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Abstract: The thermal conductivity values of ordinary concrete can be adjusted to those prescribed in constructions by entraining air 
bubbles to reduce the density of concrete in order to achieve good thermal insulation. This paper concerns the analysis of air bubble 
distribution in concrete obtained by micro X-ray µCT (computed tomography) and correlates it with its thermal conductivity (k). The 
samples were prepared of ordinary concrete varying the density by air-entraining additives, ranging between 2,277 kg/m3 and 1,779 
kg/m3, aiming to correlate the mechanical properties and k with the characteristics of the bubble distribution. The results show that 
air-entrainment leads to viable use of this material as sealer to achieve good thermal insulation, and it can be adjusted, but there seems 
to be a limit to air entraining. By analysis of the µCT images, it was possible to correlate the more quantity of bubbles of smaller 
diameter with the minor k, in dry or wet state, and to prove that there is a limit in the entrapped air content, and if it is exceeded, the 
coalescence occurs. 
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1. Introduction 

Many factors have to be taken into account during 

the project design of a building, parameters such as the 

sun orientation and wind predominance, position and 

size of the doors and windows, shading, etc., but the 

thermal characteristics of the building envelope largely 

influence the thermal and energy performance of 

buildings [1]. Thus, in addition to the mechanical 

parameters (compressive strength, Young’s modulus, 

density, etc.), one should also consider the water vapor 

absorption, transmission and Thermal conductivity (k), 

etc. 

The use of “cast-in-situ reinforced concrete walls” as 

exterior sealer represents an economical and quick 

alternative to masonry or panel systems due to its 

versatility. However, ordinary concrete has high k, 
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value that represents disadvantage if compared to 

materials considered as of good thermal performance. 

On average, the k on conventional concrete (at room 

temperature) ranges between 1.4 W/m.K and 3.6 

W/m.K [2, 3], in that case the use of concrete in walls 

requires adjusting its thermal performance to the one 

required in buildings and is possible to make the 

properties of concrete meet the construction 

requirement by varying material parameters such as 

cement past composition, foam size and volume 

friction [4]. A k about 0.8 W/m.K can be considered 

appropriate to use on concrete utilized in walls as 

sealing. 

In concrete, as it occurs with the other porous 

construction materials, heat transfer is dominated by 

thermal conduction [4] and it happens by two ways: by 

conduction through the solid phase of concrete, usually 

called “skeleton”, composed of aggregate and cement 

paste, or by flow (water or air) through the voids of 
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concretes [5]. Thus, the density of concrete can be 

decreased by using light aggregates or air-entrained 

concrete (as in this work) in which air-bubbles are 

entrapped in the mortar matrix by means of a suitable 

aerating agent. Air-entrained concrete can be classified 

as NAAC (non-autoclaved aerated concrete) or AAC 

(autoclaved aerated concrete) based on the curing 

method. While the AAC is fabricated from the 

aluminum powder and cement (or lime) reaction 

(forming H2 bubble), with added sand and water by 

autoclave process of curing, NAAC is made from an 

ordinary concrete to which bubbles of air are entrained 

by adding air-entraining additive (Eair) [6]. 

The good thermal insulation is more evident in the 

AAC that has a density ranging between 500 kg/m3 and 

1,000 kg/m3, but it is difficult to fulfill the structural 

function for this material due to the limitations imposed 

by the its low mechanical resistance. Using 

air-entraining methods in ordinary concrete (NAAC), 

as was the object of this work, it is possible to obtain 

density values ranging between 1,800 kg/m3 and 2,200 

kg/m3 and, consequently, lower k values and, in 

addition, get a structural concrete produced cast-in-situ 

because the appropriate relationship between 

“air-entrained” and “mechanical parameters required” 

can be controlled during concrete manufacturing [6]. 

Regarding compressive strength (fc) and the bulk 

density (γ) of concrete the EF (efficiency factor) has 

been used to classify a structural lightweight concrete, 

as Eq. (1): 

EF = fc / γ (MPa.dm3/kg)     (1) 

In this paper, mechanical properties and thermal 

performance are correlated through the value EF and k. 

