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Abstract In foamed concrete, porosity is essential

because it is strongly related to other properties such as

density, permeability, and strength. Porosity measure-

ment (usually expressed as a percentage of total

volume) is obtained in a laboratory using experimental

water vacuum saturation and MIP methods. However,

pore structure -including size, distribution, shape, and

connection- is also needed to understand foamed

concrete performance. Pore structure characterization

is estimated through specialized digital image analy-

sis. Micro CT, scanning electron microscopy or X-ray

tomography images are frequently used to obtain pore

structure on cellular concrete. However, these images

are highly specialized and require equipment that is

not easy to find and very expensive. Also, image

processing is complex, and it includes some special-

ized software. This paper presents a pore structure

characterization and porosity estimation using non-

specialized digital images on foamed cement paste

made with alternative agents. The procedure for

acquiring images uses only a camera without any

specialized equipment. The proposed methodology

isolates the pores in the image and measures shape

features such as pore diameter, eccentricity, and

solidity. Acquiring and processing the images is

simpler, faster, and cheaper than other specialized

analyses. Results show that the volumetric porosity

estimation was entirely accurate, with an estimation

deviation of less than 10%. Also, the pore structure

parameters such as pore size and distribution of

foamed pastes can be quantified accurately.

Keywords Foamed concrete � Pore structure � Pore
segmentation � Non-specialized images

1 Introduction

Cellular concrete is a type of lightweight concrete.

American Institute of Concrete (ACI) in 523 defines

lightweight cellular concrete as ‘‘a mixture of cement,

water, and foam ’’. The purpose of the foam is to
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L. M. Sepúlveda-Cano

Escuela de Administración, EAFIT, Carrera 49 N 7 Sur-

50, Medellı́n 050023, Antioquia, Colombia

e-mail: lmsepulvec@eafit.edu.co

Materials and Structures (2022) 55:189

https://doi.org/10.1617/s11527-022-02031-6(0123456789().,-volV)( 0123456789().,-volV)

http://crossmark.crossref.org/dialog/?doi=10.1617/s11527-022-02031-6&amp;domain=pdf
https://doi.org/10.1617/s11527-022-02031-6


supply a production mechanism of a high ratio of air

cells that, when mixed with cement, produce a porous

solid [1, 2]. The main characteristic of cellular

concrete is low density, usually between 300

and 1800 kg=m3. In a hardened state, concrete prop-

erties such as permeability, shrinkage, thermal con-

ductivity, and mechanical properties are related to

porosity, and pore structure [3, 4]. The pore structure is

associated with foam stability in a fresh state. The

better foam stability generates tiny pores and narrow

pore size distribution [5]. Fine and close pores result in

a compact texture with high strength, and low

permeability [6]. The pores in a foamed concrete

might be generated in different configurations: inter-

layer (\1 nm), gel (1� 10 lm), capillary ([ 10 lm),

and suction (1� 2mm). The larger pores in foamed

concrete can be treated as aggregates of zero density.

Experimental reports show that foam concrete’s pore

diameters range between 100 and 200 lm [6, 7]. Water

to cement ratio, preparation methods, type of foaming

agents, and curing process also affect pore size

distribution [8, 9]. The porosity of foamed concrete

is measured experimentally by water vacuum satura-

tion or Mercury Intrusion Porosimetry (MIP) methods

[10]. However, the experimental porosity measure-

ment is a complicated procedure that may destroy the

test specimen. An important issue about experimental

porosity determination is that a measure only consid-

ers pores where fluid (water, water- steam, or mercury)

can arrive. The closed and isolated pore cannot be

considered.

Nevertheless, main pore structure characteristics

such as pore size distribution, shape descriptors, and

spacing are not experimentally measurable. Digital

image analysis is an essential tool to determine these

parameters. In most cases, specialized images are

needed. As some authors report, optical microscopy

image processing is the most common technique

applied in concretes. Image segmentation was pro-

posed by thresholding the pore size measurement [11].

