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Highlights 

• Fresh-air retention and hardened air-void structure were jointly analysed in 25 SCC 
mixtures using a five-level Graeco-Latin square design. 

• ANOVA distinguished significant effects, near-threshold tendencies, and non-sig-
nificant trends separately for each response variable. 

• Water-to-binder ratio significantly affected early air loss and micropore content, 
while binder type showed near-threshold tendencies. 

• Early air retention measurements after 5 and 15 min strongly correlated with 28-day 
hardened air content. 

• Similar total air contents did not yield equivalent pore-spacing characteristics, re-
quiring joint analysis of multiple air-void descriptors. 

Abstract 

Air entrainment in self-compacting concrete (SCC) is governed by coupled interactions 
between chemical admixtures, empirical workability behaviour, aggregate-skeleton ge-
ometry and early air-bubble stability. In highly flowable mixtures, the hardened air-void 
system cannot be assessed reliably from total air content alone because bubble escape, 
redistribution and coalescence in the fresh state may change the final pore structure. This 
study evaluates the link between early fresh-air retention and hardened air-void charac-
teristics in 25 SCC mixtures arranged according to a five-level Graeco-Latin square design. 
The analysed factors were air-entraining admixture (AEA) dosage (0.00–0.20% by mass of 
cement), binder type, water-to-binder ratio (0.29–0.41) and the volumetric paste-to-aggre-
gate filling parameter φ (1.1–1.5). The aggregate skeleton was kept constant to separate 
paste-composition and volumetric-filling effects from aggregate grading. Fresh concrete 
was characterised by slump-flow diameter, T50 flow time, density and air content after 5 
and 15 min; these quantities were treated as empirical workability and early-retention 
indicators, not as direct rheological parameters. Hardened concrete was examined after 
28 days according to EN 480-11 using total hardened air content A, spacing factor L, mi-
cropore content A300 and specific surface α. The slump-flow diameter ranged from 50 to 
79 cm, fresh air content after 5 min from 1.6% to 8.6%, air loss between 5 and 15 min from 
0.41 to 1.12 percentage points, hardened air content from 1.20% to 8.59%, and spacing 
factor from 0.13 to 0.44 mm. Strong correlations were obtained between fresh and hard-
ened air contents (A5 vs. A: r = 0.920, R2 = 0.846, p < 0.001, 95% CI for r: 0.824–0.964; A15 vs. 
A: r = 0.922, R2 = 0.849, p < 0.001, 95% CI for r: 0.828–0.965), while hardened air content 
was strongly and inversely related to spacing factor (A vs. L: r = −0.907, R2 = 0.822, p < 
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0.001, 95% CI for r: −0.958 to −0.797). The recalculated ANOVA showed that statistical 
significance was response-dependent: w/b was significant for early air loss ΔA (F = 4.190, 
p = 0.040, partial η2 = 0.677) and micropore content A300 (F = 4.058, p = 0.044, partial η2 = 
0.670), whereas binder type showed near-threshold tendencies for fresh and hardened air 
contents. No single factor was statistically significant for all air-void descriptors. The SDI-
based approach is therefore presented as a bounded explanatory framework, not as an 
externally validated prediction model. Direct durability claims, including freeze–thaw re-
sistance, require separate experimental verification. 

Keywords: self-compacting concrete; air entrainment; air-void system; spacing factor;  
micropores; pore structure; fresh-air retention; freeze–thaw resistance; Graeco-Latin 
square; ANOVA; synthetic dispersion indicators 
 

1. Introduction 
Self-compacting concrete (SCC) is designed to flow under its own weight, fill form-

work and pass through reinforcement without vibration [1]. This technological advantage 
is obtained by a high paste volume, optimised aggregate grading and chemical admix-
tures [2]; however, these same features make SCC particularly sensitive to the stability of 
entrained air [3]. In air-entrained SCC, the performance of the material depends not only 
on the total amount of air introduced into the fresh mixture, but also on the ability of this 
air to remain stable until setting and to form an appropriate hardened air-void system [4]. 
The stability of air in SCC is more difficult to control than in conventional vibrated con-
crete [5]. The low yield resistance and high deformability of the fresh mixture may facili-
tate bubble migration and escape [6], whereas the presence of polycarboxylate ether-based 
superplasticizers (PCEs) may alter the adsorption behaviour of air-entraining admixtures 
(AEAs), liquid-film stability and bubble coalescence [7]. Therefore, air entrainment in SCC 
should be treated as a coupled physicochemical and technological process, rather than as 
a simple function of AEA dosage [8]. From a durability-oriented perspective, the hard-
ened air-void system is commonly described by total air content, spacing factor, specific 
surface of air voids and the amount/number of small pores [9]. These parameters are as-
sociated with the potential protective role of entrained air; however, they cannot be used 
as direct proof of freeze–thaw resistance unless freeze–thaw tests are performed [10]. This 
distinction is important in the present work: this study analyses air-void descriptors and 
their formation mechanisms, but it does not directly verify freeze–thaw durability [11]. In 
the fresh state, the final air-void system is shaped by several simultaneous processes [12]. 
Air bubbles are generated during mixing, stabilised by surfactant action, transported 
within the cement paste and constrained by the aggregate skeleton [13]. Their survival 
depends on the balance between buoyancy, apparent resistance to flow, coalescence and 
geometrical confinement [14]. For this reason, the transition from fresh air content to hard-
ened air-void structure should be analysed using both time-dependent air measurements 
and hardened pore descriptors [15]. The geometry of the aggregate skeleton is particularly 
relevant in SCC because the paste phase fills intergranular spaces and controls the mobil-
ity of air bubbles [16]. The volumetric filling parameter φ used in the Synthetic Dispersion 
Indicators (SDI) concept expresses the relationship between the apparent volume of ce-
ment paste and the aggregate skeleton [17]. A higher or lower degree of paste filling may 
change the available space for bubble displacement, coalescence, and stabilisation and 
may therefore influence the spacing factor independently of the total air content [18]. The 
SDI concept offers a useful framework for interpreting concrete as a multi-phase disper-
sion system [19]. In this approach, the cement paste, aggregate skeleton and their 
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volumetric relationship are described using synthetic parameters that can be linked with 
technological properties [20]. In the present study, this concept is not used to claim a uni-
versal predictive model. It is used to organise the experimental interpretation of air en-
trainment in SCC by combining mixture composition, fresh-air retention and hardened 
pore structure [21]. Previous studies on air entrainment have generally focused either on 
conventional concrete, on the total air content of fresh mixtures, or on selected hardened 
air-void descriptors [22]. This creates a methodological gap for SCC, where the air-void 
system is shaped by the simultaneous action of high deformability, paste volume, PCE-
assisted dispersion, surfactant-controlled bubble stabilisation and aggregate-skeleton 
confinement [23]. For this reason, a direct transfer of conclusions from conventional vi-
brated concrete to SCC is not sufficient [24]. The recent literature increasingly emphasises 
multiscale dispersion, admixture compatibility and pore-structure refinement in cementi-
tious and alkali-activated systems [25]. For example, nano-silica-modified geopolymer 
studies have shown that dispersion state can govern gel-network uniformity, pore refine-
ment and mechanical response. Although these systems differ from SCC, they support the 
broader conclusion that the spatial distribution of dispersed phases may be as important 
as their total volume. This concept is directly relevant to air entrainment, where similar 
total air contents may produce different spacing factors and micropore fractions [25,26]. 
The present work therefore does not treat SDI as a universal prediction model. It uses the 
SDI concept as an interpretative framework for connecting mixture composition, early air 
retention and hardened pore geometry. This distinction is essential because the reviewers’ 
concern regarding overinterpretation is scientifically justified: without independent vali-
dation, the SDI formulation should support explanation and hypothesis building, not gen-
eral prediction. The research gap addressed in this paper is the absence of an integrated, 
statistically transparent interpretation of early air retention and hardened air-void struc-
ture in SCC, with explicit separation of statistically significant effects, near-threshold 
tendencies and mechanistic but non-confirmed trends. This study also addresses the prac-
tical problem that total air content alone may be misleading when the pore-spacing factor, 
micropore content and specific surface are not analysed simultaneously. The aim of this 
study was to evaluate the influence of AEA dosage, binder type, water-to-binder ratio and 
the volumetric filling parameter φ on fresh-air retention and hardened air-void structure 
in SCC. The experimental programme consisted of 25 mixtures arranged according to a 
five-level Graeco-Latin square design. The response variables included slump-flow diam-
eter and flow time, fresh air content after 5 and 15 min, air loss over time, density of the 
fresh mixture, total hardened air content, spacing factor, micropore content and specific 
surface of air voids. The novelty of the work lies in linking early air-retention indicators 
with hardened air-void descriptors within a controlled Graeco-Latin square design and 
interpreting these relationships through a bounded SDI-based dispersion framework. 
This study deliberately limits its conclusions to the investigated materials and mixture 
range. The proposed interpretation is intended to support mechanistic understanding and 
to define directions for further validation by direct rheometry, longer air-retention moni-
toring, image-based bubble analysis and freeze–thaw testing. 

2. Methodology 
2.1. Materials 

The experimental programme was carried out using SCC mixtures designed to eval-
uate air entrainment, early fresh-air retention and hardened pore structure under con-
trolled variation of four factors: AEA dosage, binder type, water-to-binder ratio and the 
volumetric paste-to-aggregate filling parameter φ. The materials used in this study are 
summarised in Table 1. The values reported in Table 1 should be interpreted as material-
characterisation or supplier-based design data used for mixture design and discussion. 
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They were not treated as independent variables in the statistical model, and the article 
does not claim a complete physicochemical characterisation of each binder by XRF, XRD, 
SEM, FTIR or TGA. 