Concerning the empty spaces in ordinary concrete, 

some air is always introduced during its mixing and 

transport, and normally taken out at the vibration. The 

“capillary pores” are those originated from the 

evaporation of water and, it represents risks to the 

durability of the reinforced concrete due to their 

connectivity. A higher empty space volume leads to 

lower density and k, but this can put the durability of 

structural concrete at risk if the bubbles are large or 

connected. On the other hand, purposely entrained air 

bubbles (as in NAAC) are spherical, stable, elastic and 

have a typical distribution with diameters ranging from 

10 μm to 500 μm [7], and supposedly are not connected. 

Regarding the concrete used in cast-in-situ reinforced 

walls, it has greater fluidity and the air bubbles can 

move more freely, enabling their coalescence and/or 

rupturing [8] making their connection possible and 

denoting risks to the durability. Foamed concrete with 

higher air content tends to result in larger and 

connected air bubbles because there is not enough mass 

to prevent the air voids from coalescing [4]. Therefore, 

a greater number of small bubbles, unconnected, 

represent an effective way to decrease concrete density 

and k without compromising durability. Smaller pores 

have substantial influence in governing k, for example, 

the increase of bubbles with diameter around 50 µm 

leads to a reduction in Thermal conductivity. Also the 

correlation between thermal performance [9] and 

diameter creates better results when the later is 50 µm 

instead of 90 µm. This paper aims to quantify the 

number of bubbles, their diameter and volume (bubbles 

smaller than 500 μm are considered “purposely 

entrapped air” while the bigger ones are considered 

“occasionally entrapped air” or “from coalescence” of 

smaller bubbles), seeking the correlation how a greater 

amount of small bubbles influences the decrease of the 

k value of concrete under different moisture 

conditions.  

To determine the quantity and the characteristics of 

the entrained air bubbles in hardened concrete, the 

literature mentions several methods: SEM (scanning 

electron microscopy), MIP (mercury intrusion 

porosimetry), automatic image analysis (by special 

video camera system and computing/digitizing 

techniques) and gas permeability [6]; stereoscopic 

microscope (EN 480-11) and CT (computed 

tomography) [9]. Hilal, Thom and Dowson [10] made 

an interesting study on pore size distribution of foamed 

concrete by optical microscope treating the foam with 
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bitumen emulsion and could see by clear image the 

bubbles merged and its shape and distribution. 

In this research, for the microstructural analysis, 

micro X-ray computed tomography (µCT) was the 

chosen method because it provides a reconstruction of 

the exact three-dimensional (3D) position of all objects 

of interest, and derive air bubbles parameters not 

available to traditional 2D test methods [11] with a 

quality close to real. This method has an advantage 

over conventional microstructural analysis methods 

(e.g. optical microscope, SEM) which normally require 

fracturing or polishing of samples, changing the 

internal structure. We highlight that, in this study, the 

samples were prepared specially for the analysis by 

µCT instead of extracted by cutting them from a larger 

sample, and thus there was no change in the original 

structure of the bubbles. We have studied images 

obtained by µCT to establish how the diameter 

distribution and quantity of the air bubbles influence 

the value of the thermal conductivity in concretes with 

different bulk density (γ) obtained by the use of air 

entraining additives (Eair) and under different moisture 

contents. 

The moisture content was important to study 

because, in addition to temperature, the thermal 

conductivity is influenced by the percentage of 

moisture present in the pores of the material, increasing 

as moisture content increases [12]. The concrete 

samples were obtained by varying the mixing time to 

control the amount of entrained air, and this procedure 

was performed because the mixing characteristics have 

a dominant influence on the density, distribution, shape 

and size of the air bubbles created [13].  

2. Experimental Procedure 

2.1 Materials and Methods 

An ordinary concrete mix, called REF (reference), 

was prepared with OPC (ordinary Portland cement) 

conforming to the Type III (ASTM C150), sand 

(maximum diameter 2.4 mm and fineness modulus 

2.15), crushed stone (12.7 mm or ½ in.), water to w/ c 

= 0.43 and 1.0% (by cement weight) of plasticizing 

additive (Table 1). 

