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Abstract

Understanding water retention and pore structure in concrete is essential for modeling unsaturated flow and assessing long-term 

durability, particularly in containment and deep foundation structures. This study investigates two concrete mixtures with different 

water-to-cement (w/c) ratios (0.40 and 0.50) using a multi-method approach. Water retention curves (WRCs) were measured with 

a  chilled-mirror dewpoint potentiometer and fitted using the Fredlund–Xing model. Pore structures were analyzed via mercury 

intrusion porosimetry (MIP), X-ray computed tomography (CT), and scanning electron microscopy (SEM). Results show that the mixture 

with the lower w/c ratio exhibits a higher proportion of fine pores, while the higher w/c ratio leads to a broader pore size distribution 

and a flatter WRC. MIP-based WRC estimations provided a rough approximation but consistently underestimated measured retention 

values. CT and SEM revealed distinct pore size domains, with pore size distributions fitting better to a lognormal model than to a Weibull 

distribution. Although each technique offers only partial insight, their combined application allows for a  more comprehensive 

understanding of concrete's pore network and its effect on hydraulic behavior. The findings highlight both the potential and the 

limitations of using indirect pore structure data to estimate water retention characteristics in cementitious materials.
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1 Introduction
Understanding fluid transport in porous building materi-
als such as concrete and asphalt under saturated and unsat-
urated conditions is essential for lifespan analysis and 
advanced modeling. In practice, these materials are often 
partially saturated, with permeability varying dynamically 
during wetting–drying cycles. Even small reductions in 
moisture content can markedly decrease the hydraulic con-
ductivity of unsaturated media, a relationship that can be 
quantified through the water retention curve (WRC) [1–3]. 
Although originally developed for unsaturated soils, the-
oretical models for WRC behavior have been success-
fully extended to other porous materials, including con-
crete [4–6], asphalt [7], and geotextiles [8].

For deep foundation elements such as diaphragm walls, 
watertightness is critical. Since complete impermeability 
cannot be achieved in concrete, WRC data are essential 
for predicting long-term water retention behavior, estimat-
ing permeability, and modeling seepage over time. Such 
insights are particularly vital for containment structures 
designed to store hazardous or radioactive waste, where 
water ingress and egress must be prevented [9]. Beyond 
containment, understanding water movement in concrete 
also informs durability assessments, particularly regard-
ing reinforcement corrosion, where moisture content and 
degree of saturation are key controlling factors.
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The pore structure and porosity of concrete directly 
influence water retention, yet the relationship between 
porosity determined by different techniques and WRC char-
acteristics remains unclear. Common methods – mercury 
intrusion porosimetry (MIP), X-ray computed tomogra-
phy (CT), and scanning electron microscopy (SEM) – dif-
fer in principles, resolution, and sampling scale [10–13]. 
MIP yields quantitative pore size distributions but may 
alter the microstructure due to high intrusion pressures 
and is less sensitive to large pores. CT provides 3D struc-
tural information but cannot resolve micropores [14], while 
SEM delivers high-resolution images of limited areas and 
requires destructive preparation [15].

Earlier comparative studies attempted to bridge this 
gap by linking pore structure characterization to moisture 
transport properties. For instance, while MIP-derived pore 
size distributions often correlate with the initial part of the 
WRC, discrepancies appear at higher saturation levels due 
to ink-bottle effects and limitations in resolving connected 
porosity [16]. CT-based analyses have been shown to cap-
ture larger pore features and crack networks that strongly 
influence permeability, yet their resolution constraints may 
underestimate fine-scale retention processes [17, 18]. SEM 
investigations have highlighted the importance of interfa-
cial transition zones (ITZs) and microcracks, which can 
significantly alter local moisture retention, though their 
statistical representativeness remains limited [19]. Overall, 
combining these approaches can reduce technique-specific 
constraints and improve predictions of  unsaturated flow 
behavior in cementitious materials [20].

