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Abstract

Concrete is one of the most widely used structural materials next to steel. This justifies a detailed study of the material structure 

to understand the influence of the production parameters on the properties of the concrete. The pore structure of concretes has 

a major influence on their practical use, as it impacts their resistance to environmental degradation (e.g., frost resistance). In the 

present study, I have investigated concrete and cement mortar specimens with different water-cement ratios using micro-CT (or micro 

X-ray tomography) to determine the pore structure and the pore gap parameters of the specimens. It can be concluded that with an 

increasing water-cement ratio the overall porosity of the samples and the number of large pores (1 mm3) show a decreasing trend, 

in contrast, the gap parameter shows an enhancing trend. It can also be concluded that any pore-forming additives cause significant 

changes in the structure.
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1 Introduction
Concrete, one of the most complex structural materi-
als  [1–4], is widely used in the construction of buildings 
and infrastructure developments. However, environmental 
influences are a serious stress that can lead to deterioration 
such as cracking, spalling, and reduced load-bearing capac-
ity. These problems result in significant renovation costs, 
not to mention the loss of functionality during renovation.

In practical engineering applications, concrete is often 
exposed to severe environmental influences, especially 
where salt-freeze-thaw (S-F-T) cycles occur. Here the 
macroscale performance of concrete is closely related to 
changes in the internal pore structure. Therefore, in the 
past decades, several studies have aimed [5-8] to inves-
tigate the influence of water/cement (w/c) ratio and cur-
ing time on the evolution of pore structure and mechanical 
properties of cementitious materials, because knowledge 
of these influences can be used to control the final struc-
ture. It was found that the compressive strength decreased 
with increasing w/c ratio while the cement content had 
less effect. Shrinkage and water absorption elevated 
with increasing w/c ratio, or at cement content. Rahmani 
et al.  [7] showed that concrete wear resistance improved 

by 42% and concrete porosity decreased to 13.1% by 
reducing the w/c ratio from 0.46 to 0.30 in concrete spec-
imens prepared with nano silica. Li et al. [8] used ice par-
ticles instead of liquid water as mixing water to prepare 
cement pastes and concluded that total porosity is the 
main factor in determining the compressive strength of 
cement pastes with super low w/c ratios. Based on exper-
imental results  [9–13], different mathematical prediction 
and regression models have been constructed to clarify 
the relationship between porosity and strength. Zheng 
et al.  [14] have conducted a comprehensive study on the 
effect of freeze-thaw (F-T) cycles of different salt solutions 
on concrete. They emphasized that pores with a volume 
between 0.1 and 1 mm3 have the greatest impact on the 
general properties of the system. The damage results from 
a combination of chemical and physical processes, includ-
ing corrosion initiated by salt ions and pressure generated 
by solutions freezing in pores [15, 16].

Recently micro-CT has become a popular technique 
and is widely used to investigate the microstructural prop-
erties of cementitious materials. Lorenzoni et al. [17] 
began investigating the internal damage characteristics 
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of Portland cement hydration products using micro-CT 
in 1997. Since then, the application of micro-CT tech-
niques in the field of cement and concrete research has 
increased dramatically. Initially, micro-CT was used to 
study the internal structure of cement, such as pore types 
(pores and cracks) [18], pore shapes [19–22], and pore 
networks [23, 24]. Statistical and morphological analyses 
based on micro-CT provide a novel insight into the micro-
structure of cement as they can contribute to realistic 3D 
geometry [25]. du Plessis and Boshoff [26] have provided 
a comprehensive summary of the diverse applications of 
micro-CT, highlighting that its potential has been further 
exploited over the last decade, especially with the develop-
ment of quantitative analysis capabilities.

The development of micro-CT equipment has allowed 
researchers to more efficiently analyze internal structural 
changes under mechanical stresses [27–30]. However, the 
measurement capabilities are limited by the maximum 
resolution of micro-CT equipment. A solution to this prob-
lem is the high-resolution micro-CT measurement tech-
nique presented by Cnudde and Boone [31], which allows 
clearer images and more detailed information but requires 
advanced image processing techniques. Advanced image 
processing techniques have emerged, including the use 
of deep learning to segment cracks from pores [32, 33], 
the  use of gray level co-occurrence matrix (GLCM) to 
study cracks [34, 35], quantitative analysis methods, such 
as fractal dimension and roundness values for the anal-
ysis of pores [36, 37], the use of digital volume correla-
tion  (DVC) analysis methods to study the dynamic pro-
cess of concrete fracture [38], and the integration of other 
experimental methods such as maximum intensity pro-
jection (MIP) to obtain more accurate porosity measure-
ments [39]. The pores within a sample can be divided into 
external and internal categories, based on location. Current 
micro-CT techniques focus primarily on the examination 
of internal pores or cracks, it is important to recognize that 
external pores and cracks are in contact with the external 
environment and also have a significant influence on the 
strength properties of the material [40].