The placement of the material that forms REF 

concrete was: 1st—80% of the amount of water; 

2nd—crushed stone; 3rd—OPC; 4th—plasticizing 

additive; 5th—20% of the water remaining; and finally 

the sand content.  

From the “Reference” concrete it was made the 

NAAC by the addition of air-entraining additive (Eair) 

with 0.25% of cement weight and mixed in the mixer 

for 1, 3 and 4 minutes, resulting in the concrete samples 

“NAAC1”, “NAAC3” and “NAAC4”, respectively. 

For each type of sample cylindrical specimens 

(diameter = 50 mm and height = 100 mm) were 

prepared as recommended by ASTM C34-13 [14]. 

Next, they were kept in a wet room for seven days 

before determining their compressive strength, density, 

absorption (%), and structural empty spaces (%) as 

recommended by ASTM C642-13 [15].  

For microstructural analysis in micro X-ray 

computed tomography cylindrical specimens 

(diameter = 19 mm and height = 40 mm) were molded 

from each type of concrete, but taking off the particles 
 

Table 1  Summary of the mixture proportions of concrete REF.  

Constituents Mass (kg/m3) 

OPC 492 

Sand 739 

Crushed stone 985 

Plasticizing additive  4.9 

Air-entraining additive (Eair) 0 

Water 206.7 
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bigger than 4.8 mm, they were casted and conserved in 

a wet room for seven days. When these cylindrical 

specimens were prepared, the larger stones of the 

concrete were discarded to be compatible with the 

diameter of the mold (19 mm). Next, the samples were 

dried at 105 °C until reaching constant weight.  

From the 3D images obtained by µCT the bubbles 

distribution was quantified in the following diameter 

groups 0-50 µm; 50-100 µm; 100-150 µm; 150-200 µm; 

200-250 µm; 250-300 µm; 300-350 µm; 350-400 µm; 

400-450 µm; 450-500 µm and >500 µm. Fig. 1 shows 

the 3D image from µCT Xradia 510 Versa (sample 

REF), to exemplify, segmenting the bubbles in 

different colors according to their diameters using the 

AVIZO 8.0 software. 

The thermal conductivity k was determined by 

ASTM E1530-11 using cylindrical specimens with 

diameter (D) = 50 mm and height (h) = 25 mm (Fig. 2), 

obtained from the cutting of cylindrical samples with D 

= 50 mm and h = 100 mm, and the temperature in the 

steady state was 30 °C [16].  

In this work, the k values of the samples were tested 

in the “moist state” after being exposed in a wet room 

for three different times (24 h, 48 h and 96 h) and 

determined by Eq. (2), with moisture ranging between 

0% and 6% and in the “dry state”. 

Moisture contents = [(mm - md) / md] × 100   (2) 

Where, mm is mass of surface-dry sample in air after 

exposed in wet room and md is mass of oven-dried 

sample at 100 °C in drying oven. 

The temperature of the sample material affects the k 

value [17], so to eliminate this influence k was 

determined on samples at ambient temperature      

(≈ 25 °C). To correlate the thermal conductivity of the 
 

 
Fig. 1  Example of 3D image captured by the µCT and distribution of false color bubbles according to their diameters. 
 

 
Fig. 2  Samples 50 mm diameter and 25 mm of height obtained from the cylindrical samples (D = 50 mm and h = 25 mm) for 
the Thermal conductivity analyses.  
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samples and their microstructural view, samples REF, 

NAAC3 and NAAC4 were used. 

2.2 Statistical Analysis 

To analyze the statistical validity of the results the 

Chauvenet criterion was used. 

3. Results and Discussion 

3.1 Mechanical Proprieties of Hardened Concrete 

Table 2 shows the mechanical properties of the 

specimens and verifies that compressive strength and 

EF decrease while the density decreases, as expect, but 

regarding the properties “absorption after immersion” 

and “% of voids” for NAAC4 samples, it shows a 

different trend, and both of these are smaller than for 

NAAC3, while the compressive strength and γ follow 

the logic in the series. 