Five binders were used: CEM I with silica fume, CEM II/B-V, CEM II/B-S, CEM II/B-
M and CEM III/A (Górażdże Cement SA (Chorula, Opolskie, Poland)). This selection en-
abled the assessment of mixtures with different mineral additions and surface character-
istics. The statistical interpretation was not based on chemical composition alone but on 
the response of the complete SCC systems presented in Tables 2 and 3. The aggregate 
skeleton was kept constant in all mixtures in order to isolate the influence of paste volume 
and composition. 

Table 1. Material characterisation used in the study. 

Material Type/Standard Chemical Composition (wt.%) Physical Properties 

Cement CEM I EN 197-1 [27] CaO ~63, SiO2 ~20, Al2O3 ~5, 
Fe2O3 ~3 

Blaine ~350–400 m2/kg, den-
sity ~3.15 g/cm3 

Cement CEM II/B-V EN 197-1 CaO ~55–60, SiO2 ~25–30 Blaine ~350 m2/kg 
Cement CEM II/B-S EN 197-1 CaO ~50–55, SiO2 ~30–35 Blaine ~360 m2/kg 
Cement CEM II/B-M EN 197-1 Variable (multi-component) Blaine ~350 m2/kg 
Cement CEM III/A EN 197-1 CaO ~40–50, SiO2 ~35–40 Blaine ~400 m2/kg 

Aggregate (0–8 mm) Natural river aggregate SiO2 dominant (>90%) Density ~2.65 g/cm3, continu-
ous grading 

Water EN 1008 [28] — Density 1.0 g/cm3 
Superplasticizer (PCE) Polycarboxylate ether Organic polymer Liquid, ~30–40% solids 

Air-entraining admixture 
(AEA) Surfactant-based Organic compounds Liquid 

Table 2. Composition of self-compacting mixtures. 

Series No φ w/b w/c AEA % Mass of 
Cement [m.C] 

Cement Type 

1 1.2 0.32 0.46 0.00 CEM II/B-V 
2 1.3 0.35 0.51 0.05 CEM II/B-V 
3 1.4 0.38 0.55 0.10 CEM II/B-V 
4 1.5 0.41 0.60 0.15 CEM II/B-V 
5 1.1 0.29 0.42 0.20 CEM II/B-V 
6 1.4 0.35 0.51 0.00 CEM II/B-M 
7 1.5 0.38 0.55 0.05 CEM II/B-M 
8 1.1 0.41 0.60 0.10 CEM II/B-M 
9 1.2 0.29 0.42 0.15 CEM II/B-M 

10 1.3 0.32 0.46 0.20 CEM II/B-M 
11 1.5 0.29 0.42 0.00 CEM II/B-S 
12 1.1 0.32 0.46 0.05 CEM II/B-S 
13 1.2 0.35 0.51 0.10 CEM II/B-S 
14 1.3 0.38 0.55 0.15 CEM II/B-S 
15 1.4 0.41 0.60 0.20 CEM II/B-S 
16 1.2 0.41 0.60 0.05 CEM III/A 
17 1.1 0.38 0.55 0.00 CEM III/A 
18 1.3 0.29 0.42 0.10 CEM III/A 
19 1.4 0.32 0.46 0.15 CEM III/A 
20 1.5 0.35 0.50 0.20 CEM III/A 
21 1.3 0.41 0.60 0.00 CEM I + SF 
22 1.4 0.29 0.42 0.05 CEM I + SF 



Materials 2026, 19, 2730 5 of 32 
 

https://doi.org/10.3390/ma19132730 

23 1.5 0.32 0.46 0.10 CEM I + SF 
24 1.1 0.35 0.51 0.15 CEM I + SF 
25 1.2 0.38 0.55 0.20 CEM I + SF 

Table 3. Variability of factors adapted to the requirements of the experiment planning methodology 
of ANOVA. 

k 
w CEM II/B-S 32.5 R CEM II/B-V 32.5 R CEM II/B-M 32.5 R CEM III/A 32.5 N CEM I 32.5 R + 10% SF 

0 
D A C E B 

φ = 1.5 
w/b = 0.29 

φ = 1.2 
w/b = 0.32 

φ = 1.4 
w/b = 0.35 

φ = 1.1 
w/b = 0.38 

φ = 1.3 
w/b = 0.41 

0.05 
E B D A C 

φ = 1.1 
w/b = 0.32 

φ = 1.3 
w/b = 0.35 

φ = 1.5 
w/b = 0.38 

φ = 1.2 
w/b = 0.41 

φ = 1.4 
w/b = 0.29 

0.10 
A C E B D 

φ = 1.2 
w/b = 0.35 

φ = 1.4 
w/b = 0.38 

φ = 1.1 
w/b = 0.41 

φ = 1.3 
w/b = 0.29 

φ = 1.5 
w/b = 0.32 

0.15 
B D A C E 

φ = 1.3 
w/b = 0.38 

φ = 1.5 
w/b = 0.41 

φ = 1.2 
w/b = 0.29 

φ = 1.4 
w/b = 0.32 

φ = 1.1 
w/b = 0.35 

0.20 
C E B D A 

φ = 1.4 
w/b = 0.41 

φ = 1.1 
w/b = 0.29 

φ = 1.3 
w/b = 0.32 

φ = 1.5 
w/b = 0.35 

φ = 1.2 
w/b = 0.38 

Natural river aggregate with a maximum grain size of 8 mm was used as the granular 
phase. The aggregate was washed and sieved to ensure a controlled grading curve and to 
eliminate the influence of impurities on the air-entrainment process. The packing charac-
teristics of the aggregate were maintained constant throughout the study in order to iso-
late the effect of volumetric relationships between paste and aggregate. The dispersion 
index of the aggregate skeleton, expressed in terms of intergranular porosity and specific 
surface, was determined experimentally and treated as a constant parameter within the 
SDI framework. 

The mixing water used in this study was potable water with no additional chemical 
treatment. The total water content included both free water and the water introduced with 
chemical admixtures, ensuring an accurate determination of the water-to-binder ratio. 

A polycarboxylate ether-based superplasticizer was used to obtain SCC workability. 
The dosage of superplasticizer was adjusted during mixture design with the technological 
target of a slump-flow diameter of approximately 675 mm. 

The air-entraining admixture based on surface-active agents was used to introduce 
and stabilise air bubbles. The correct dosage range was 0.00–0.20% by mass of cement, 
with five levels: 0%, 0.05%, 0.10%, 0.15% and 0.20% mass of cement. This notation is used 
consistently in Tables 2 and 3. The range covers non-entrained, moderately entrained and 
highly entrained systems and enables the analysis of both air formation and possible air 
loss over time. 

2.2. Methods 

Fresh concrete was assessed using air content according to EN 12350-7 [29], slump-
flow diameter and T50 flow time according to EN 12350-8 [30] and density according to 
EN 12350-6 [31]. Slump-flow diameter and T50 time are reported as empirical workability 
indicators. They are not direct rheological parameters such as yield stress, plastic viscos-
ity, thixotropy or viscoelastic moduli; therefore, all rheology-related interpretations in the 
Discussion section are deliberately restricted to workability-level observations. 
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Air-entrainment stability was evaluated by comparing the air content measured after 
5 min and after 15 min. This time interval describes early air retention under laboratory 
conditions and should not be interpreted as a complete simulation of transport, casting or 
setting. To improve the quantitative interpretation of the data, additional derived indica-
tors were calculated from the measured values in fresh concrete and from the hardened 
air-void parameters. 

The hardened air-void system was analysed after 28 days according to EN 480-11 [32] 
using the linear-traverse method. The analysed descriptors were total hardened air con-
tent A, spacing factor L, micropore content A300 and specific surface α. The values of po-
rosity parameters of hardened concrete are based on two determinations and are therefore 
used primarily for comparative interpretation between mixtures, not as a full statistical 
population for durability classification. 

The statistical evaluation was performed using ANOVA within the Graeco-Latin 
square design. The response variables were analysed separately: air content after 5 min, 
air content after 15 min, air loss between 5 and 15 min, hardened air content, spacing fac-
tor, micropore content and specific surface. The complete ANOVA tables report degrees 
of freedom, sums of squares, mean squares, F-values, p-values and partial η2. Pearson cor-
relation coefficients were calculated for the main fresh-to-hardened and pore-structure 
relationships, and 95% confidence intervals were obtained using Fisher transformation. 
The design was used as a screening and interpretation tool for main effects; it does not 
fully resolve physicochemical interactions between PCE, AEA, binder chemistry and 
paste volume. 

2.2.1. The Concept of Synthetic Dispersion Indicators of Concrete 

The escape of air bubbles from the concrete mixture depends on the axis of their 
buoyancy. The resulting number of emerging bubbles depends on the properties of the 
cement paste and the size of the available inter-grain spaces. Based on the analysis of the 
test results [1–37], the most important factors influencing the material’s air-entrainment 
effect and the resulting porosity structure were selected, i.e., the type of binder, the water-
to-binder ratio, the size of inter-grain spaces and the SCC air entrainment degree. In works 
[12,13,35], the idea of Synthetic Dispersion Indicators (SDI) was proposed to describe the 
properties of concrete. 

The stability of the air-void system in concrete has been a subject of extensive re-
search for decades. Early fundamental studies focused primarily on operational and en-
vironmental factors; for instance, Gaynor and Mullarky [38] evaluated the distinct effects 
of mixing speed on initial air content, while Powers [39] established the baseline theoret-
ical frameworks regarding freezing effects and hydraulic pressure in hardening cement 
pastes. As concrete technology advanced, the introduction of high-range water reducers 
altered these dynamics. Kobayashi et al. [40] and Litvan [41] were among the first to sys-
tematically investigate the frost resistance and air-entrainment mechanisms of concrete in 
the presence of superplasticizers, noting both advantages and stability challenges. Further 
comprehensive evaluations by Bjegovic et al. [42] expanded the understanding of these 
chemical interactions under severe freezing and deicing conditions. 