Building on these classical findings, more recent research 
has introduced refined experimental approaches and 
broader comparative analyses, providing further insights 
into the relationship between pore structure characteriza-
tion and water retention behavior in cementitious materials. 
Xiong et al. [21] compared pore size distributions derived 
from MIP and low-field NMR in UHPC, demonstrating the 
advantages of NMR in detecting micropores and in captur-
ing dynamic water absorption processes, thereby underlin-
ing the complementarity of different techniques. Rodríguez-
Brito et al. [22] demonstrated that dynamic water vapor 
sorption (DWVS) and MIP yield different porosity profiles, 
underscoring the importance of methodological cross-vali-
dation. Abousnina et al. [23] reviewed a wide range of pore 
measurement techniques – highlighting image analysis as 
particularly effective for porosity distribution assessment – 
and emphasized that effective porosity alone cannot reli-
ably predict hydraulic conductivity, unlike total porosity. 
Additionally, Lamichhane et al. [24] showed how variations 

in water level and saturation significantly impact both per-
meability and compressive strength in porous concrete, 
stressing that moisture-dependent mechanical and hydrau-
lic behavior must be considered when linking microstruc-
tural features to unsaturated transport processes. These 
recent contributions strengthen the framework for interpret-
ing WRC data and highlight the importance of considering 
methodological aspects and material-specific characteris-
tics in water retention studies.

Combining these techniques can offer a more compre-
hensive characterization of concrete's pore network; how-
ever, key questions remain: How well do their results cor-
relate? How representative are they for water retention 
behavior? And how does sample size or heterogeneity 
influence measurements [25]? To address these questions, 
this study characterizes the water retention behavior and 
pore size distribution of concrete through:

1.	 WRC measurements,
2.	MIP,
3.	 CT imaging,
4.	 SEM analysis.

Special emphasis is placed on evaluating cross-method 
correlations, assessing the representativeness of measured 
parameters, and quantifying the influence of sample size. 
By linking microstructural features to moisture retention 
behavior, the study aims to provide a more robust founda-
tion for modeling unsaturated water transport in concrete.

2 Materials and methods
2.1 Concrete mixtures and specimen preparation
For the laboratory investigations, two concrete mixtures 
were prepared with water-to-cement (w/c) ratios of 0.40 
and 0.50. The binder was Lafarge CEM II/A-S 42.5 R, 
a  rapid-hardening Portland composite cement incorpo-
rating ground granulated blast-furnace slag, with a char-
acteristic compressive strength of 42.5 MPa. The cement 
content was fixed at 360 kg/m3.

The aggregate system was comprised of washed, 
size-fractionated, and oven-dried natural sand and grav-
elly sand. The proportions were 40% 0/4 mm sand, 25% 
4/8 mm coarse sand, and 35% 8/16 mm gravel. The grain 
size distribution of the aggregate is shown in Fig. 1.

To achieve the desired workability and flow character-
istics, a high-range water-reducing admixture based on 
polycarboxylate ether (PCE), specifically Sika ViscoCrete 
4025 Ultra, was incorporated into the mixes as additive. 
The detailed composition of the concrete mixtures is pre-
sented in Table 1.
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Concrete mixtures were cast into 150 × 150 × 150 mm 
cubic molds. From the hardened cubes, cylindrical core 
samples with a nominal diameter of 50 ± 1 mm were 
extracted using a diamond-tipped coring drill. For X-ray 
CT analysis, the cores were sectioned into individual spec-
imens with a nominal height of 50 ± 3 mm using a preci-
sion concrete saw (Fig. 2).

Following CT scanning, each core was further pro-
cessed to obtain one specimen per mixture for WRC mea-
surements. These samples had a diameter of 35 ± 1 mm 
and a thickness of 5 ± 1 mm (Fig. 3). For SEM and MIP, 

the required small-volume specimens were obtained by 
fracturing segments of the original cylindrical cores.

All concrete specimens were subjected to a combined 
curing regime. After demolding, the samples were immersed 
in lime-saturated water at a temperature of 20 ± 2 °C for 
7 days. This was followed by storage under laboratory con-
ditions (22 ± 2 °C, relative humidity ≥ 55%) until testing. 
All  measurements were performed after the specimens 
reached an age of at least 100 days, ensuring an advanced 
degree of cement hydration and minimizing the influence 
of early-age microstructural changes on the test results [26].

2.2 Basic physical properties
At the age of 100 days, the hardened concrete proper-
ties were determined, including dry density, compressive 
strength, total water-accessible porosity, water penetration 
depth under pressure, and saturated water permeability. 
These parameters provide essential context for interpreting 
the subsequent microstructural and hydraulic measurements.

Three specimens were tested per mixture for compres-
sive strength and water penetration depth, while two spec-
imens per mixture were tested for dry density and poros-
ity. Mean values and standard deviations were calculated 
and reported. Saturated water permeability was deter-
mined on a single specimen per mixture using a constant 
head test in a triaxial cell under a confining pressure of 
600 kPa. The permeability test specimens were 50 mm in 
diameter and 50 mm in height.

In addition, the material density of the concrete sam-
ples was measured using gas pycnometer to support the 
interpretation of porosity data.