Schock et al. [41] used micro-CT to examine a sample 
from a concrete bridge on a German motorway. The study 
showed that the distance between the nearest pores in the 
pore structure can be determined in three dimensions. 
This makes the method suitable for statistical analysis. 
However, the influence of e.g., production parameters on 
the pore structure of concrete, including the spacing fac-
tor, has not been investigated.

In the present study, using the VG Studio Max (2023.1) 
software [42], the porosity analyzer module can deter-
mine the distance between equivalent spheres per pore. 
The study aims to investigate the effect of w/c ratio and 
air-entraining additives on the pore structure, which are 
important for frost resistance, with special emphasis on 
the pore gap parameter. This parameter does not directly 
match the commonly used spacing factor but provides 
essential information on the nature of the pore structure of 
the samples. As reported in the literature, the structure of 
concrete samples was in most cases investigated, because 
these are the most relevant material systems for practical 
applications. Preliminary experiments have been carried 
out where concrete specimens have been tested, how-
ever, the samples contain a large volume of large granules, 
which makes it difficult to compare individual series. This 
refers to the volumes that at high resolution can be exam-
ined by micro-CT. To avoid this, cement mortar samples 
were investigated in this study.

2 Experimental
2.1 Sample preparation
CEM III/A 32.5N-MSR type cement was used for the 
experiment and mixed with a sand additive according to 
EN 196-1:2016 [43]. The standard [43] specifies a water-ce-
ment ratio of 0.5. The water-cement ratio has been changed 
in relation to this. In addition, it is important to note that in 
all the experiments, the amount of 450 g of cement fixed in 
the standard was maintained. The samples were placed in 
standard 4 × 4 × 16 cm mortar molds. w/c ratio of 0.3, 0.4, 
0.5 and 0.6 was applied. For the w/c ratio of 0.3 and 0.4, 
it was necessary to use a superplasticizer (Sika Viscocrete 
Neu 5) at 1.5% and 0.5%. It was required to deviate from 
the mixing program for the samples containing 1.5% 
superplasticizer by more resting (5 min) and intermittent 
slow mixing, as intensive mixing caused a lot of macrop-
ores (lower weight in 4 × 4 × 16 cm mortar mold) due to 
foaming and loosening. In addition, at a w/c ratio of 0.5, 
parallel samples were prepared by adding Sika Aer air-en-
training concrete admixture (Table 1). The samples were 
stored underwater for 28 days, then stored at room tem-
perature for one year, thus specimens with a stable pore 
structure were tested.

2.2 Measurement methods
Nikon XT H 225 ST X-Ray Tomograph instrument was 
applied to perform the micro-CT scans. During the mea-
surements, 190 kV accelerating voltage, and 110 µA beam 
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current were used. For the scan, 1300 projections were 
acquired with 2 frames/projection, which meant ~21 GB 
file size. During the reconstruction, scatter reduction, noise 
reduction, median filter, and image processing were applied 
to enhance the quality of the scans. For segmentation, 
the  surface detection algorithm was used, in which small 
clusters were removed by the contour healing algorithm and 
internal porosity was closed. The Material Region Growing 
algorithm was then used to determine the outer boundary 
of the body containing the pores, thus generating the region 
of interest (ROI) for the porosity analysis. Finally, using 
the thresholding procedure of the porosity analysis mod-
ule, the porosity of the samples was determined. The analy-
sis was performed using the VG Studio Max (2023.1) soft-
ware [42] and its porosity analysis module. It is important to 
note that the algorithm takes the distance between spheres 
of equivalent diameters, which can mean negative values 
if the distance between cavities is less than the sum of the 
equivalent diameters (e.g., the pores are elongated). In the 
analysis, three ranges were defined. The first class contains 
values less than 0 mm, where the equivalent spheres over-
lap. The next is the range 0–0.22 mm, which is not greater 
than 0.22 mm as defined in the microscopic test standard 
MSZ EN 480-11:2006 [44], but without overlapping equiv-
alent spheres. Since the scans were taken with a resolution 
of 0.02 mm (thus there may be an error of +/− 0.01 mm), 
this was considered by making the mean value 0.22 mm and 
setting the upper value at 0.23 mm. The third group is the 
group of pores with a gap parameter greater than 0.23 mm.