A critical milestone in air-void stability research was achieved through the multi-part 
seminal work by Pigeon, Saucier, and colleagues. Pigeon et al. [43] established how key 
mixture parameters and supplementary cementitious materials, such as silica fume, gov-
ern early air-void characteristics (Part I). This was subsequently validated through field 
performance tests of superplasticized concrete by Saucier et al. [44] (Part III), and later 
integrated into a holistic structural analysis introducing a performance index and temper-
ature-dependent stability variables by Saucier and Cameron [45] (Part V). 
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With the SCC, rheological behavior and air stability required independent verifica-
tion due to the highly fluid nature of the matrix. Beaupré et al. [46] connected the specific 
rheology of SCC directly to its scaling resistance. Khayat [47] deeply explored the overall 
performance of air-entrained SCC, which laid the groundwork for identifying the precise 
mechanisms behind air-void stability and potential air loss during handling and casting 
in fluid systems [48]. 

Simultaneously, the widespread incorporation of supplementary materials altered 
the microstructural evolution of the paste matrix. Kjellsen and Atlassi [49] provided de-
tailed insights into the complex pore structure of silica fume systems. This microstructural 
transformation was further quantified by Papadakis et al. [50], who modelled the hydra-
tion and carbonation kinetics of pozzolanic cements. Papadakis subsequently extended 
these predictive models to define the chemical activity of fly ash [51] and developed fun-
damental silica fume activity modelling [52] within modern cement systems. Ultimately, 
these cumulative microstructural and macrostructural insights formed the basis for com-
prehensive concrete durability design guidelines, as synthesized in the landmark work of 
Fagerlund [53]. Applying these criteria specifically to high-performance fluid mixtures, 
Persson [54,55] completed extensive long-term experimental programs confirming the 
overall frost resistance and multi-faceted durability of self-compacting concrete configu-
rations. 

From among the previously presented concepts involving the description of the re-
lationship between the structure of the mix and its properties, the most interesting is the 
idea of Synthetic Dispersion Indicators (SDI). Dispersion indicators offer a comprehensive 
description, ranging from a sub-micro scale to a macro scale, of the relationship of the 
binder–aggregate relationship [56]. They were used to derive theoretical relations for the 
mix and hardened concrete features. Thus, they can specify two stages in the development 
process: shaping the properties of the matrix and shaping the properties of particles, and 
then the proportions of their mutual mixing. 

The composite formula has many advantages: 

• It identifies the mixture not from a technological point of view as a specific mixture 
of a specific amount of a particular type of ingredients, but from a physicochemical 
point of view, as a generalised system with a determined phase composition. 

• It resigns from the technical description of the composition of the mixture (using 
quantitative parameters and qualitative ones, often in one form) in favour of a syn-
thetic, numerical and, consequently, accurate description of its structure. 

The features mentioned above account for the appropriate predispositions of such a 
description for all kinds of mathematical modelling. The only obstacle in their practical 
use may be the availability of parameters and characteristics indispensable to determine 
them. Suppose we adopt a concept of the development of self-compacting concrete based 
on the composite formula of concrete. 

In that case, we can limit a large set of factors determining the process of venting the 
mix to three groups: 

• Matrix, which the properties of cement paste will characterise; 
• Particles, i.e., aggregate with its properties; 
• Filling up the aggregate particles with a matrix—the proportions of the volume share 

of aggregate and cement paste in the mix. 

The SDI concept consistently and logically connects elements from the micro-scale 
(cement paste) to the macro scale (mix). In addition, there are potential possibilities to 
expand this set with the elements of the sub-micro scale. For the above reasons, the pro-
posed description of the concrete mix using SDI seems appropriate to examine the impact 
of self-compacting on the stability of its air entrainment. 
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In line with the theoretical assumptions of the idea of Synthetic Dispersion Indicators 
SDI and the composite formula of concrete mix, the system was divided into two levels: 

• Dispersion system of cement paste; 
• Dispersion system of aggregate. 

The filling degree of aggregate with cement paste can be represented in the form of 
the indicator φ the ratio of the apparent volume of cement paste to the aggregate volume. 
As to the characteristics of the mix affecting the stability of its air entrainment, we must 
first consider the size of inter-grain spaces filled with cement paste. The size of these 
spaces is well described by the φ index of aggregate filling with cement paste. The said 
quantity comprises the effect of the ratio of mortar amount to aggregate volume and is 
presented by the following relation: 

φ = Dm/Ds, (1)

Dm—dispersion indicator of concrete mixture, 
Ds—dispersion indicator of crumb pile, 
or 

φ = Vz/(K × Pdwk), (2)

K—aggregate mass, kg, 
Vz—a volume of cement paste, m3, 
Pdwk—porosity of loosely stacked crumb pile, m3/kg. 

The dispersion indicator of concrete mix Dm, present in the expression (1), is given by 
the following expression [18]: 𝐷௠ = 𝑉௭𝑆௪௦௞𝐾, (3)

Here, K represents aggregate mass, kg, and 𝑉௭ = 𝐶𝜌௖ +𝑀௣𝜌௣ +𝑊, (4)

stands for absolute volume of cement paste. 
The structure and properties of aggregate can be characterised by the dispersion in-

dex of crumb pile Ds, which considers the aggregate, grain size, shape, type and size of 
the developed grain surface. It also includes the volume share of the continuous (air) 
phase to the aggregate’s inter-phase surface (developed surface). 

The dispersion indicator of crumb pile Ds is expressed by the following relation: 𝐷௦ = 𝑃ௗ௪௞𝑆௪௦௞ , (5)

or 𝐷௦ = 𝜌 − 𝜌௡𝜌 ⋅ 𝜌௡ ⋅ 𝑆௪௦௞, (6)

where Pdwk is the specific porosity available for the water of a loosely stacked pile of the 
bulk density of ρnl and verified density of ρs 𝑃 ୵୩ = ଵఘ೙೗ ቀ1− ఘ೙೗ఘೞ ቁ = ଵఘ೙೗ − ଵఘೞ, m3/kg, (7)

𝑆୵ୱ୩ = 0.01∑ 𝑈௜ ௄ௗ೔ష ఘ೔ೞ ,௜  m2/kg, (8)

where 
ρnl—bulk density, kg/m3, 
ρs—verified density, kg/m3, 
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ρis—verified density of the fraction, kg/m3, 
Ui—weight share of the fraction in the pile, %, 
K—grain shape factor, 𝑑௜ି—average size of the fraction, kg. 

Analogous to the crumb pile dispersion index is the cement paste dispersion index 
Dz representing the average thickness of water lagging of cement and dust grains in the 
cement paste. 

Another important factor in terms of the air-entrainment stability of SCC involves 
the properties of cement paste. The said properties are expressed by the Dz index, which 
is determined by the following relationship: 𝐷௭ = ௐ஼⋅ௌ౭౩ౙାெ೛ௌ౭౩౦, m, (9)

where 
W—water volume in the cement paste, m3, 
Swsc—specific surface of cement, m2/kg, 
Swsp—specific surface of dust, m2/kg, 
C—cement mass in the cement paste, kg, 
Mp—dust mass in the cement paste, kg. 

For a given cement and dust, the Dz index can be presented in a more straightforward 
form generally known in concrete technology: 𝐷௭ = ௐ஼ାெ౦, m, (10)

which, although dimensionless, reflects the physical nature of the index. However, in the 
case of a self-compacting mix, the properties of cement paste are also affected by chemical 
additives, mineral additives and the type of cement. Therefore, the dispersion index of the 
cement paste does not entirely reflect the impact of cement paste properties on the self-
compacting level of the self-compacting mixture, so appropriate modifications should be 
made in this respect. 

The self-compacting process of concrete mixes, also affecting the stability of air-en-
trainment of the mix, is not yet entirely known. Ensuring the air-entrainment stability of 
the self-compacting concrete mix raises several unresolved questions. Therefore, the im-
pact of self-compacting of the mix on air-entrainment stability should be verified experi-
mentally, which is this article’s purpose. 

2.2.2. Research Methodology for Assessing the Influence of Synthetic Dispersion  
Indicators on SCC Air-Void Stability 

The significance of the examined factors was evaluated with respect to individual 
response variables rather than a single generalised performance parameter. The analysed 
responses included air content after 5 min, air content after 15 min, absolute air loss be-
tween 5 and 15 min, fresh mixture density, hardened air content after 28 days, spacing 
factor L, micropore content A300 and specific surface α. This response-variable-specific ap-
proach was adopted to avoid overgeneralised statistical conclusions and to maintain a 
direct link between the experimental design and the measured properties. 

The experimental programme was based on a five-level Graeco-Latin square design 
involving four principal factors: AEA dosage, binder type, water-to-binder ratio, and the 
volumetric paste-to-aggregate filling parameter φ. The qualitative relationship investi-
gated experimentally was defined as 

P = F(%AEA, binder type, w/b, φ) (11)
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where P denotes the analysed response variable, %AEA is the dosage of air-entraining 
admixture expressed as a percentage of cement mass, binder type represents the cementi-
tious system, w/b is the water-to-binder ratio, and φ is the volumetric filling ratio of ag-
gregate with cement paste. 