A similar method was proposed in [6] but using

Scanning Electron Microscope (SEM) images. Their

main conclusions were that the pore diameters are

mainly in the typical range under 200 lm with close

and well-distributed pores, representing a compact

texture. [12] used SEM images to examine the

microstructural characteristics of the foamed concrete

with fly ash. The images indicate that, because of the

high amount of foam in the mix, the bubbles were very

close to each other, explaining the low compressive

strength of foam concrete. Also, [13], using SEM

images, showed protein-based foamed concrete has

unconnected isolated pores of smaller size, circular

with a well-defined boundary compared to synthetic-

based. Then, the protein-based foaming agent pos-

sesses higher strength and stability than the synthetic

foaming agent. X-ray image analysis to determine the

porosity of a pervious concrete sample made in the

laboratory was evaluated by two approaches: measur-

ing weights and 2D and 3D. Binary images were

obtained through Otsu’s methodology [14]. The

authors use images with a length of 30 mm with

0.5 mm increments.

Other researchers propose the use of tomography

[15]. Filtering (erosion-dilation), binarization (thresh-

olding), and correction (Betti numbers) for pore

segmentation were used. Each image voxel was

classified according to the structure of its neighbors.

Subsequently, structuring and individualization were

carried out to identify the voxels’ structure. Another

pore segmentation procedure on 2D or 3D image

analysis of void area or volume fraction (average

porosity) was reported by [16].

Guo et al. [17], using X-ray computed tomography

(X-CT) images, evaluate pore morphology quantita-

tively. Foamed concrete with different densities has a

different porosity and a noticeable difference in pore

size distribution. In the same line of analysis, in [2],

using threshold images of micro-Computed tomogra-

phy (micro-CT) in conjunction with probabilistic and

quantitative methods was proposed to determine the

characteristics of foamed concrete. Other studies

report micro-CT image analysis to determine pore

structure characteristics and the influence of dosage on

performance [18–20]. A combination of upper and

lower-scale micro-CT images can provide information

on pore and solid characteristics of foamed concrete

specimens.

More sophisticated techniques based on 3D repre-

sentations of foamed concrete samples have also been

reported in the literature. In [21], for example, a 3D

reconstruction of the cellular concrete was made,

aiming to characterize the concrete parameters such as

porosity, pore size, and distribution. The authors

conducted a methodology including 3D reconstruction

with projecting grating and using the RANSAC
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algorithm to determine the pore parameters using

morphological means.

Although the expected results have been obtained

using specialized image processing in the literature,

the object’s obtention is expensive and has limited

access to industrial or massive applications. As

experimental porosity determination and specialized

image analysis are complex methods, developing an

alternative method to understand cellular concretes’

porosity has a significant impact. Using non-special-

ized images is a new way (easy and low cost) to study

porosity in foamed concretes.

This work presents a porosity estimation, and pore

structure characterization of foamed OPC pastes made

with alternative reagents using non-specialized image

digital processing. This paper’s main goal is to

develop a more straightforward and effective method

to obtain an estimated value of porosity and pore

characteristics using 2D images obtained from a

digital camera.

2 Materials and methods

2.1 Materials

Ordinary Portland Cement OPC (equivalent to UG in

NTC 121:2021) by Argos Colombia was used to

prepare six foamed paste mixes. Alternative foaming

agents, conventional air-entraining agents, but in over

usual dosage, are used to produce the foam.

SikaAer�and AirToc D�were chosen for experimen-

tal work due are commercially available around the

world. The cement content was kept at 500 kg for each

m3 of the mix in the dosages. The foaming agent was

used at 3wt% respect cement dosage and water to

cement ratio W/C in a range of 0:6� 0:8 to obtain

different density samples between 300 and

1000 kg=m3. As the reagent is an air-entraining, not

a foaming agent, more water is needed to produce

stable foam. The manufacturing method of cellular

paste was in-mixing, which means that bubbles are

formed during mixing cement, water, and reagent. All

mixes were made using a HOBART�mixer model

N50. A set of trials determined the mixing protocol to

evaluate the best mixing time. For this experimental

setup, the procedure was: (1) addition of reagent and

water with slow addition of cement for 10 minutes at

speed 1; (2) scraping and homogenizing the mixture

for 2 minutes and (3) mixing at speed 2 for 8 minutes.