The fundamental physical and mechanical properties, 
along with their respective ranges, for the tested concrete 
mixtures are summarized in Table 2.

2.3 Experimental techniques
2.3.1 WRC measurement
WRC were determined using a WP4C instrument (Fig. 4), 
which employs a chilled-mirror dewpoint technique to 
measure the water potential of porous materials [27]. In this 

Fig. 1 Grain size distribution of the aggregate used in the concrete mixtures

Table 1 Summary of concrete mixtures tested

Mix 
No. Cement type Cement content 

(kg/m3)
w/c 
ratio

PCE content 
(kg/m3)

C1 CEM II/A-S 42.5 R 360 0.50 1.08

C2 CEM II/A-S 42.5 R 360 0.40 3.60

Fig. 2 Concrete specimen prepared for X-ray CT analysis

Fig. 3 Concrete specimen prepared for WRC measurement

Table 2 Fundamental properties of concrete mixtures

Physical properties C1 C2

Dry state density (kg/m3) 2243 ± 17 2313 ± 14

Material density (kg/m3) 2622 ± 1 2619 ± 1

Compressive strength at 100 days (MPa) 60.6 ± 2.1 85.3 ± 0.8

Water-accessible porosity (vol.%) 8.95 ± 0.9 7.09 ± 0.2

Water penetration depth (mm) 21 ± 2.5 10 ± 1.5

Saturated permeability (m/s) 1.19 × 10−10 7.83 × 10−11
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system, the sample equilibrates with the air in a  sealed 
chamber; the mirror's temperature at which condensation 
first forms indicate the water potential. A thermoelectric 
cooling system and photoelectric detection are used to 
determine the dewpoint temperature with high precision.

The sample holder has a total volume of 15 cm3, with 
an optimal volume of 7 cm3 recommended by the manufac-
turer. Accordingly, disc-shaped specimens with a diame-
ter of 35 ± 1 mm and a height of 5 ± 1 mm were prepared 
using a diamond core drill and a precision saw. One spec-
imen was tested for each concrete mixture.

Prior to the measurement series, the instrument was 
calibrated using a calcium chloride solution (0.50 mol/kg), 
and daily validation was performed with a sodium chloride 
solution (2.33 mol/kg). Sample saturation was achieved 
through capillary uptake. Controlled drying steps were 
defined based on gravimetric mass changes, yielding 
approximately 10–15 measurement points per sample and 
covering a suction range from 100 kPa to 300 000 kPa.

After each drying step, specimens were placed in air-
tight containers for 24 h to allow for internal moisture 
redistribution. Measurement duration per point ranged 
from 15 to 60 min, depending on saturation. Specimen 
masses were recorded using an analytical balance with 
0.1  mg precision (Sartorius Entris 121i-1S, Sartorius, 
Göttingen, Germany). Upon completion of all measure-
ments, samples were oven-dried at 60 ± 5 °C for 24 h to 
determine the residual water content.

All WP4C measurements were performed in the Soil 
Mechanics Laboratory of the Department of Engineering 
Geology and Geotechnics at the Budapest University of 
Technology and Economics, in accordance with ASTM 
D6836-25 standard [28].

Numerous empirical models with closed-form equa-
tions have been proposed in the literature to represent 
WRCs  [1–3]. The use of such fitted functions not only 
enhances the comparability of curves obtained from dif-
ferent studies but also improves their applicability in 
numerical simulations and predictive modelling.

In this study, the measured data points were normalized 
with respect to the saturated water content. Accordingly, 
the plotted values and fitted models are expressed in 
terms of the degree of saturation. Curve fitting was per-
formed using the Fredlund and Xing [3] model, which 
offers enhanced flexibility for representing the full suc-
tion range and, for concrete, has been shown to provide 
a better fit compared to the van Genuchten model [2]. This 
model includes an additional correction factor, enabling 
improved accuracy in the high-suction range.

The Fredlund–Xing model is defined as follows:
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where Sr(ψ) is the degree of saturation of the soil at a given 
suction, αf is the fitting parameter related to the air-entry suc-
tion (kPa), nf is the fitting parameter controlling the slope of 
the transition zone, mf is the fitting parameter associated with 
the high suction range, and e is Euler's number. The correc-
tion factor can be expressed in the following form:
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where ψr is the suction value corresponding to the resid-
ual saturation (kPa), which was set to a constant value 
of 106  kPa based on the characteristics of concrete and 
in order to preserve the physical interpretability of the 
parameter. The WRCs were fitted using the least squares 
method, aiming to minimize the sum of squared errors 
between the measured and computed degrees of satura-
tion. The fitting procedure was performed using the Solver 
add-in of Microsoft Excel [29].