3 Results and analysis
3.1 Experiments
The experiments were carried out on cement mortar sam-
ples with different water-cement ratios (Table 1). Cement 
mortar samples of the standard 4 × 4 × 16 cm size were 
applied to make the samples with different w/c ratios com-
parable. For the preparation of the samples, a superplasti-
cizer was added for the 0.3 and 0.4 w/c ratios, and air-en-
training concrete admixture was added for the 0.5 w/c ratio 
sample for comparison.

3.2 Micro-CT scan and evaluations
Micro-CT scans were performed on 4 × 4 × 16 cm samples 
by longitudinal rotation. Due to the sample size, the voxel 
resolution was approximately 20 µm. To check the effect 
of the resolution, subsequently, 2 × 2 × 4 cm pieces were 
cut for three samples (CIII 0.3/450, CIII 0.5/450 as well as 
CIII 0.3/450 LP), increasing the voxel resolution to 15 µm. 
After scanning the samples, reconstruction and porosity 
analysis were performed on the reconstructed files after 
surface determination.

The test was performed on large (4 × 4 × 16 cm) samples at 
600 × 600 × 600 voxels ROIs, and on smaller (2 × 2 × 4 cm) 
samples at 800 × 800 × 800 voxels, therefore the physical 
volumes were the same.

The software could detect pores smaller than 0.01 mm3 
for each size, i.e., the resolution was suitable for investi-
gating the required pore size range.

Figs. 1 and 2 show the two-dimensional sections of the 
cement mortar samples after micro-CT analysis. In Figs. 1 
and 2 the air pores are shown in black, the lighter grey 

Table 1 The investigated cement mortar samples

Sample ID Type of cement w/c ratio Flow additive Air entraining concrete admixture

CIII 0.3/450 CEM III/A 32.5N-MSR 0.3 1.5 0

CIII 0.4/450 CEM III/A 32.5N-MSR 0.4 0.5 0

CIII 0.5/450 CEM III/A 32.5N-MSR 0.5 0 0

CIII 0.6/450 CEM III/A 32.5N-MSR 0.6 0 0

CIII 0.5/450/LP CEM III/A 32.5N-MSR 0.5 0 0.2

Fig. 1 2D micro-CT cross-section of scanned cement mortar samples 
with increasing w/c ratio (0.3, 0.4, 0.5, and 0. 6 respectively)
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areas indicate the cement paste phase and the lightest area 
is the standard sand additive. It can be seen that as the 
w/c ratio is increased, the number of pores with larger vol-
umes (>1 mm3) decreases, and regions that do not contain 
larger pores increase. In contrast, adding the air-entrain-
ing additive (Fig. 2) causes large pores that interconnect in 
a manner not seen in the other samples and causes signif-
icant quantity of fine porosity at the interface of additive 
particles and cement paste.

Significant differences in the pore structure can be 
observed by varying the w/c ratio, and in the case of the 
air-entraining additive, the nature of the pore structure 
changes. Figs. 3 and 4 show the results of the porosity 
analysis performed after the three-dimensional recon- 
struction. The volume of the cement paste and standard 

sand additive was made 100% transparent and the poros-
ity was visualized by volume coloring. In the range 
0–1 mm3 the coloring is Virdis, meaning that the higher 
values are close to yellow one. The pores above 1 mm3 are 
yellow-colored. It can be observed that the samples with 
w/c ratios of 0.3 and 0.4 have an approximately homoge-
neous fine porosity and contain spherical pores of larger 
size (>1 mm3) that do not interconnect voids.

Due to their low water content, these samples contain 
a superplasticizer, which is likely to alter the plasticity of 
the cement paste to create these larger voids. In contrast, 
the samples with a w/c ratio of 0.5 and 0.6 have several 
voids, which do not contain a superplasticizer but have 
a  higher water content. The sample with air-entraining 
additive in Fig. 4 shows significant homogeneously dis-
tributed porosity, consistent with the results in the two-di-
mensional section.

Figs. 5 and 6 show the pore size distributions of the 
samples. These were obtained using a logarithmic size 
scale. Differences are observed in the range of larger pore 
sizes, which are in accordance with the above.