3.2 Thermal Conductivity of Hardened Concrete at 
Different Moisture Contents 

Table 3 shows the k results for the concrete samples 

after being exposed to a wet room and withdrawal in 

three different times: after 24 h, 48 h and 56 h. For each 

sample was determined the moisture contents by Eq. (2) 

and the results were grouped in three different ranges: 

0%-2%; 2%-4% and 4%-6%.  

NAAC1, NAAC3 and NAAC4 have almost the same 

thermal conductivity (0.72 W/m.K and k = 0.71 

W/m.K, respectively) in dry state, but when the 

moisture of samples ranges between 4% and 6%, k 

values vary increasing 33% to NAAC1, 30% to 

NAAC3 and 59% to NAAC4. These values of k to 

several type of concrete studied (including in wet state) 

are compatible with the materials known to have good 

thermal performance, such as ceramic bricks (0.7 

W/m.K and 1.05 W/m.K). 

Fig. 3 illustrates how k varies with moisture content 

and a linear relationship between k and the moisture 

content can be observed. 

Table 3 shows that NAAC1 and NAAC3 have a 

similar thermal behavior, and NAAC4 has a     

higher k if compared with them, although it has a less 

density.  

Theoretically one must expect that with concrete 

density decrease, there will also be k decrease, and as 

moisture increases, k increases, but NAAC 3 and 

NAAC4 show k values with different trend (Table 3). 

In dry state, both have similar k (0.71 W/m.K),     

and values close to k of NAAC1 (0.72 W/m.K). 

Although NAAC4 has a lower absorption than  

NAAC3 (Table 2) it presents a higher thermal 

conductivity with higher moisture (Fig. 3), supposedly 

related to the characteristics of the bubbles or its 

distribution. 
 

Table 2  Density (ρ), bulk density (γ), absorption after immersion (%), volume of permeable voids (%), compressive strength 

(fc), efficiency factor (EF).  

Type of 
concrete 

ρ 
(kg/m3) 

γ 

(kg/m3) 
Absorption after 
immersion (%) 

Volume of voids  
(%) 

fc 
(MPa) 

EF 
(MPa.dm3/kg) 

REF 2,300 2,277 5.8 13.4 61.2 27 

NAAC1 2,040 1,995 (-12.4%) 6.4 (+10.3%) 13.1 33.4 (-45.4%) 17 

NAAC3 1,880 1,868 (-18.0%) 7.6 (+31.0%) 14.4 18.7 (-69.4%) 10 

NAAC4 1,820 1,779 (-21.9%) 7.2 (+24.1%) 13.1 12.1 (-80.2%) 7 
 

Table 3  Thermal conductivity of concretes (with the percentage of increase in brackets) in the several moisture ranges.  

Degree of moisture 
Thermal conductivity k (W/m.K) 

REF NAAC1 NAAC3 NAAC4 

Dry 1.36 0.72 0.71 0.71 

0%-2% 1.52 (+11.8%) 0.82 (+13.9%) 0.75 (+5.6%) 1.00 (+40.8%) 

2%-4% 1.59 (+16.9%) 0.84 (+18.3%) 0.88 (+23.9%) 1.02 (+43.7%) 

4%-6% 1.76 (+29.4%) 0.96 (+33.3%) 0.92 (+29.6%) 1.13 (+59.1%) 
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Fig. 3  Thermal conductivity (k) and moisture content (%) of samples.  
 

3.3 Microstructure Analysis by µCT 

Searching to understand the possible causes for the 

different behavior between NAAC3 and NAAC4 

related to “absorption after immersion”, “% of empty 

spaces” and “k values” (Tables 2 and 3) the 

microstructure of these samples and sample REF were 

studied for comparison. 

Fig. 4 shows the images of samples REF, NAAC3 

and NAAC4 obtained by µCT in position XY, YZ and 

XZ in level 630/1004 where some bubbles are 

highlighted with its diameter.  

Images of samples in direction XY in three different 

levels obtained from by µCT, are shown in Fig. 5. 