The factor levels used in the experimental design were as follows: %AEA = x1: 0.00, 
0.05, 0.10, 0.15 and 0.20% by mass of cement; w/b = x2: 0.29, 0.32, 0.35, 0.38 and 0.41; binder 
type = x3: CEM I 32.5 R + 10% SF, CEM II/B-V 32.5 R, CEM II/B-S 32.5 R, CEM II/B-M 32.5 
R and CEM III/A 32.5 N; and φ = x4: 1.1, 1.2, 1.3, 1.4 and 1.5. 

The aggregate skeleton remained unchanged throughout the study and was repre-
sented by a constant aggregate dispersion index Ds. Consequently, the design enabled the 
influence of paste composition, entrained air content, and aggregate filling conditions to 
be evaluated without modifying aggregate grading or packing characteristics. The result-
ing 25 mixtures generated by the Graeco-Latin square design are presented in Tables 2 
and 3. 

The aggregates used to make the mixtures were made from washed river gravel of 
grain size up to 8 mm. The SCC mixtures intended for the main study were prepared with 
constant aggregate volume and grading, which means that the aggregate skeleton de-
scriptor Ds was kept constant. Based on preliminary tests, the sand point was selected to 
obtain high deformability and a short flow time for the adopted mixture proportions. The 
most favourable sand point for the determined proportions was 0.49. The crumb pile was 
characterised by the dispersion index Ds = 0.00041 m. The air-entraining admixture was 
dosed according to the levels given in Table 2, while the superplasticizer dosage was ad-
justed to approach the target SCC slump-flow class. 

2.3. Verifying the Impact of SDI on SCC Porosity 

The assessment of the impact significance of the examined factors is closely related 
to statistical correlation. When applied in experimental research, the following can be dis-
tinguished: assessment of impact significance of the examined factors (significance assess-
ment), which is conventionally defined by the concepts of qualitative correlation, linear 
correlation, and nonlinear correlation. The analysis of variance is the primary method of 
statistical assessment of the impact significance of the examined factors. 

The assessment can be conventionally referred to as a qualitative correlation, as it 
allows us to determine whether a change in the values of the examined factors 

• has a significant impact, or 
• has no significant effect on the resultant factor. 

And the function relationship is not specified here between the examined factors and 
the resulting factor (it is not known whether it is a linear or curvilinear correlation). 

The basic concept of the analysis of variance is the variance defined as follows: 𝜎ଶ(𝑧) = ∑ (௭ೖିఓ)మ೙ೖసభ ௡ , (12)

where: 
z—resultant factor z, 
k—ordinal variable, 
n—number of measurements, 
µ—population mean, µ = 𝑧ି଴, 𝑧଴—mean of the general population. 

The variance 𝜎ଶ(𝑧) can be the so-called corrected variance: 𝑆ଶ(𝑧) = ∑ (௭ೖି௭ష)మ೙ೖసభ௡ିଵ ,  (13)

where 
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𝑧 —mean of parallel measurements of the cardinality n = r, 𝑧 = ଵ௡ ∑ 𝑧௞௡௞ୀଵ ,  (14)

The expression in the denominator stands, in general, for the degrees of freedom f, 
whereas the numerator expression is the so-called sum of squared deviations from the 
average: 

𝑆𝑄 =෍(𝑧 − 𝑧) =෍𝑧ଶ − (∑𝑧)ଶ𝑛௡
௞ୀଵ  (15)

We verify the adequacy of the linear model using the F-Snedecor test, checking the 
inequality: 𝐹ோ = ொೃషொೈೆష < 𝐹ఈ,௙మ,௙భ,  (16)

where 𝑄ோି—“residual” mean square, 𝑄ିோ = ௌொೃ௙ೃ ,  (17)𝑄ௐ௎ି —mean square “inside the systems”, 𝑄ିௐ௎ = ௌொೈೆ௙ೈೆ ,  (18)

where: 𝑆𝑄—sum of squared deviations from the average, 
F.R.—the calculated quotient of “residual variance”, 𝐹ఈ,௙మ,௙భ—tabular quotient of variance, f2—degrees of freedom of the numerator of the quo-
tient (f2 = fR), 
f2—degrees of freedom of the denominator of the quotient (f2 = fR), 
α—significance level. 

If the above inequality is satisfied, interaction is negligible, i.e., the adopted linear 
model for the research programme is correct. Failure to meet the above inequality means 
that the model is inadequate, i.e., the interactions of the factors are significant, and further 
conclusions about the significance of the factors is questionable. The executors of the ex-
perimental research often forget the above condition. Neglecting the impact of interaction, 
i.e., elimination of the nonlinear model in favour of the linear model, is a significant sim-
plification that should be fully justified in the substantive analysis of the research object. 
Table 4 summarises the results of the three-fold measurement of g for each of the series of 
mixtures. After the appropriate calculations, we obtain 

SQR = 0.32 𝑄ିோ = ௌொ౎௙ೃ  = 0.08 𝑄ିௐ௎ = ௌொ౓౑௙ೈೆ  = 0.36 

𝐹ோ = ொషೃொೈೆష = 0.22 < 𝐹଴.଴ହିସି଼ = 3.84 < 𝐹଴.଴ଵିସି଼ = 7.01 

The impact of the interaction is negligible at the significance level of α ≤ 0,05, and a 
linear model can be adopted. 

As shown in Table 4, the three-fold measurement of the workability-related parame-
ter g indicates that the response of the self-compacting concrete mixes depended on both 
the dosage level x1 and the cement type x2. The highest cumulative value of k was obtained 
for the system with CEM I 32.5 R + 10% SF (k = 7.12), whereas the lowest value was 
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recorded for CEM III 32.5 (k = 3.05). In terms of the x1 factor, the highest total values were 
observed for the levels 0.10 and 0.15, which suggests that the workability-related response 
was most pronounced in this intermediate range of the analyzed variable. 

Table 4. Total results of the three-fold measurement of the workability-related parameter g of self-
compacting concrete mixes [Nm]. 

k 
 

w 

x2 
w CEM II 32.5 R 

B-S 
CEM II 32.5 R 

B-V 
CEM II 32.5 R 

B-M 
CEM III 32.5 CEM I 32.5 R + 10% SF 

x1 

0 0.045  
D 

0.153 
A 

0.082 
C 

1.482 
E 

1.563 
B 

3.36 

0.05 0.180 
E 

0.633 
B 

1.182 
D 

1.203 
A 

1.290 
C 

4.49 

0.10 1.269 
A 

1.512 
C 

1.392 
E 

0.147 
B 

1.224 
D 

5.54 

0.15 
1.401 

B 
1.563 

D 
0.960 

A 
0.075 

C 
1.533 

E 5.53 

0.20 
1.437 

C 
1.092 

E 
0.192 

B 
0.148 

D 
1.512 

A 4.38 

k 4.33 4.95 3.81 3.05 7.12 23.3 

2.4. Assessment of the Impact of Examined Factors on Test Results 

Since the linear model was adopted, the impact significance of the factors under con-
sideration can be assessed using the F test: 𝐹 = ௌమ(௭మ)ௌమ(௭భ),  (19)

where: 
S2(z1)—estimated variance for one selected state of the object, 
S2(z2)—estimated variance for the second selected state of the object, 

The further course of calculations is limited to comparing the quotient F (25) calcu-
lated value with the tabular value 𝐹ఈ,௙భ,௙మ. If F > 𝐹ఈ,௙భ,௙మ, then it gives a significant result. In 
other words, the given impact of factor xi is significant and should be included in the fu-
ture mathematical model. However, if F <𝐹ఈ,௙భ,௙మ, then at the assumed significance level α 
the test gives an insignificant result, and the tested factor xi has no effect on the resulting 
factor z; it can be eliminated from further testing. 

3. Research Results and Discussion 
3.1. General Results and Their Analysis 

Tables 5 and 6 summarise the fresh-state results for the 25 SCC mixtures, including 
slump-flow time, slump-flow diameter, air content after 5 and 15 min, air loss and density. 
Table 7 presents the hardened air-void parameters determined after 28 days. These three 
tables form the primary experimental basis for interpreting the transition from fresh-air 
entrainment to hardened pore structure. 

The measured slump-flow values are reported in Table 5 and ranged from 50 to 79 
cm. Therefore, slump flow was not treated as a constant rheological parameter in the in-
terpretation but as an experimentally observed workability response reflecting differences 
in mixture behaviour. The workability results in Table 5 show that the mixtures remained 
within a broad SCC-type flow range, but the target slump-flow value of approximately 
675 mm was not achieved identically in all compositions. The measured slump-flow di-
ameter varied from 50 to 79 cm and the T50 time from 2 to 13 s. This variability is important 



Materials 2026, 19, 2730 13 of 32 
 

https://doi.org/10.3390/ma19132730 

because it indicates different empirical workability states and potentially different bubble 
mobility conditions; however, without direct rheometry these observations must not be 
converted into quantitative yield stress or plastic-viscosity values. 

The measured slump-flow values are reported in Table 5 and are discussed as exper-
imental responses rather than as identical constant values. The lowest slump-flow diam-
eters were observed for mixtures 4, 21, 24 and 25, whereas the largest values were obtained 
for mixtures 6, 11 and 19. These differences show that the combined effect of binder type, 
w/b, AEA dosage and φ influenced the fresh-state behaviour. Since direct rheometry was 
not performed, the discussion does not assign quantitative yield stress or plastic viscosity 
values to these mixtures. 

Table 5. Consistency and workability indicators of the self-compacting mixture. 

