete in order to ensure proper resistance against freezing and thawing. An artificial 
air-void system is created in cement paste to allow the uptake extension volume of the 
freezing water without internal damage. Standards recommend some limitation 
regarding the air void parameters. For instance, the American Concrete Institute (ACI) 
restricts the value of the spacing factor to 0.2 mm [10]. The European Standards do not 
provide specific guidelines to the air void characteristics (Table I).  
 For example, some High Range Water Reducing Admixtures (HRWRA) of the new 
generation could cause excessive air-entraining in SCC mixture. Also the concrete 
workability has a huge impact on the pore structure especially capillary pores located in 
the interfacial transition zone [11]. 
 Previous studies have shown the effect of air entraining admixtures on the response 
of SCC. Since SCC is characterized by its flowing ability and viscosity, provided by 
special admixtures, air bubbles can move more freely in highly fluid concrete, thereby 
coalesced or ruptured bubbles have higher probability of occurring in SCC [3], [11], 
[12]. However, in SCC mixtures with a higher viscosity, air bubbles are protected 
against rupturing or coalescence by so called ‘the cushion effect’ [12]. Moreover, 
Struble et al. pointed out that in pastes with no HRWRA, the yield stress increased and 
the viscosity decreased with increasing the air content. These effects are explained by 
two competing mechanisms: the formation of bubble bridges, which increase the yield 
stress, and the fluid action of bubbles, which increases the plastic viscosity [13]. 
Therefore, admixtures have a significant effect on the response of air entraining 
admixture on the concrete paste at the fresh state. The present article shows the effect of 
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air entraining admixtures, along with or without the use of SCMs on the hardened 
properties of SCC. 

Table I 

Air content requirements in concrete [14] 

    XF1 XF2 XF3 XF4 

Standard EN 206-1 
Minimum air content of the fresh 
mixture (%) – 4 4 4 

Austrian Standard 
 ÖNORM B 4710-1  

Minimum air content of the fresh 
mixture (%) – 2.5 2.5 4 
Minimum air content of micro-
voids A300 (%) – 1 1 1.8 

  
Maximum void spacing factor -L 
(mm) – – – 0.18 

Danish Standard  
DS. 2426 

Minimum air content of the fresh 
mixture (%) – 4.5 4.5 4.5 

  Minimum air A content (%) – 3.5 3.5 3.5 
  Maximum spacing factor -L (mm) – 0.2 0.2 0.2 

Symbol: L is the air void spacing factor; A is the air content in hardened concrete; A300 is the 
content of micro-voids with a diagonal diameter of less than 0.3 mm in hardened concrete. All are 
cited according to EN 480-11 [15]. 

2. Research objectives 

 The aim of the current experimental investigation was to perform an objective 
comparison between Non Air Entrained (NAE) and Air Entrained (AE) SCC mixtures, 
combined with the independent effect of the SCMs: metakaolin or silica fume. 
Therefore, the addition of SCMs was examined under commonly applied laboratory 
tests for the hardened concrete specimens. A total of six separate SCC mixtures were 
placed and studied. 

3. Experiments 

3.1. Materials 

 In order to produce the required SCC mixtures, the following materials were 
applied: blast furnace cement CEM III/A 32.5 R, metakaolin, silica fume, limestone 
powder, river quartz aggregates (maximum aggregate size was 16 mm) 4/8 mm (20%), 
8/16 mm (35%), sand 0/4 mm (45%), tap water and sika chemical admixtures: the 
HRWRA ‘Sika ViscoCrete 5 Neu’ (Polycarboxylate type) and the air entraining 
admixture ‘Sika Aer’ (synthetic type). The cement properties were in relevant with  
EN 197-1 Standards [16]. Metakaolin produced by calcination of concentrated kaolin 
(mostly amorphous alumosilicate reacting with calcium hydroxide) and the silica fume 
slurry, were provided as the SCMs. Limestone powder in other words calcium-
carbonate was the filling material that ensures the rheological properties of SCC along 
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with the HRWRA. For more information, the aggregates particle size distribution plot is 
shown in Fig. 1 and the physical properties of fine materials are listed in Table II. 