2.3.2 Mercury intrusion porosimetry (MIP)
MIP is one of the most widely used techniques for char-
acterizing the pore structure of porous materials [30]. 
The method relies on the fact that mercury is a non-wet-
ting liquid for most solids and can only enter pores under 
external pressure. The required pressure is inversely pro-
portional to the pore diameter. This enables MIP to pro-
vide detailed information on pore size distribution, pore 
volume, and capillary structure characteristics.

Fig. 4 WP4C device for determining the water potential of 
concrete specimens
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In a typical MIP analysis, a specimen with a volume 
of approximately 1  cm3 is placed in a vacuum chamber. 
Mercury is introduced into the chamber, and pressure is 
gradually increased while the intruded volume is contin-
uously recorded [31]. One of the main advantages of this 
technique is its wide measurement range – from a few nano-
meters up to several hundred micrometers – combined with 
its relatively fast operation and quantitative output [32].

Nevertheless, the method is subject to several well-doc-
umented limitations [12, 33]. High intrusion pressures may 
compress or damage delicate pore structures, while irregular 
or complex geometries can cause inaccuracies in the inter-
pretation of pore sizes. Furthermore, the detection of very 
large pores is constrained by mercury's low surface tension, 
as such pores tend to fill at low pressures, thereby limiting 
resolution at the coarser end of the pore size spectrum.

MIP tests were performed on two concrete mixtures. 
The experiments were conducted using a POREMASTER 
60 GT MIP (Quantachrome Instruments, Boynton Beach, 
FL, USA) at the laboratory of SZIKKTI Kft. Pore diame-
ters were calculated assuming a contact angle of 140° and a 
surface tension of 0.484 N/m based on Eq. (3) [34]:

d F
P

�
4 cos

,
� 	 (3)

where P is the mercury intrusion pressure (Pa), F is the 
mercury surface tension (N/m), α is the contact angle (°), 
d is the pore diameter (m).

The effective measurement range of the device was 
from 950 μm to 3.6 nm. Prior to testing, all specimens 
were dried at 60 ± 5 °C for 24 h.

2.3.3 X-ray computed tomography (CT)
X-ray CT is a widely used non-destructive imaging tech-
nique that enables three-dimensional analysis of inter-
nal structures. It is particularly effective for visualizing 
cracks, voids, and aggregate distribution in cementitious 
materials, which are critical parameters for assessing 
durability and hydraulic behavior [15, 35, 36].

CT scanning involves irradiating the specimen from 
multiple angles, with detectors capturing the transmitted 
X-rays. The recorded absorption profiles are processed via 
reconstruction algorithms to produce two-dimensional 
grayscale cross-sections, which can then be compiled into 
a three-dimensional model of the object [37]. The spatial 
resolution is determined by the pixel size and slice thick-
ness, and is inherently limited by the physical characteris-
tics of the scanning system [38].

In this study, CT analyses were performed on one con-
crete specimen from each mixture, which were later also 
used for WRC measurements. The scans were carried out 
at the Department of Medical Imaging, Clinical Centre, 
University of Pécs. Imaging was conducted using a Siemens 
Somatom Perspective CT scanner, with acquisition param-
eters optimized for the analysis of construction materials:

•	 Pixel size: 0.08 × 0.08 mm
•	 Slice thickness: 0.60 mm
•	 Resulting voxel resolution: 0.08 × 0.08 × 0.60 mm

Due to this resolution limit, pores smaller than approx-
imately 80 μm could not be reliably detected [38]. Image 
processing was performed using the open-source software 
ImageJ [39] to determine pore size and spatial distribu-
tion, thereby supporting the interpretation of water trans-
port mechanisms in the concrete. The contrast and bright-
ness settings of the 8-bit images were calibrated using 
a  reference sample, and these settings were then applied 
consistently to all images to ensure uniform segmenta-
tion (Fig. 5). Pores (dark regions) and the solid phase (light 
regions) were separated through binarization using Otsu's 
thresholding method [40]. This algorithm yielded more 
consistent and accurate segmentation results compared to 
other commonly used methods [41]. For evaluation pur-
poses, the colors in the binarized images were inverted. 
The processed image slices were then reconstructed into 
a 3D sample using a trilinear interpolation method.