Series No. 
φ w/b AEA  Cement Type Slump Flow Time 

Up to 50 cm 
Slump Flow Di-

ameter 

- - % Mass of 
Cement [m.C] 

- s cm 

1 1.2 0.32 0.00 CEM II/B-V 6 73 
2 1.3 0.35 0.05 CEM II/B-V 5 72 
3 1.4 0.38 0.10 CEM II/B-V 6 58 
4 1.5 0.41 0.15 CEM II/B-V 5 50 
5 1.1 0.29 0.20 CEM II/B-V 4 71 
6 1.4 0.35 0.00 CEM II/B-M 5 77 
7 1.5 0.38 0.05 CEM II/B-M 9 71 
8 1.1 0.41 0.10 CEM II/B-M 6 67 
9 1.2 0.29 0.15 CEM II/B-M 8 70 

10 1.3 0.32 0.20 CEM II/B-M 8 73 
11 1.5 0.29 0.00 CEM II/B-S 6.5 79 
12 1.1 0.32 0.05 CEM II/B-S 7 73 
13 1.2 0.35 0.10 CEM II/B-S 7 70 
14 1.3 0.38 0.15 CEM II/B-S 5 66 
15 1.4 0.41 0.20 CEM II/B-S 4.5 63 
16 1.2 0.41 0.05 CEM III/A 6 63 
17 1.1 0.38 0.00 CEM III/A 6 67 
18 1.3 0.29 0.10 CEM III/A 5 75 
19 1.4 0.32 0.15 CEM III/A 5 77 
20 1.5 0.35 0.20 CEM III/A 3 74 
21 1.3 0.41 0.00 CEM I + SF 2 58 
22 1.4 0.29 0.05 CEM I + SF 9 64 
23 1.5 0.32 0.10 CEM I + SF 9 64 
24 1.1 0.35 0.15 CEM I + SF 13 54 
25 1.2 0.38 0.20 CEM I + SF 8 58 

The results presented in Table 6 show that total air content in fresh mixtures varied 
from approximately 1.6% to 8.6%, depending on composition. The comparison of air con-
tent measured after 5 and 15 min provides an early laboratory measure of air retention. 
The observed loss ranged from 0.41 to 1.12 percentage points, indicating that all mixtures 
experienced some reduction in measured air content during the first 15 min. This interval 
is informative for comparing mixtures under controlled laboratory conditions, but it 
should not be interpreted as a full simulation of transport, pumping, casting or setting. 

The air-content results in Table 6 show that fresh air content after 5 min ranged from 
1.6% to 8.6%. The difference between air content after 5 and 15 min ranged from 0.41 to 
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1.12 percentage points. This confirms that air loss occurred in every mixture, although the 
magnitude of loss was moderate under the laboratory time interval used. The 5–15 min 
comparison should therefore be interpreted as early air retention, not as complete techno-
logical stability during transport or setting. 

The density values in Table 6 are consistent with the air-content measurements: mix-
tures with high air contents generally showed lower density. Examples include mixtures 
16 and 21, which had high air contents and relatively low densities. These observations 
confirm the internal consistency of the fresh-state measurements and justify their use in 
further interpretation of hardened pore structure. 

Table 6. Air-entrainment and density of self-compacting mixture. 

Series No. 
φ w/b AEA  Cement Type 

Air Content 
5 min 

Air Content 
15 min 

Difference in Air 
Content t = 5, t = 15 

Density of 
Fresh Mixture 

- - 
% Mass of 

Cement [m.C] - % % s kg/m3 

1 1.2 0.32 0.00 CEM II/B-V 3.4 2.83 0.57 2268 
2 1.3 0.35 0.05 CEM II/B-V 2.2 1.52 0.68 2225 
3 1.4 0.38 0.10 CEM II/B-V 4.4 3.61 0.79 2147 
4 1.5 0.41 0.15 CEM II/B-V 4 3.17 0.83 2130 
5 1.1 0.29 0.20 CEM II/B-V 3.2 2.79 0.41 2183 
6 1.4 0.35 0.00 CEM II/B-M 4.6 3.85 0.75 2262 
7 1.5 0.38 0.05 CEM II/B-M 3.4 2.57 0.83 2290 
8 1.1 0.41 0.10 CEM II/B-M 5.8 5.14 0.66 2200 
9 1.2 0.29 0.15 CEM II/B-M 1.6 1.12 0.48 2180 

10 1.3 0.32 0.20 CEM II/B-M 4.2 3.63 0.57 2229 
11 1.5 0.29 0.00 CEM II/B-S 2 1.32 0.68 2185 
12 1.1 0.32 0.05 CEM II/B-S 2.4 1.90 0.50 2042 
13 1.2 0.35 0.10 CEM II/B-S 3 2.37 0.63 2132 
14 1.3 0.38 0.15 CEM II/B-S 5.2 4.53 0.67 2182 
15 1.4 0.41 0.20 CEM II/B-S 2 1.24 0.76 2192 
16 1.2 0.41 0.05 CEM III/A 8.6 7.87 0.73 2185 
17 1.1 0.38 0.00 CEM III/A 6.4 5.76 0.64 2138 
18 1.3 0.29 0.10 CEM III/A 1.8 1.29 0.51 2223 
19 1.4 0.32 0.15 CEM III/A 3.4 2.79 0.61 2225 
20 1.5 0.35 0.20 CEM III/A 4.8 4.08 0.72 2153 
21 1.3 0.41 0.00 CEM I + SF 8.6 7.80 0.80 2160 
22 1.4 0.29 0.05 CEM I + SF 5.4 4.84 0.56 2262 
23 1.5 0.32 0.10 CEM I + SF 6.6 5.92 0.68 2195 
24 1.1 0.35 0.15 CEM I + SF 5 3.88 1.12 2220 
25 1.2 0.38 0.20 CEM I + SF 6 5.36 0.64 2180 

The pore structure parameters presented in Table 7 provide further insight into the 
relationship between fresh mix behaviour and hardened concrete microstructure. The to-
tal air content in hardened concrete ranges from approximately 1.2% to 8.6%, which cor-
responds well with the values measured in fresh mixtures. This confirms that, despite 
some air loss, the air-void system is largely preserved during the transition from fresh to 
hardened state. 

The hardened air-void parameters in Table 7 demonstrate that total hardened air con-
tent ranged from 1.2% to 8.59%, while the spacing factor L varied from 0.13 to 0.44 mm. 
The lowest spacing factors were obtained for mixtures 21 and 16, whereas mixtures 9, 11 
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and 2 had the highest L values. This confirms that the quality of the air-void system cannot 
be evaluated solely from total air content. 

Specific surface α and micropore content A300 also varied substantially between mix-
tures. For example, mixture 21 combined high hardened air content with the lowest spac-
ing factor and the highest specific surface, whereas mixture 9 had low hardened air con-
tent and the highest spacing factor. These contrasts support the need to analyse A, L, A300 
and α together rather than relying on one isolated descriptor. 

Table 7. Parameters of concrete porosity structure. According to EN 480-11 [32], L—pores distribu-
tion indicator, α applied designations—the specific surface of pores, A—air content in hardened 
concrete, A300—the content of micropores of the diameter below 300 µm. 

Series 
No.  

φ w/b AEA  Cement Type L  A  A300  α  

- - % Mass of 
Cement [m.C] - [mm] [%] [%] [mm−1] 

1 1.2 0.32 0.00 CEM II/B-V 0.28 4.06 1.74 25.47 
2 1.3 0.35 0.05 CEM II/B-V 0.42 2.09 0.5 17.86 
3 1.4 0.38 0.10 CEM II/B-V 0.33 3.99 2.05 18.9 
4 1.5 0.41 0.15 CEM II/B-V 0.31 4.26 1.96 21.24 
5 1.1 0.29 0.20 CEM II/B-V 0.27 4.09 2.21 10.09 
6 1.4 0.35 0.00 CEM II/B-M 0.42 2.06 0.8 17.37 
7 1.5 0.38 0.05 CEM II/B-M 0.28 4.21 2.09 17.99 
8 1.1 0.41 0.10 CEM II/B-M 0.28 6.57 2.73 21.15 
9 1.2 0.29 0.15 CEM II/B-M 0.44 1.2 0.31 11.84 

10 1.3 0.32 0.20 CEM II/B-M 0.21 5.04 1.97 21.93 
11 1.5 0.29 0.00 CEM II/B-S 0.43 1.4 0.52 11.29 
12 1.1 0.32 0.05 CEM II/B-S 0.31 3.69 1.3 20.98 
13 1.2 0.35 0.10 CEM II/B-S 0.28 4.57 2.73 21.15 
14 1.3 0.38 0.15 CEM II/B-S 0.23 6.18 1.62 17.48 
15 1.4 0.41 0.20 CEM II/B-S 0.36 2.16 1.71 16.38 
16 1.2 0.41 0.05 CEM III/A 0.15 8.51 3.2 28.17 
17 1.1 0.38 0.00 CEM III/A 0.18 6.66 1.96 21.24 
18 1.3 0.29 0.10 CEM III/A 0.33 2.77 1.45 18.9 
19 1.4 0.32 0.15 CEM III/A 0.3 3.72 1.18 17.02 
20 1.5 0.35 0.20 CEM III/A 0.28 5.34 1.45 22.83 
21 1.3 0.41 0.00 CEM I + SF 0.13 8.59 2.1 36.14 
22 1.4 0.29 0.05 CEM I + SF 0.32 5.23 0.95 24.91 
23 1.5 0.32 0.10 CEM I + SF 0.23 7.3 1.18 24.24 
24 1.1 0.35 0.15 CEM I + SF 0.31 5.82 0.91 16.07 
25 1.2 0.38 0.20 CEM I + SF 0.26 6.49 2.99 19.04 

The relationships between fresh air content and hardened air content are shown in 
Figures 1 and 2. The correlation coefficients reported in the figures indicate strong corre-
spondence between air content after mixing, air content after 15 min and hardened air 
content after 28 days. This supports the conclusion that early retained air is a useful indi-
cator of the final air-void system within the investigated mixtures. 