The total mixing time was 20 minutes. With foamed

pastes, 5 cm edge mortar cubes were melted and wet

cured for 28 days. Likewise, measurements of dry

density (ASTM C642), porosity (ASTM C642-13),

and compressive strength (ASTM C109) were

obtained experimentally at 28 days. Experimental

characterization results are shown in Table 1. Exper-

imental results show that porosity is strongly related to

hardened properties. Compressive strength and den-

sity are higher when the porosity is lower, indicating

that a closed pore structure results in better mechanical

performance. Foaming agent type and water content

affect measure porosity. Hardened samples were

prepared for obtaining the digital images. Samples

were polished to exposed pore features.

2.2 Methods

In this work, we propose a methodology framed in an

artificial vision system for the cellular concrete paste

samples characterization and porosity estimation.

Figure 1 shows the proposed method’s scheme,

including the following steps: (i) image acquisition,

(ii)image pre-processing, (iii) pore segmentation, (iv)

feature extraction and porosity estimation.

2.2.1 Image acquisition

Stage in which the capture devices (or sensors) obtain

the object’s images to be analyzed, which is a cellular

concrete sample. Depending on the type of sensor

used, the images can be photographs (visible spec-

trum), X-ray images, gamma-ray images, thermogra-

phies, ultrasounds (ultrasound), or range images (3D

images), among others.

To standardize the acquisition of images of the

cellular concrete samples, an image capture protocol

was developed to create the image database required

for the subsequent stages of the machine vision

system. Specifically, a reflex digital camera was

employed with a 50 mm lens, using an aperture of

f11. The concrete sample was positioned approxi-

mately 50 cm far from the lens, looking to maintain

the parallelism between the camera’s plane and the

sample’s one. Also, the camera flash was used, but

decreasing its intensity at the minimum (-3.0). The

sample was positioned over a black background to
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facilitate its segmentation. Furthermore, a 5 mm

striped blue/red pattern was placed at the sample’s

side to estimate each pixel’s length (mm) at the image,

as shown in Fig. 2.

Different from other approaches in the state-of-the-

art, in this work, a regular camera was used to capture

the pore structure to facilitate replication of the

experiments. It will also help develop a mobile phone

application to estimate the pore density in a concrete

sample without special equipment. Capture image

information is shown in Table 2.

Table 1 Experimental test

samples characterization
Sample Water-cement ratio Porosity (%) Density (%) Comprenssive strenght (MPa)

AirToc-01-0 0.6 27 1022.91 14.81

AirToc-06-0 0.7 33 894.06 6.81

AirToc-13-0 0.8 38 704.06 6.85

Sika-01-0 0.6 33 1012.07 13.76

Sika-13-0 0.7 39 887.13 8.07

Sika 25-0 0.8 44 345.5 5.38

Fig. 1 A proposed methodology for cellular concrete samples

characterization

Fig. 2 Capture protocol sketch

Table 2 Information of captured images

Parameter Value

Image size 4496 9 3000 px

Resolution 300 ppp

ISO 100

Exposition time 1/50 s
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2.2.2 Image pre-processing

After creating the image dataset with the defined

capture protocol, they need to be pre-processed to

isolate the concrete sample in the image and eliminate

the scaling rules. This procedure will allow us to

process only the object of interest (the cellular

concrete sample) and not the photograph’s additional

elements. The pre-processing developed also sought to

improve the contrast of the pores with the background

that contains them.

First, the proposed method transforms the images

from color to grayscale, preserving the luminance

information [22]. Afterward, the OTSU-threshold [23]

algorithm automatically selects a threshold and then

binarizes the images. Next, the method looks for the

most prominent object in the image, the concrete

sample, and uses its coordinates to cut it. Finally, we

crop 60 px around the sample to eliminate the noise in

the sample’s border. This Pre-processing process is

shown in Fig. 3.

2.2.3 Pore segmentation

The segmentation process looks to separate the pores

in the concrete sample from their background. A well-

known approach to perform the pore segmentation is

to employ a global thresholding technique [23]. This

approach fixes an intensity value (the threshold),

which lets the method separates the pores from the

background. Despite the simplicity of the solution, it

has poor performance because there is little chance to

get a fixed intensity value to separate the pores from

the background with images that have been taken

under an uncontrolled illumination environment, like

the ones in this study.When there are lighting changes,

some pores in the image may be brighter than others

due to the light and shadows.