 

Fig. 1. Aggregate particle size distribution curve in terms with boundary conditions  
according to MSZ EN 12620 Standards [17] 

Table II 

Grading of raw materials 

Passing, % 
microns CEM III LP MK SF 
50 100 100 100 100 
5 27 42.1 49.8 91 
0.5 1.9 2.2 2.3 30 
0.3 0.9 0.8 1.1 13 
Blaine, cm2/g 3450 3470 15244 20450 

 A total of six SCC mixtures were designed and divided into two independent series. 
The first series designated as the NAE series, does not hold air entraining admixture, 
while the second AE series provides air entraining admixture inside the mixtures. Each 
of these series holds a reference mixture (R), metakaolin mixture (M) and silica fume 
mixture (S). SCC mixtures proportions experimentally prepared, hold a constant water-
cement ratio (w/c = 0.562) and a slump class SF3 ranged between 750-800 mm [18]. 
Variable parameters include the use of SCMs, and air entraining admixture (0.15% of 
the cement mass). For more information, the mixtures proportion of produced SCC 
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mixtures is given in Table III. The mixing procedure started by mixing aggregates, 
limestone filler, cement and water together for one minutes. Later on, metakaolin or 
silica fume was added with the required amount of HRWRA to provide the necessary 
fresh properties for SCC production, according to European Standards [19]. The total 
mixing time ranged between 6-8 minutes. 

Table III 

Mixtures proportion 

Material  NAE NAE NAE AE AE AE 
kg/m3 R1 M1 S1 R1 M1 S1 
Sand 0/4 684 683 678 681 679 678 
Small aggregate 4/8 304 304 301 303 302 301 
Medium aggregate 8/16 532 531 527 530 528 527 
Cement 320 320 320 320 320 320 
Limestone powder 300 260 260 300 260 260 
Metakaolin - 40 - - 40 - 
Silica fume - - 40 - - 40 
Water 180 180 180 180 180 180 
Sika Viscocrete 3.04 3.36 5.44 3.68 4.8 4.64 
Sika Aer  - - - 0.48 0.48 0.48 

3.2. Test methods 

 At fresh state, the following fresh properties tests were evaluated according to EN 
Standards: slump flow table and V-funnel test [20], [21]. 
 Standard cubes sized specimens (150 × 150 × 150 mm) were tested for the 
compressive strength by a universal closed-loop hydraulic testing machine performed 
based on European Standard [22] at a constant loading rate of 11.25 kN/s. The ages of 
testing were: 7, 28, 56 and 400 days. As for the splitting tensile strength test of the 
concrete were in compliance with European Standards [23]. Cubes specimens 150 sized 
were tested at 400 days. Water absorption by complete immersion test was applied until 
the specimens were fully saturated so that it could be checked by no mass variation. It 
was followed by being oven dried for 24 hours under 100 degrees Celsius. Relative 
masses were recorded in order to get the water content in V%, which corresponds to the 
atmospheric water saturated condition designated by the apparent porosity. Cylindrical 
specimens with relative dimensions of Ø100 × 200 mm were used in this evaluation and 
also for the body density measurement [24]. Frost scaling resistance of SCC was 
evaluated according to EN Standards [25] noted as ‘slab test’. This protocol is based on 
determining the concrete resistance to repeated cycles of freezing and thawing in 
contact with 3% of sodium chloride solution. After N number of cycles, the amount of 
material scaled from the tested specimen was measured. Note that results up to 56 
cycles were determined. Scaling test started at the age of 28 days for concrete. 
 Air void distribution was analyzed using a modified point count process. Surface 
preparation is a very sensitive process in order to have adequate results. Hence the 
following procedure was carried out according to the local air void 457 suppliers. Two 
150 mm sized cubes were transformed into three 40 mm concrete specimens. Each was 
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grinded in both upper and bottom 150 mm squared surface until a smooth and totally 
flat surface was reached in both layers. This process was followed by special grinding 
and lapping steps. Basically, the slab saw products results with a fairly smooth cut; 
hence 125-micron disc was applied as a start of a counter clock wise lapping. The 
process took 2.5 minutes and a steel ruler was laid across the sample surface to ensure 
that the specimen is flat. Water was used for washing the sample in order to clean the 
voids from any debris. Afterwards the sample was rotated 90 degrees clockwise and 
lapped for an additional 2.5 minutes. The specimen was allowed to dry for 38 degrees 
Celsius in the oven followed by a coat of thinned lacquer. This cycle was repeated for 
70, 30, 15 and 6 micron discs respectively. Hence for more accuracy, specimens were 
examined under a stereo microscope for quality check [15]. 