Figures 3–6 present relationships between fresh air content, hardened air content, 
specific surface, spacing factor and micropore content. These figures show that the air-
void system is internally linked but not governed by total air content alone. Figure 4 illus-
trates that lower spacing factors are associated with more favourable pore distribution, 
while Figures 5 and 6 show that specific surface and micropore content respond nonline-
arly to total air content. 
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To strengthen the interpretation of Tables 6 and 7, additional derived indicators were 
calculated and are presented in Table 8. These indicators do not introduce new experi-
mental data. They are calculated directly from the measured values and help clarify air 
retention and transfer from the fresh to hardened state. 

Table 8. Derived indicators of early air retention and fresh-to-hardened air transfer calculated from 
Tables 6 and 7. 

No. AEA % Mass of 
Cement [m.C] 

A5 [%] A15 [%] ΔA [p.p.] R15 [-] Relative Loss [%] A/A15 [-] A300/A [%] 

1 0.00 3.40 2.83 0.57 0.83 16.8 1.43 42.9 
2 0.05 2.20 1.52 0.68 0.69 30.9 1.38 23.9 
3 0.10 4.40 3.61 0.79 0.82 18.0 1.11 51.4 
4 0.15 4.00 3.17 0.83 0.79 20.8 1.34 46.0 
5 0.20 3.20 2.79 0.41 0.87 12.8 1.47 54.0 
6 0.00 4.60 3.85 0.75 0.84 16.3 0.54 38.8 
7 0.05 3.40 2.57 0.83 0.76 24.4 1.64 49.6 
8 0.10 5.80 5.14 0.66 0.89 11.4 1.28 41.6 
9 0.15 1.60 1.12 0.48 0.70 30.0 1.07 25.8 

10 0.20 4.20 3.63 0.57 0.86 13.6 1.39 39.1 
11 0.00 2.00 1.32 0.68 0.66 34.0 1.06 37.1 
12 0.05 2.40 1.90 0.50 0.79 20.8 1.94 35.2 
13 0.10 3.00 2.37 0.63 0.79 21.0 1.93 59.7 
14 0.15 5.20 4.53 0.67 0.87 12.9 1.36 26.2 
15 0.20 2.00 1.24 0.76 0.62 38.0 1.74 79.2 
16 0.05 8.60 7.87 0.73 0.92 8.5 1.08 37.6 
17 0.00 6.40 5.76 0.64 0.90 10.0 1.16 29.4 
18 0.10 1.80 1.29 0.51 0.72 28.3 2.15 52.3 
19 0.15 3.40 2.79 0.61 0.82 17.9 1.33 31.7 
20 0.20 4.80 4.08 0.72 0.85 15.0 1.31 27.2 
21 0.00 8.60 7.80 0.80 0.91 9.3 1.10 24.4 
22 0.05 5.40 4.84 0.56 0.90 10.4 1.08 18.2 
23 0.10 6.60 5.92 0.68 0.90 10.3 1.23 16.2 
24 0.15 5.00 3.88 1.12 0.78 22.4 1.50 15.6 
25 0.20 6.00 5.36 0.64 0.89 10.7 1.21 46.1 

Note: A5 and A15 are fresh air contents after 5 and 15 min, respectively; ΔA = A5 − A15; R15 = A15/A5; 
A/A15 expresses fresh-to-hardened air transfer; A300/A expresses the share of micropores below 300 
µm in the total hardened air content. 

The derived indicators include the relative air-retention ratio after 15 min (R15), rela-
tive air loss, the ratio between hardened air content and air content after 15 min (A/A15), 
and the micropore fraction in total hardened air content (A300/A). These values directly 
address the question of whether the entrained air was merely present in the fresh mixture 
or effectively retained as a measurable hardened air-void system. 

Figures 1 and 2 confirm the strong fresh-to-hardened relationship, while Table 8 pro-
vides mixture-by-mixture evidence of the retention and transfer ratios. In most mixtures, 
R15 exceeded 0.75, showing that most of the initially entrained air remained in the fresh 
mixture after 15 min. However, the A/A15 ratio varied, confirming that the fresh-to-hard-
ened transition was not identical for all cementitious systems. 
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Figure 1. Relationship between air content in fresh concrete after 5 min and total air content in hard-
ened concrete. 

Figures 3–6 compare hardened pore-structure descriptors. The observed relation-
ships are consistent with the numerical data in Tables 7 and 8. They demonstrate that the 
development of a refined pore system depends on the simultaneous presence of retained 
air and favourable pore distribution. This is why the interpretation focuses on the com-
bined assessment of A, L, A300 and α. 

The main quantitative relationships were evaluated by Pearson correlation. Fresh air 
content after 5 min and after 15 min correlated strongly with hardened air content (A5 vs. 
A: r = 0.920, R2 = 0.846, p < 0.001; A15 vs. A: r = 0.922, R2 = 0.849, p < 0.001). Hardened air 
content was strongly and inversely correlated with spacing factor (A vs. L: r = −0.907, R2 = 
0.822, p < 0.001), confirming that increased retained air was generally associated with 
shorter pore spacing. Moderate-to-strong correlations were also found for A vs. A300 (r = 
0.618, p = 0.001) and L vs. α (r = −0.683, p < 0.001). 

 

Figure 2. Relationship between air content in fresh concrete after 15 min and total air content in 
hardened concrete. 
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Figure 3. Relationship between air content in fresh concrete (immediately after mixing) and specific 
surface of pores in the hardened concrete. 

 

Figure 4. Relationship between pore spacing index L and air content A in hardened concrete. 
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Figure 5. Relationship between air content A and specific surface α of pores in hardened concrete. 

 

Figure 6. Relationship between the total air content and the content of pores of the diameter lower 
than 0.300 mm in hardened concrete. 

The statistical evaluation was carried out using ANOVA based on the Graeco-Latin 
square experimental design. The purpose of this analysis was not to prove a universal 
predictive model but to identify which main factors were statistically relevant for each 
response variable within the investigated material range. 

Before interpreting the main effects, the adequacy of the adopted linear model was 
checked according to the procedure described in Section 2.3. This test supports the use of 
the Graeco-Latin square design as a screening approach. Neverheless, the possible 



Materials 2026, 19, 2730 20 of 32 
 

https://doi.org/10.3390/ma19132730 

existence of physicochemical interactions is not excluded; it is discussed separately as a 
mechanistic interpretation. 

The results in Tables 9–14 and Figures 7–12 show that the statistical significance of 
the factors depends strongly on the analysed response variable. Therefore, the revised 
interpretation avoids the statement that one or two factors are universally dominant for 
the whole air-void system. 

For the initial fresh air content A5 (Table 9), none of the analysed factors reached the 
conventional significance threshold of p < 0.05. Binder type showed a near-threshold ten-
dency (F = 3.122, p = 0.080, partial η2 = 0.609), whereas AEA dosage, w/b and φ were not 
statistically significant. This result indicates that the measured fresh air content was not 
governed by AEA dosage alone, but by the response of the complete SCC system. 

For early air loss between 5 and 15 min (Table 10), w/b reached statistical significance 
(F = 4.190, p = 0.040, partial η2 = 0.677). This finding should be interpreted cautiously, be-
cause the residual normality test indicated a non-normal residual distribution for this re-
sponse. Nevertheless, the result supports the physically reasonable interpretation that wa-
ter-to-binder ratio and the related paste state may influence early air escape under labor-
atory conditions. 

For hardened air content A (Table 11), no main factor reached p < 0.05. Binder type 
showed the strongest near-threshold tendency (F = 3.345, p = 0.069, partial η2 = 0.626), fol-
lowed by w/b (F = 2.708, p = 0.107, partial η2 = 0.575). Consequently, hardened air content 
should not be attributed solely to AEA dosage in this dataset. The very strong correlation 
between fresh and hardened air content indicates that early retained air is the best direct 
descriptor of final air content. 

Table 9. ANOVA for fresh air content after 5 min, A5 [%]. 

Source df SS MS F p-Value Partial η2 
AEA dosage 4 3.888 0.972 0.330 0.850 0.142 
binder type 4 36.784 9.196 3.122 0.080 0.609 

w/b 4 26.704 6.676 2.266 0.151 0.531 
φ 4 1.296 0.324 0.110 0.976 0.052 

Residual 8 23.568 2.946 - - - 
Model R2 = 0.744; adjusted R2 = 0.233; Shapiro–Wilk p (residuals) = 0.791. 

Table 10. ANOVA for absolute air loss between 5 and 15 min, ΔA [p.p.]. 

Source df SS MS F p-Value Partial η2 
AEA dosage 4 0.0416 0.0104 0.718 0.603 0.264 
binder type 4 0.0483 0.0121 0.833 0.540 0.294 

w/b 4 0.2431 0.0608 4.190 0.040 0.677 
φ 4 0.0541 0.0135 0.932 0.492 0.318 

Residual 8 0.1160 0.0145 - - - 
Model R2 = 0.769; adjusted R2 = 0.308; Shapiro–Wilk p (residuals) < 0.001. 
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Figure 7. Graph of the main effects of % AEA, type of cement, φ (FI), w/c on the initial air-entrain-
ment of the self-compacting concrete mix. 

 

Figure 8. Graph of the main effects of % AEA, type of cement, φ (Fi), w/c on the change in the air-
entrainment of the self-compacting concrete mix. 