Unlike the global thresholding approach, local

adaptive thresholding [21] looks for different thresh-

old values for every pixel or local area in the image. In

this study, we used the simplest approach for the

experiments where the threshold value is calculated as

the mean for the local neighborhood of a pixel

subtracted by a constant. After the segmentation, we

applied somemorphological operations to remove tiny

objects, make round the pores and increase their size

because the thresholding method gets the pores

smaller than their original size. Figure 4 shows the

segmentation process for the sample AirToc-1.

2.2.4 Pore feature extraction

In order to characterize the segmented pores in the

concrete samples, we calculated some morphological

features [24]:

• The perimeter, which is calculated by counting the

number of pixels around the pore.

• The area, which equals the number of pixels inside

the pore.

• The equivalent diameter, which is the diameter (in

pixels) of a circle with the same area of the pore. In

this way, if the segmentation process joins two

Fig. 3 Pre-processing steps for enhancing the non-specialized images
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pores, the equivalent diameter will represent the

diameter of a circular pore with the same number

of pixels from the joined pores.

• The solidity, calculated as the ratio between the

number of pixels inside the pore and the number of

pixels in the convex hull that covers the pore. The

convex hull is the smallest convex polygon that

surrounds all pixels in the pore.

• Major axis length corresponds to the length of the

smallest ellipse’s major axis that fits the pore.

• Minor axis length, which is calculated as the length

of the minor axis of the smallest ellipse that fits the

pore.

2.2.5 Porosity estimation

To estimate the concrete sample’s porosity, we

projected the pore features from the 2D plane to a

3D volume. This process is described below and

depicted in Fig. 5.

• First estimated the pores’ diameter in millimeters

(mm) using the image’s red and blue patterns. The

pattern was isolated by applying a global threshold

over the red and blue channels and merging the

resulting binary images. After that, the method cuts

the second-biggest object in the image, which is the

red-blue pattern. Once again, a global threshold

and some morphological operators were used over

the red and blue channels to separate the blues

patterns from the red patterns. Next, the method

Fig. 4 Pore segmentation process for the sample AirToc-1

Fig. 5 Volume porosity estimation process
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measures the average height in pixels (h) of the

blue and red patterns using the equation (1).

h ¼ 1

10

X10

i¼1

hi ð1Þ

Then, the measure of a pixel in millimeters

(p mm) is calculated as the ratio 5.0/h, where 5.0 is

the height for each pattern bar in mm. Finally, the

pore’s diameter in millimeters is calculated as the

pore’s equivalent diameter multiplied by p mm.

• Second calculated the volume for each pore. In this

step, the 2D pore is converting to a 3D one using its

diameter in mm. It was made applying the equation

to calculate the volume of a sphere using the pore

radio, half of their diameter.

• Third estimated the porosity of a concrete sample

based on the volume of their pores. In this step, we

assume that the pores’ pattern in one side of the

cube is repeated throughout its depth. In this way,

we projected each pore along with the cube’s

depth, assuming that each pore is separated in

depth from the contiguous one in 1 mm. We add

the pores’ volume that fits the cube, which is the

pores’ total volume. After that, we calculated the

ratio between total volume pores’ and the sample

volume, representing the volume porosity estima-

tion. This step is represented by equation (2).

volumetric porosity ¼
Xn

i¼1

½ð50� ð60 � 4 � hÞ=ðvi þ 1Þ� � vi;

ð2Þ

where n is the number of pores in the image, 50 is

the side of the sample in mm, 60 is the number of

pixels that we crop for each side of the cube image,

4 refers to the number cube’s sides, 1 is the distance

among contiguous pores in mm and vi is the

volume of the pore i.

3 Results

3.1 Pore characterization analysis

Based on the morphological features from the pores,

we start analyzing the correlation between variable

pairs. Correlation is a measure of how two variables

relate to one another. The greater the correlation

coefficient, the more closely related they are. In

general, a positive correlation means that the values of

two variables move in the same direction; a negative

correlation means they move in opposite directions

[25]. A useful tool to visualize the correlation among

variables is a heat map. Figure 6 shows the correlation

among the pores’ morphological features using a heat

map. High red or blue hues levels represent strong

correlations between two parameters. That fig-

ure shows that the area, perimeter, major and minor

axis length have a strong relationship with equivalent

diameter, as we expected. Their lowest correlation

coefficient value is 0.82. Volume has no substantial

relationship with equivalent diameter due to the map

taking a linear correlation. For this reason, it is

appropriate to adopt the pore radius and area trend to

represent all these parameters. Shape descriptors as

solidity and eccentricity have not a high correlation

with each other. Their correlation coefficient is 0.67.