4. Results and discussions 

 Table IV and Table V summarize the fresh (slump flow and V-funnel tests) and 
hardened (the compressive strength, splitting tensile strength, body density and water 
absorption by immersion tests) data results at several testing periods. Regarding the 
concrete resistance to freeze and thaw, mass of scaled materials after 28 and 56 cycles 
are presented in Table VI along with the air distribution data. Note that scaled values at 
28 days were published in the following article [26]. 

Table IV 

Fresh properties of SCC mixtures 

Concrete property 
NAE NAE NAE AE AE AE 
R1 M1 S1 R1 M1 S1 

Slump flow (mm) 800 775 765 790 790 750 
V-funnel (seconds) 5 7.13 5.28 4.91 9.48 6.55 

Table V 

Compressive strength, splitting tensile strength, water absorption and  
hardened density of tested SCC mixtures 

Concrete property 
Testing 

time 
NAE NAE NAE AE AE AE 
R1 M1 S1 R1 M1 S1 

7 days 39 43 44 26 31 34 
 Compressive strength, MPa 28 days 58 61 59 38 46 43 
  56 days 65 69 64 40 54 47 
  400 days 72 81 77 45 57 49 
Splitting tensile strength, MPa 400 days 4.68 3.99 4.16 3.51 3.11 3.58 
Body density, kg/m3 28 days 2357 2336 2355 2177 2198 2083 
Water absorption by 
immersion, V % 400 days 5.59 3.50 4.54 8.43 7.45 6.96 
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Table VI 

Air void characteristics and mass of scaled materials for tested SCC mixtures 

Air void characteristics     Mass of scaled material, kg/m2 
  A(%) � (mm-1) L (mm) A300 (%) 28 cycles 56 cycles 
NAE -R1 5.19 17.93 0.312 1.01 0.35 0.44 
NAE -M1 3.47 19.39 0.346 0.53 0.21 0.29 
NAE -S1 3.65 10.41 0.631 0.15 0.37 0.55 
AE -R1 13.04 21.2 0.148 4.66 0.27 0.32 
AE -M1 11.75 23.12 0.151 5.47 0.17 0.19 
AE -S1 12.62 32.17 0.101 6.72 0.14 0.19 

4.1. Compressive and splitting tensile strength 

 The compressive strengths were evaluated at the 7, 28, 56 and 400 days whereas the 
splitting tensile strength at 400 days only. The absolute values are shown in Table V. 
From the results, the impact of air entraining admixture and SCMs can be noticed on the 
mechanical response of SCC mixtures at different magnitudes (Fig. 2 - Fig. 3). 

 

Fig. 2. Compressive strength at 7, 28, 56 and 400 days of SCC mixtures 

 In both NAE and AE cases, metakaolin mixtures exhibited the maximum values of 
compressive strength. Fig. 2 illustrates the mean compressive strength of all SCC 
mixtures separately (average of three individual specimens). At the 28 days of age, 
metakaolin mixture seemed to be the most effective in compressive strength in 
comparison with the reference (NAE-R1) and the silica fume (NAE-S1) mixtures, 
reaching a maximum compressive strength value of 69 MPa (NAE-M1). When air 
entraining admixture was introduced to the other series, the compressive strength values 
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dropped in a range between 32-52% in accordance with their matching mixture in NAE 
series. 

 

Fig. 3. Splitting tensile strength at 400 days of SCC mixtures 

 Moreover, metakaolin mixture (AE-M1) showed the highest value of compressive 
strength of 46 MPa in comparison with the other mixtures in the same AE series. 
According to Safiuddin et al. [27], by increasing the air content in SCC, the 
compressive strength decreases. This reduction in compressive strength was about 4 
MPa per 1% increase in air content at fresh state. In this study, the compressive strength 
dropped 2% with the increase of 1% of air content in hardened concrete state referring 
to EN 480-11 transverse method results.
 On the other hand, the splitting tensile strength values did not show a significant 
difference between mixtures in the same series. However, AE series mixtures showed a 
decrease ranged between 16 and 33% in comparison with their matching mixtures NAE 
series. 