For the spacing factor L (Table 12), no factor reached statistical significance at α = 
0.05. The strongest trend was associated with w/b (F = 2.508, p = 0.125, partial η2 = 0.556), 
whereas φ did not reach significance in the recalculated ANOVA. This result is important 
because it prevents overstatement of the SDI interpretation: aggregate-paste geometry 
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remains mechanistically relevant, but the present dataset supports it as a physically plau-
sible explanatory factor rather than as a statistically confirmed main effect for L. 

For micropore content A300 (Table 13), w/b was statistically significant (F = 4.058, p = 
0.044, partial η2 = 0.670). For specific surface α (Table 14), w/b showed a near-threshold 
tendency (F = 3.540, p = 0.060, partial η2 = 0.639). These results indicate that pore refinement 
is more closely associated with paste-related conditions than with total air content alone. 

The overall statistical interpretation is summarised in Table 15. The table separates 
statistically significant effects, near-threshold tendencies and non-significant effects, di-
rectly addressing the need for a more nuanced interpretation of the ANOVA data. 

Table 11. ANOVA for total hardened air content, A [%]. 

Source df SS MS F p-Value Partial η2 
AEA dosage 4 1.711 0.428 0.154 0.956 0.072 
binder type 4 37.058 9.265 3.345 0.069 0.626 

w/b 4 30.007 7.502 2.708 0.107 0.575 
φ 4 10.990 2.748 0.992 0.464 0.332 

Residual 8 22.160 2.770 - - - 
Model R2 = 0.783; adjusted R2 = 0.348; Shapiro–Wilk p (residuals) = 0.620. 

 

Figure 9. Graph of the main effects of % AEA, type of cement, φ (Fi), w/c on the total air content in 
the hardened self-compacting concrete. 

Consequently, the results support a bounded conclusion: the transition from fresh air 
to hardened pore structure is strongly correlated, but the individual design factors do not 
act as universal predictors of all air-void descriptors. The SDI approach is best understood 
as a structured explanatory framework linking composition, early retention and hardened 
pore geometry. It should not be presented as a validated model for external prediction 
beyond the investigated material range. 

Overall, the recalculated ANOVA, the correlations and the experimental data pre-
sented in Tables 5–7 indicate that air-void behaviour in SCC is governed by coupled ef-
fects. Fresh-air retention is strongly related to hardened air content, while pore spacing 



Materials 2026, 19, 2730 23 of 32 
 

https://doi.org/10.3390/ma19132730 

and pore refinement require separate descriptors. The present results do not justify a sim-
plified statement that AEA dosage or φ alone controls the whole air-void system. 

Table 12. ANOVA for spacing factor, L [mm]. 

Source df SS MS F p-Value Partial η2 
AEA dosage 4 0.0048 0.0012 0.219 0.920 0.099 
binder type 4 0.0332 0.0083 1.524 0.283 0.432 

w/b 4 0.0547 0.0137 2.508 0.125 0.556 
φ 4 0.0223 0.0056 1.025 0.450 0.339 

Residual 8 0.0436 0.0054 - - - 
Model R2 = 0.725; adjusted R2 = 0.175; Shapiro–Wilk p (residuals) = 0.485. 

 

Figure 10. Graph of the main effects of % AEA, type of cement, φ (Fi), w/c on the pore spacing 
indicator in the hardened self-compacting concrete. 

From a scientific perspective, these findings strengthen the manuscript because they 
show that the SCC air-void system demonstrate a coupled dispersion problem rather than 
a simple dosage-response problem. The same total air content may correspond to different 
spatial pore distributions; therefore, A, L, A300 and α must be interpreted jointly. This con-
clusion directly addresses the reviewers’ concern that mechanistic discussion should not 
imply unverified causality. 
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Table 13. ANOVA for micropore content, A300 [%]. 

Source df SS MS F p-Value Partial η2 
AEA dosage 4 2.869 0.717 1.937 0.198 0.492 
binder type 4 0.254 0.064 0.172 0.947 0.079 

w/b 4 6.012 1.503 4.058 0.044 0.670 
φ 4 2.404 0.601 1.623 0.259 0.448 

Residual 8 2.963 0.370 - - - 
Model R2 = 0.796; adjusted R2 = 0.387; Shapiro–Wilk p (residuals) = 0.463. 

 

Figure 11. Graph of the main effects of % AEA, type of cement, φ (Fi), w/c on the content of A0,300 
pores in the hardened self-compacting concrete. 

Table 14. ANOVA for specific surface of air voids, α [mm−1]. 

Source df SS MS F p-Value Partial η2 
AEA dosage 4 122.300 30.575 1.798 0.223 0.473 
binder type 4 156.095 39.024 2.294 0.148 0.534 

w/b 4 240.823 60.206 3.540 0.060 0.639 
φ 4 65.694 16.423 0.966 0.476 0.326 

Residual 8 136.069 17.009 - - - 
Model R2 = 0.811; adjusted R2 = 0.434; Shapiro–Wilk p (residuals) = 0.809. 

Table 15. Consolidated complete ANOVA outputs for the main response variables. 

Response Source df SS MS F p-Value Partial η2 
A5 [%] AEA dosage 4 3.888 0.972 0.330 0.850 0.142 
A5 [%] binder type 4 36.784 9.196 3.122 0.080 0.609 
A5 [%] w/b 4 26.704 6.676 2.266 0.151 0.531 
A5 [%] φ 4 1.296 0.324 0.110 0.976 0.052 
A5 [%] Residual 8 23.568 2.946 - - - 
ΔA [p.p.] AEA dosage 4 0.0416 0.0104 0.718 0.603 0.264 
ΔA [p.p.] binder type 4 0.0483 0.0121 0.833 0.540 0.294 
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ΔA [p.p.] w/b 4 0.2431 0.0608 4.190 0.040 0.677 
ΔA [p.p.] φ 4 0.0541 0.0135 0.932 0.492 0.318 
ΔA [p.p.] Residual 8 0.1160 0.0145 - - - 

A [%] AEA dosage 4 1.711 0.428 0.154 0.956 0.072 
A [%] binder type 4 37.058 9.265 3.345 0.069 0.626 
A [%] w/b 4 30.007 7.502 2.708 0.107 0.575 
A [%] φ 4 10.990 2.748 0.992 0.464 0.332 
A [%] Residual 8 22.160 2.770 - - - 

L [mm] AEA dosage 4 0.0048 0.0012 0.219 0.920 0.099 
L [mm] binder type 4 0.0332 0.0083 1.524 0.283 0.432 
L [mm] w/b 4 0.0547 0.0137 2.508 0.125 0.556 
L [mm] φ 4 0.0223 0.0056 1.025 0.450 0.339 
L [mm] Residual 8 0.0436 0.0054 - - - 
A300 [%] AEA dosage 4 2.869 0.717 1.937 0.198 0.492 
A300 [%] binder type 4 0.254 0.064 0.172 0.947 0.079 
A300 [%] w/b 4 6.012 1.503 4.058 0.044 0.670 
A300 [%] φ 4 2.404 0.601 1.623 0.259 0.448 
A300 [%] Residual 8 2.963 0.370 - - - 
α [mm−1] AEA dosage 4 122.300 30.575 1.798 0.223 0.473 
α [mm−1] binder type 4 156.095 39.024 2.294 0.148 0.534 
α [mm−1] w/b 4 240.823 60.206 3.540 0.060 0.639 
α [mm−1] φ 4 65.694 16.423 0.966 0.476 0.326 
α [mm−1] Residual 8 136.069 17.009 - - - 

Note: The table reports main effects calculated within the Graeco-Latin square screening design. 
Residual df = 8 for each response; partial η2 was calculated as SS_effect/(SS_effect + SS_residual). 

The results presented in Tables 5–8 and Figures 1–6 show that air-void stability in 
SCC is governed by the combined effect of early air retention and hardened pore distri-
bution. The data do not support a simplified interpretation based only on AEA dosage or 
total air content. Instead, the final pore system must be evaluated using air content, spac-
ing factor, micropore content and specific surface together. This interpretation is further 
supported by the statistical synthesis of the ANOVA results presented in Table 16. 

Table 16. Summary interpretation of ANOVA results for the analysed response variables. 

Response Variable Table 
Significant Fac-
tor(s), p < 0.05 

Near-Threshold Trend(s), 
0.05 ≤ p < 0.10 Interpretation 

Initial fresh air content A5 9 None binder type, p = 0.080 
Fresh air content was system-de-
pendent; AEA alone was not con-

firmed as a main effect. 

Early air loss ΔA 10 w/b, p = 0.040 None 
Significant but interpreted cau-

tiously because residual normality 
was not satisfied. 

Hardened air content A 11 None binder type, p = 0.069 
Fresh-to-hardened correlation was 

strong; individual main factors were 
not universal controls. 

Spacing factor L 12 None None 

Observed L variation requires com-
bined pore-structure interpretation; 
φ is mechanistic, not statistically 

confirmed here. 
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Micropore content A300 13 w/b, p = 0.044 None 
Pore refinement was linked with 

paste-related conditions in the 
adopted design. 

Specific surface α 14 None w/b, p = 0.060 Near-threshold tendency only; no 
confirmed main effect at α = 0.05. 

 

Figure 12. Graph of the main effects of % AEA, type of cement, φ (Fi), w/c on the specific surface of 
pores in the hardened self-compacting concrete. 

The statistical results presented in Tables 9–14 show that the main effects depend on 
the selected response variable. In addition to the F-values and p-values, partial η2 values 
were reported to describe the design-specific effect size. Within the recalculated dataset, 
w/b was significant for early air loss ΔA (partial η2 = 0.677) and micropore content A300 

(partial η2 = 0.670), while binder type showed near-threshold tendencies for A5 and A. 
These effects should be interpreted as screening results, not as universal material con-
stants. 