Changing the trend for shape descriptors implies it is

better to consider the shape descriptor analysis

separately.

3.1.1 Pore radius distribution and area analysis

Figure 7 shows the pore size and area of samples for

AirToc and SikaAer in a box plot. The information

extracted from the images indicates that the pore

radius increases in samples with lower density and

highest porosity. The size pore distribution for each

reagent sample is shown in Fig. 8. For AirToc, the

finest distribution is from AirToc 01, while most

coarse size distribution is from AirToc 13. In Sika

samples, the finest distribution is from Sika 01 and

coarser from Sika 25. This information corresponds

with the box plot as well. In this study, Sika 25 is the

specimen with lower density, and the pore size is

between 0.1 and 1.3 mm. Besides, AirToc 01 has the

highest density and lower porosity. The pores size

range for this sample is between 0.1 and 0.9 mm. As

the pore area has a strong correlation with the diameter

(or radius), the same tendency occurs in samples.

While lower density, the area has a higher value.

For best pore size analysis, pores have been divided

by size into four categories as suggested on [9]: gel or

interlayer (\10 nm); macrocapillary ([ 10 lm); suc-

tion (1� 2mm) and macropores [ 2mm. Figure 9

shows a plot as number distribution and percentage of

the occupied area by pore category, divided by
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reagent. Results reveal that pore structure is strongly

connected with total porosity in the sample. Table 3

presents data about pore numbers obtained by image

analysis.

For Sika, the number of capillary pores is strongly

dominant in all samples. However, when density

decreasing the number of macropores and suction

pores increases, begin to have greater relevance in the

porous structure. Results show clearly that macropores

are in lower quantity. However, they fill a big part of

the total area, in contrast to the low area occupied by a

significant number of capillary pores (see Fig. 9a).

However, in all Sika samples, suction pores provide

the major percentage of area occupation. A similar

Fig. 6 Heatmap of features correlation result

Fig. 7 Pore box charts for the a area and b radius for each concrete sample
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trend occurs when analyzing pore structure from

AirToc samples. The main difference is that all types

of pores have almost the same magnitude of the filled

area percentage. In general, the less dense the sample,

the smaller the total number of pores present.

3.1.2 Shape descriptors analysis

Figure 10 shows a box plot for shape descriptors and

Table 4 shows the results for the average value of the

features calculated by pore type. In general, capillaries

pores tend to be more spherical because their

Fig. 8 Cumulative frequency of equivalent radius for AirToc and Sika samples

Fig. 9 Comparison between pore number and percentage of the occupied area by reagent
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eccentricity is closer to 1. The difference in length

between the major and minor axis is the smallest. The

capillaries pore also have the highest solidity which

means that they are geometrically denser. Macropores

are the most eccentric because of the more significant

difference between their axes’ length. Regarding

sphericity, macropores tend to be less solid as

consequence of bleeding or coalescence on bubbles.

A relevant aspect is that as the density decreases, the

solidity of each type of pore increases. This shows the

effect of dosing on the porous structure.

3.2 Volumetric porosity estimation from images

From the analysis of non-specialized images, the

volume occupied by the pores was estimated. As

Table 3 Pore number and pore occupation by area

Sample Pore count Area filled by pores (%) Pore type Pore area by type (%) Pore count by type (%)

AirToc-01 1204 43.7 Capillary 34.5 74.9

Macro 21.3 2.9

Suction 44.2 22.2

AirToc-06 1060 52.5 Capillary 19.20 68.2

Macro 42.3 4.9

Suction 38.2 26.9

AirToc-13 1107 59.9 Capillary 17.2 60.4

Macro 40.2 7.5

Suction 42.6 32.1

Sika-01 1160 52.7 Capillary 23.6 70.60

Macro 32.5 4.5

Suction 43.9 24.9

Sika-13 1154 56.4 Capillary 20.7 63.3

Macro 32.8 6.1

Suction 46.6 30.7

Sika-25 897 65.1 Capillary 12.3 58.1

Macro 52.4 8.7

Suction 35.3 33.2

Fig. 10 Pore box charts for the a eccentricity and b solidity for each concrete sample
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indicated in Sect. 2, the procedure consisted of

estimating the area occupied by pores in a section;

this is in a non-specialized flat image of the sample.