4.2. Density and water absorption 

 The mean body density was tested at 28 days of age. Referring to Fig. 4, it can be 
directly noticed that there is a slight difference between the values of densities in the 
same series. However, the air entraining admixtures caused a noticeable decrease in the 
density values ranged between 6% and 13% with respect to their matching mixtures 
(NAE series).  
 Water absorption by immersion test was carried out at the 400 days of concrete age 
in order to evaluate the apparent porosity (water content in volume that corresponds to 
the atmospheric water saturated condition). Absolute mean values of the results are 
illustrated in Fig. 4. It can be observed that the specimens that contain metakaolin 
absorbed less water than the specimens with silica fume or without any SCMs. In case 
of the use of air entraining admixture in AE series, a noticeable increase of apparent 
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porosity was noticed, reaching a maximum value of 8.43% for the reference mixture 
(AE-R1). This significant increase in AE series ranged between 50% and 212% with 
respect to their matching mixtures in NAE series. The water absorption of high-quality 
SCC is usually less than 5% [28]. Thus, NAE series confirms to fall into this category.  

 

Fig. 4. Hardened density and apparent porosity of SCC mixtures 

4.3. Air void characteristics and frost-salt scaling 

 Air void analysis in hardened state of SCC mixtures revealed some major 
differences between NAE and AE series. The total volume of air in hardened concrete 
was found to increase drastically with the introduction of the synthetic type air 
entraining admixture. At a constant dosage (0.15% of cement content of air entraining 
admixture), the air content in the AE series mixtures increased up to 3 times the values 
in NAE series mixtures. The reason behind this dramatic increase is the high dosage of 
air entraining admixture and the short mixing time which did not exceed 7 minutes [29]. 
Also since the targeted classification of slump flow table SF3 requires high level of 
workability, the HRWRA contributed along with the air entraining admixture with the 
increase of air voids. 
 Table VI and Fig. 5 present the frost-scaling resistance and air void characteristics 
results for SCC mixtures. Scaled material after 28 and 56 cycles could give a clear 
indication about the durability potential of tested concretes against freezing-thawing 
cycles. SCC mixtures were tested at the age of 90 days. 
 The frost resistance of all SCC mixtures was fulfilled since it falls below the 
commonly assumed acceptable performance (mass of scaled material � 1 kg/m2). 
However, with the use of air entraining admixture in AE series, the mass of scaled 
materials significantly dropped in accordance with NAE series. Regarding the SCM 
effect, metakaolin clearly showed a better response in terms of enhancing the resistance 
against salt-scaling. The latter was proved by Hassan et al. [30]. Based on EN 480-11 
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method, air void distribution in hardened concrete is given in Fig. 6 - Fig. 8 in terms of 
the range diameters (0-4000 µm). When metakaolin or silica fumes are used (NAE-M1 
or NAE-S1) a decrease of small voids content could be reached with comparison to 
reference mixture (NAE-R1). Therefore, for comparative purposes, it can be seen in this 
case that there is almost no air voids below 300 µm for NAE series (Fig. 6 - Fig. 8).  

 

Fig. 5. Hardened density and apparent porosity of SCC mixtures 

 

Fig. 6. Air void size distribution in hardened concrete according to  
EN 480-11 for R1 mixtures 
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Fig. 7. Air void size distribution in hardened concrete according to  
EN 480-11 for M1 mixtures

 

Fig. 8. Air void size distribution in hardened concrete according to  
EN 480-11 for S1 mixtures 
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 Obviously air entraining admixture drastically increased the air content at a high 
level of water-cement ratio. The reason of such effect was the influence of the HRWRA 
along with the air entraining admixture on the decreasing of the liquid phase in surface 
tension in the paste microstructure [11]. 

5. Conclusions 

 Based on the experimental results for various SCC types produced and evaluated in 
this study, the following conclusions can be drawn: 

a. The compressive strength results of SCC were enhanced with SCMs due to the 
improved microstructure (micro-filling and pozzolanic activity effect), resulting 
in more hydrated products in presence with the cement binder; 

b. Metakaolin mixtures govern the mechanical properties results. A higher value of 
the compressive strength is reached with metakaolin rather than using silica 
fume at the same level of addition (12.5% of the cement mass);  

c. In hardened concrete, the addition of metakaolin and silica fume had a positive 
effect on the apparent porosity, providing an enhanced capillary microstructure; 

d. In case of non-air entrained mixtures, individual use of metakaolin enhanced the 
resistance against the frost scaling rather than by silica fume (after 56 cycles); 

e. The use of 0.15% mass of air entraining admixture per unit of cement resulted in 
high values of air content; 

f. The increased air content directly affected the mechanical properties; 
Compressive strength by a significant drop since the air entraining admixture 
supplied air voids, achieving higher total void content. 
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