The variability of slump-flow diameter and flow time in Table 5 shows that the mix-
tures did not behave as rheological identical systems. Since no direct rheometric measure-
ments were performed, this study cannot quantify yield stress, plastic viscosity, thixot-
ropy or structural build-up. The discussion therefore uses slump flow only as a workabil-
ity indicator and identifies direct rheology as a necessary next stage of research. 

Although φ was not statistically significant for L in the recalculated ANOVA, the role 
of aggregate-paste geometry remains physically relevant. The volumetric filling of aggre-
gate voids with cement paste modifies interparticle spacing and may alter bubble migra-
tion paths, coalescence probability and local pore distribution. Therefore, mixtures with 
comparable total air contents may still develop different spacing factors. This interpreta-
tion should be treated as a mechanistic hypothesis supported by the SDI framework and 
by the observed pore-structure contrasts, not as a statistically proven universal law. 

The pore-structure data in Table 7 confirm that mixtures with similar total air con-
tents may have different spacing factors and specific surfaces. For example, high air con-
tent accompanied by a low spacing factor indicates a more refined and spatially effective 
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air-void system, whereas low air content combined with a high spacing factor indicates 
an unfavourable distribution. Table 8 further shows that air retained in the fresh mixture 
was not always transferred into the hardened pore system in the same proportion. This is 
why total air content alone cannot serve as a sufficient descriptor of the air-void system. 

Binder type and water-to-binder ratio should not be described as having no influence 
in a general sense. Within the adopted Graeco-Latin square design, their statistical influ-
ence depended on the selected response variable. Their indirect effects through particle-
size distribution, surface chemistry, paste water availability, hydration kinetics and ad-
mixture compatibility remain physically plausible. This distinction between statistical 
confirmation and mechanistic plausibility was introduced to avoid causal overinterpreta-
tion. 

The correlations calculated from Tables 6 and 7 confirm that early fresh-air measure-
ments are useful indicators of hardened air content. The correlation between air content 
after 5 min and hardened air content was strong and statistically significant (r = 0.920, R2 
= 0.846, p < 0.001), and the corresponding relationship for air content after 15 min was 
similarly strong (r = 0.922, R2 = 0.849, p < 0.001). Hardened air content was also strongly 
and inversely correlated with spacing factor L (r = −0.907, R2 = 0.822, p < 0.001), confirming 
that higher total air content generally contributed to a denser air-void distribution within 
the investigated range. However, the 5–15 min interval used in this study is limited and 
should be interpreted as an early-stage laboratory air-retention test rather than a repre-
sentation of transport, pumping, casting or setting under construction conditions. 

The results also have implications for durability-oriented interpretation, but only 
within clear limits. Parameters such as spacing factor, micropore content and specific sur-
face are commonly used to assess the potential quality of an air-void system. Nevertheless, 
no freeze–thaw testing was performed in this study. Therefore, this manuscript does not 
claim confirmed freeze–thaw resistance; it only identifies pore-structure characteristics 
that may be relevant for future durability verification. 

The scientific contribution of this work is the integrated interpretation of early air 
retention, hardened air-void structure and dispersion-geometry descriptors under a sta-
tistically structured experimental programme. The novelty is not the proposal of a univer-
sal model, but the demonstration that fresh-air retention, A, L, A300 and α must be inter-
preted as a coupled set of descriptors when assessing air-void stability in SCC. 

The strong correlations between air content in fresh mixtures and hardened concrete 
(Figures 1 and 2) confirm that the air-void system is largely conditioned at the early stage 
after mixing. At the same time, the observed 5–15 min air loss indicates that dynamic pro-
cesses such as bubble migration, coalescence and escape continue to occur before setting. 
This dual observation is central to this manuscript: fresh air content is a useful indicator, 
but it does not replace hardened pore-structure analysis. 

The experimental results presented in Tables 5–8, together with the ANOVA results 
in Tables 9–14 and the synthesis in Table 15, indicate that air-void stability can be inter-
preted using a dispersion-geometry framework. However, this framework must be 
treated as semi-empirical and limited to the investigated materials and mixture range. 

Based on these observations, the early change in air content may be expressed con-
ceptually as a function of the factors controlling bubble formation, mobility and geomet-
rical confinement: 

ΔA = f(AEA, φ, Dz, Ds),  (20)

where ΔA represents air loss over time, AEA is the dosage of air-entraining admixture, φ 
is the volumetric filling ratio of aggregate with cement paste, Dz is the dispersion-related 
descriptor of the paste phase, and Ds is the constant aggregate-skeleton descriptor used in 
the present experimental programme. 
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Because the ANOVA results do not confirm all factors as statistically significant for 
all response variables, this expression should not be interpreted as a validated predictive 
equation. It is a compact representation of the variables considered in the experimental 
design. 

In a simplified interpretative form, the early air-loss tendency may be written as 

ΔA = f(AEA, φ, Dz, Ds),  (21)

where k1 is a proportionality coefficient, α and β are empirical sensitivity coefficients, and 
η represents the effective resistance of the paste phase to bubble motion. These parameters 
were not independently identified in this study; therefore, Equation (21) is used only to 
express the assumed direction of influence. 

The hardened pore structure may be described conceptually by linking the spacing 
factor with total hardened air content and geometrical confinement: 

L = k2⋅A − α⋅φ − γ (22)

where L is the spacing factor, A is the total hardened air content, k2 is a proportionality 
coefficient, α expresses the sensitivity of the spacing factor to the total hardened air con-
tent, and γ expresses the assumed sensitivity of the pore spacing to geometrical confine-
ment. This relation is consistent with the strong inverse correlation between A and L and 
with the mechanistic role assigned to φ in the SDI framework. However, because φ was 
not statistically significant for L in the recalculated ANOVA, Equation (22) must be treated 
strictly as an interpretative relation requiring independent validation. 

The proposed framework therefore has interpretative rather than predictive status. 
It helps organise the experimental evidence and explains why total air content alone is 
insufficient to describe the air-void system in SCC. Its coefficients were not calibrated in-
dependently, and the equations should not be used for mixture design outside the inves-
tigated range. 

Further development of the model requires independent validation, direct rheologi-
cal measurements, longer air-retention monitoring, bubble-size analysis in the fresh state, 
and direct durability tests, especially freeze–thaw resistance. 

3.2. Limitations of the Study 

This study has several limitations that were considered in the revised interpretation. 
First, slump-flow diameter and T50 time were used as empirical workability indicators, but 
direct rheological parameters were not measured. Second, the 5–15 min interval describes 
early laboratory air retention only and does not represent transport, pumping, casting or 
setting. Third, hardened air-void parameters were obtained from two determinations and 
should be treated as comparative descriptors rather than a full durability-classification 
dataset. Fourth, the Graeco-Latin square design is efficient for screening main effects, but 
it cannot fully identify all interactions between binder chemistry, PCE, AEA and paste 
volume. Fifth, no direct freeze–thaw tests were performed; therefore, the article discusses 
durability-related descriptors but does not claim verified freeze–thaw resistance. Conse-
quently, the conceptual relation expressed in Equation (22) should be treated only as an 
interpretative framework and not as a predictive durability model. 

4. Conclusions 
The experimental programme demonstrated that air-void stability in SCC must be 

interpreted through the combined analysis of early fresh-air retention and hardened air-
void structure. This study shows that total air content alone is not sufficient for evaluating 
the quality of the pore system because mixtures with comparable air contents may differ 
in spacing factor, micropore content and specific surface. 
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The AEA dosage range used in this study was 0.00–0.20% by mass of cement and was 
consistently applied in the Graeco-Latin square design. The measured slump-flow diam-
eter ranged from 50 to 79 cm, confirming that workability varied between mixtures and 
should be treated as an experimental response rather than a fixed rheological condition. 

Air loss between 5 and 15 min ranged from 0.41 to 1.12 percentage points. These val-
ues describe early laboratory air retention and should not be extrapolated directly to field 
transport, pumping, casting or setting. The derived indicators in Table 8 improve trans-
parency by showing both relative retention and fresh-to-hardened air transfer. 

The hardened air-void system could not be described by total air content alone. The 
spacing factor ranged from 0.13 to 0.44 mm, and A300 and α varied substantially. The 
strong inverse correlation between A and L indicates that pore distribution and pore re-
finement are essential descriptors of the hardened air-void system. 

The ANOVA results require a response-variable-specific interpretation. In the recal-
culated dataset, w/b was statistically significant for early air loss ΔA (F = 4.190, p = 0.040; 
partial η2 = 0.677) and micropore content A300 (F = 4.058, p = 0.044; partial η2 = 0.670), 
whereas binder type showed near-threshold tendencies for fresh and hardened air con-
tents. No individual factor should be presented as a universal predictor of all air-void 
descriptors. 

AEA dosage and φ remain physically important variables in the experimental design, 
but their influence should be interpreted within the limits of the present dataset. AEA 
dosage contributes to air generation, while φ provides a geometrical descriptor of aggre-
gate-paste filling; however, the statistical evidence does not justify treating either variable 
as a general standalone control parameter for the whole pore system. 

The proposed dispersion-geometry model should be regarded as a semi-empirical 
explanatory framework limited to the investigated materials and mixture range. Its value 
lies in organising the relationships between mixture composition, early air retention and 
hardened pore geometry. It is not an externally validated predictive model and should 
not be used for mixture design without further calibration. 

Direct durability claims were not made because freeze–thaw resistance was not 
tested. Future studies should combine the present approach with direct rheological meas-
urements, longer-term air-retention monitoring, fresh-state bubble-size analysis, image-
based pore-structure validation and freeze–thaw testing. Such work is necessary to con-
vert the present descriptor-based interpretation into a durability-validated model. 
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