Fig. 7 shows the gap parameter distribution plot gener-
ated from the numerical data of the test performed with the 
porosity analysis module of the VG Studio Max  (2023.1) 
software [42]. Referred to Zheng et al. [14] the investi-
gated lowest volume value is 0.01 mm3. In the diagrams, 
the blue part shows the numerical ratio of gaps under 0 mm 
(in each other's spheres of equivalent diameter), the orange 
parts show the gaps between 0 mm and 0.23 mm, and the 
green parts show the higher gap parameter values. The 

Fig. 2 2D micro-CT cross-section of scanned cement mortar sample 
with 0.5 w/c ratio containing air-entraining additive

Fig. 3 3D visualization of porosity in the ROIs based on micro-CT scan 
of cement mortar samples with different w/c ratios

Fig. 4 3D visualization of porosity in the ROI based on micro-CT scan of 
cement mortar sample with 0.5 w/c ratio containing air-entraining additive
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gap parameter shows the distance of the two nearest pores' 
equivalent diameter spheres. This is a three-dimensional 
interpretation of the distance factor analysis using the 
microscopic technique. The purpose of this study is not 
to compare and mathematically match the two procedures 
with each other. However, the goal is to prove that changing 
the w/c ratio significantly affects the gap parameter, which 
is particularly important for cement mortars, i.e., concrete, 
in terms of resistance to environmental influences.

It is observed for a small number of pores, the associ-
ated gap parameter is higher than 0.23 mm for samples 
with a w/c ratio of 0.3 and samples containing an air-en-
training additive. Therefore, it is important to investigate 
how much of the total pore volume is represented by pores 
with different gap parameters.

According to the diagrams presented for the numer-
ical distribution of pores with different gap factors, 
the total volume of the distinct classes is shown in Fig. 8. 

Fig. 5 Pore size distribution based on micro-CT scan of cement mortar 
samples with different w/c ratios

Fig. 6 Pore size distribution based on micro-CT scan of cement mortar 
sample with 0.5 w/c ratio containing air-entraining additive

Fig. 7 Visualization of gap parameter distribution of cement mortar 
samples with increasing w/c ratio (0.3, 0.4, 0.5, and 0.6 respectively) 
and with 0.5 w/c ratio containing air-entraining additive classified by 

the gap parameter (<0 mm, 0–0.23 mm, and >0.23 mm)
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In Fig. 8 the volumes corresponding to gap factors <0 mm, 
0–0.23  mm as well as >0.23 mm are marked by blue, 
orange and green colors, respectively. Above the pore size 
distribution and the numerical distribution of pores with 
different gap parameters have been presented. However, 
the total volume of pores with different gap parameters is 
an important information (Table 2). The number of pores 
with a gap parameter of 0–0.23 mm and >0.23 mm and the 
total volume associated with these gap parameters peak at 
a w/c factor of 0.4 with increasing w/c ratio and then slowly 
decrease. It is important to highlight that the air-entrain-
ing additive causes a significant change in the pore struc-
ture as seen in the two-dimensional cross-section (Fig. 2). 

It strongly reduces the total volume of pores of higher gap 
parameters (> 0.23 mm). This information is essential for 
the use of the material system.

In the analysis, I also determined the total porosity of 
the different samples as a percentage by volume. The total 
porosity of the samples decreased with increasing w/c ratio 
but enhanced significantly with the addition of the air-en-
training additive. The value of the CIII 0.5/450 LP sample 
is similar to that observed for the lowest (0.3) w/c ratio.

4 Conclusion
The study using micro-CT equipment investigated cement 
mortar samples with different w/c ratios. To ensure com-
parability and representativeness of the limited mea-
surement volumes. It was found that with increasing 
w/c ratios the porosity decreases, the proportion of large 
pores (<1 mm3) decreases, but the gap parameter increases 
in general. The number of pores with a gap parameter of 
0–0.23 mm and >0.23 mm and the total volume associated 
with these gap parameters peak at a w/c factor of 0.4 with 
increasing w/c ratio and then slowly decrease. With the 
addition of an air-entraining additive, the pore structure 
changes abruptly, with several small (< 1 mm3) pores with 
a significantly lower gap factor compared to a sample with 
the same w/c ratio. These results indicate that high S-F-T 
and F-T resistances can be expected by adding small w/c 
ratios or air-entraining additives.

Based on these results, mathematical harmonization 
of the distance factor determination by microscopic tech-
nique and the representative three-dimensional micro-CT 
method are required and the development of new measure-
ment procedures are justified for future studies.
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Table 2 The total indication (void) volume/total volume ratios of 
cement mortar samples with increasing w/c ratios, and air-entraining 

additive content

Sample ID Ratio indication volume/total volume (%)

CIII 0.3/450 7.96

CIII 0.4/450 2.21

CIII 0.5/450 2.31

CIII 0.6/450 1.76

CIII 0.5/450/LP 7.82
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