The volumetric projection (volume occupied by the

pores) is performed considering a layer thickness

defined by the diameter of the largest pore present in

the analyzed layer. The results, presented in Table 5,

show that it is possible to estimate porosity through the

previous procedure. The estimation error is negligible

(1%) for samples manufactured with AirToc. In the

case of Sika test pieces, the maximum error value is

less than 10%. The difference between the two

deviations on porosity estimation it should be due

the difference on pore structure for each reagent. Also,

the interconnection between pores-that it can not

detected in 2D image- maybe can affect porosity

estimation. However, if it considers that the analyzed

images can be obtained easily following the estab-

lished protocol of capture and with a very low error in

the estimation regarding the porosity obtained exper-

imentally, this procedure can be implemented at the

industrial level.

4 Conclusions

Using 2D non-specialized images is a more straight-

forward and effective way to obtain porosity

Table 4 Average of the

features calculated over the

pores in the concrete

samples according the pore

type

Sample Pore type Eccentricity Major axis (px) Minor axis (px) Solidity

AirToc-01 Capilar 0.71 19.36 13.80 0.93

Macro 0.52 118.65 61.76 0.58

Suction 0.55 51.84 28.48 0.79

AirToc-06 Capilar 0.69 21.45 14.76 0.92

Macro 0.47 151.20 71.07 0.57

Suction 0.51 64.70 32.79 0.77

AirToc-13 Capilar 0.72 22.02 15.79 0.94

Macro 0.47 146.42 68.58 0.61

Suction 0.50 65.29 32.91 0.77

Sika-01 Capilar 0.70 20.03 13.92 0.92

Macro 0.48 135.85 64.62 0.58

Suction 0.53 61.91 32.60 0.74

Sika-13 Capilar 0.71 20.84 14.78 0.93

Macro 0.41 146.06 59.82 0.60

Suction 0.53 59.51 31.32 0.78

Sika-25 Capilar 0.73 21.05 15.30 0.94

Macro 0.42 146.86 61.79 0.64

Suction 0.55 60.63 33.53 0.82

Table 5 Volumetric porosity estimated using the proposed methodology

Sample Sample volume (mm3) Pore volume (mm3) Volumetric porosity (%) Experimental porosity (%)

AirToc-01-0 87376.95 23384.03 26.76 27.0

AirToc-06-0 96886.77 31812.49 32.83 33.0

AirToc-13-0 97605.26 36511.48 37.40 38.0

Sika-01-0 86816.13 28317.70 32.62 33.0

Sika-13-0 91822.96 32151.25 35.01 39.0

Sika 25-0 91096.58 37456.62 41.10 44.0
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estimation and pore structure characterization. The

main issue relates to image acquisition protocols for

foamed OPC pastes using a regular digital camera.

The proposed methodology isolates the pores in a 2D

image and measures some shape features. The diam-

eter measured in pixels is translated into millimeters

and then used to project each pore into a volumetric

shape, assuming that a sphere represents volume. The

proposed method permits a rough estimation of

porosity. Porosity was calculated as the ratio between

the pores’ volume and the total concrete sample

volume. The volumetric projection (volume occupied

by the pores) is performed considering a layer

thickness defined by the diameter of the largest pore

in the analyzed layer. Differences between experi-

mental and estimated porosity by digital image

analysis were under 10%, indicating the proposed

method is accurate enough. Due to the image’s nature,

this method can be extended easily on an industrial

level.

Regarding pore structure related to samples made

with alternative reagents, results show that porosity

estimation has a deviation of less than 1% in AirToc

�samples and less than 10% in SikaAer �samples.

Pore diameter obtained in millimeters permits classi-

fication into capillary, suction, and macropore classes.

Pore analysis shows that pore size distribution, shape,

and area occupation are related to the foaming agent.

Close pore structure results in better mechanical

performance.
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