After processing the images with the software 

AVIZO 8.0, the air bubbles in each cylindrical 

specimen were quantified. It was counted 9,691 

bubbles for sample REF: 40,854 for sample NAAC3; 

and 38,851 for NAAC4. Fig. 6 shows the volume 

distribution of bubbles for samples REF, NAAC3 and 

NAAC4. 
Concerning the volume of bubbles (Fig. 6), REF and 

NAAC4 had the larger volume formed by 

bubbles >500 µm, which was considered as 

“occasionally entrapped” or “from coalescence”, with 

6.1×1010 µm3 (71%) and 8.13×1010 µm3 (57%) 

respectively, and NAAC3 has the volume better 

distributed in bubbles with smaller pores and higher 

number of bubbles with diameter ranging between 

100-150 mm. Fig. 7 shows the bubble diameter count 

distribution in various size ranges. 

Analyzing the distribution of the number of bubbles 

(Fig. 7) NACC3 has a larger amount of bubbles smaller 

than 100 µm (31,903 or 78%), whiles NAAC4 has 

25,946 of bubbles with these characteristics 

representing 66%. 

This characteristic (Figs. 6 and 7) can be the 

elucidation of the same thermal conductivity of 

NAAC3 and NAAC4 in dry state (k = 0.71 W/m.K) 

even NAAC3 having a greater density if compared 

NAAC4 (1,868 kg/m3 and 1,779 kg/m3) respectively. 

The bubble distribution also explains the fact that the 

thermal conductivity in NAAC4 is more susceptible to 

moisture comparing to NAAC3, while k of NAAC3 

has an increase of 29.6% (compared with dry state) in 

moisture ranging between 4% and 6%, NAAC4 has an 

increase of 59.1% in same condition, though 

absorption after immersion of NAAC4 is less than 

NAAC3, 7.2% and 7.6% receptivity (Table 3). 

y (REF) = 0.0767x + 1.3893
R² = 0.9706

y (NAAC1)  = 0.0607x + 0.6798
R² = 0.877

y (NAAC3)=  0.0693x + 0.6827
R² = 0.8697

y (NAAC4)  = 0.0708x + 0.7909
R² = 0.8498
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Fig. 4  Images of samples REF, NAAC3, NAAC4 in directions XY, YZ and XZ obtained by µCT.  
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REF (1) 
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NAAC3 (2) NAAC3 (3) NAAC3 (4) 

NAAC4 (1) 

 

NAAC4 (2) NAAC4 (3) NAAC4 (4) 

Fig. 5  Images of samples REF, NAAC3, NAAC4 in the direction of XY in three additional levels obtained by µCT.  

 



Air-entrained Concrete: Relationship between Thermal Conductivity and  
Pore Distribution Analyzed by X-Ray Tomography 

  

515

 
Fig. 6  Bubble volume distribution (%) by µCT images of cylindrical specimens.  
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Fig. 7  Number of bubbles in the size ranges determined by µCT images of cylindrical specimens.  
 

4. Conclusions 

The results of the thermal conductivity in this study, 

in dry or wet state, show that air-entrainment leads to 

viable use of this material as sealer to achieve good 

thermal insulation, and it can be adjusted up to get the 

appropriate k value so the concrete can be used in walls 

as sealing (k about 0.8 W/m.K is recommended). On 

the other hand, the decrease of its density to values 

below 2,000 kg/m3 does not mean lower k values 

which justify worse mechanical performance or a 

greater susceptibility of the structure regarding 

durability.  

The k values in wet state show that the bubble 
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distribution has meaningful influence in the 

susceptibility of the concrete k related to moisture: a 

larger amount of bubbles with smaller diameter 

represents minor thermal conductivity. In addition, 

there seems to be a limit to air entraining and, if it is 

exceeded the bubbles starts to coalesce (such as 

NAAC4), leading to bigger thermal conductivity, 

lower density and worse mechanical performance. 

The analysis of images obtained by µCT has been 

shown to be a valuable resource for the correct 

understanding of the influence of the bubble 

distribution on the performance of air-entrained 

concrete. However further studies are required to verify 

the bubbles connectivity, mainly by simulating the 

flow of a fluid (e.g. air) through the concrete. 
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