For each slice, the pore area was calculated as a ratio of 
the total cross-sectional area. The average porosity of each 
specimen was then obtained by averaging the values from 
all slices. The pore size distribution was calculated and eval-
uated using MATLAB [42] and Microsoft Excel [29] soft-
ware. For each pore, the equivalent circular diameter (ECD) 
was determined from the measured cross-sectional pore area 
and used in subsequent statistical and comparative analyses.

2.3.4 Scanning electron microscopy (SEM)
SEM is a widely used technique in materials science, 
offering high-resolution imaging of surface morphology 

Fig. 5 Workflow of CT image processing: (a) Original grayscale cross-
sectional CT image; (b) Binarized image after segmentation using 

Otsu's thresholding; (c) 3D reconstruction of the pore network
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and microstructural features. In the context of cementi-
tious materials, SEM enables the detailed examination 
of hydration products, microcracks, ITZ, and aggregate–
matrix interactions – key parameters for assessing dura-
bility and mechanical performance [15, 43].

In this study, SEM analyses were performed on one 
specimen from each concrete mixture. The samples, 
approximately 1.0–1.5 cm in diameter, were prepared by 
fracturing fragments from previously tested specimens. 
Due to the non-conductive nature of concrete, a thin layer 
of gold was applied to the samples using sputter coating to 
prevent surface charging during scanning.

The SEM investigations were conducted using a 
Phenom XL G2 SEM (Thermo Fischer Scientific, 
Waltham, MA, USA) at the Department of Construction 
Materials and Technologies, Budapest University of 
Technology and Economics.

SEM image processing was performed using ImageJ 
software [39]. The processing steps – noise removal, image 
quality enhancement, regularization, binarization, and 
thresholding (Otsu method) – followed the procedures 
described by Andrushia et al. [41] and Li et al. [44]. In bina-
rized images, black regions typically represent pores, 
and light regions correspond to the solid phase; however, 
for evaluation purposes, the colors were inverted (Fig. 6).

The pore size distribution of the specimens was computed 
and analyzed with MATLAB [42] and Microsoft Excel [29] 
software. The samples and their pore distributions were 
examined at magnifications of 500×, 1000×, and 2500×. 
For each magnification, a single image was analyzed, with 
higher magnifications focusing on a subregion of the previ-
ously investigated area. The ECD was used for the analysis, 
following the same approach applied in the CT evaluation.

3 Results and discussion
3.1 Water retention behavior
The Fredlund and Xing parameters obtained from curve 
fitting are presented in Table 3, while the measured data 

points and the fitted curves are illustrated in Fig. 7.
The curves clearly indicate an air entry value of approx-

imately 1000 kPa. Depending on the concrete quality 
(i.e., pore size distribution), the residual zone is reached at 
a suction value of approximately 200 000 kPa, with vary-
ing slopes. Despite similar overall characteristics, it is evi-
dent that variations in pore size distribution influence the 
slope of the WRC in the transition zone, which in turn can 
significantly affect the unsaturated hydraulic conductivity.

To quantitatively characterize the slope of the WRC, 
the substitute equation of Fredlund and Xing model was 
applied [45]. This equation is based on the relationship 
between the degree of saturation and the exponent of the 
base 10 logarithm of suction. When plotted in an arithme-
tic coordinate system, the substitute curve reproduces the 
same shape as the original WRC; consequently, its inflec-
tion point, and the slope of the tangent fitted at that point 
are identical to those of the original curve. The general 
form of the substitute equation can be expressed as follows:

S

e

r

f

r

r�

�

�

�

�

�

� � �

�
�

�
�

�

�
�

�

�
�
�

�

� �
�

�
�

�

�
�

�
�

�
�

�

�
�

1 1
10

1
10

10

6

ln

ln

ln




�
�

�


	

�	

�
�
	

�	

n m
f f

,

	 (4)

where ζ is log10(ψ), Sr(ζ  ) is the degree of saturation at 
given suction, and ψ is the suction (kPa).

The coordinates of the inflection point, and the slope 
of the tangent were determined using an extremum search 
method based on the first and second derivatives of the 

Table 3 Fredlund–Xing model fitting parameters and sum of squared 
errors (SSE) for the drying WRCs

Mix. No. αf (kPa) nf mf SSE

C1 69323 0.6352 5.0893 7.77 × 10−3

C2 43146 0.6955 3.9478 1.25 × 10−2

Fig. 6 Workflow of SEM image processing: (a) Original high-
magnification SEM micrograph of the concrete surface; (b) Binarized 

image after segmentation for pore identification

Fig. 7 Drying WRCs for concrete mixtures tested
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substitution function. The calculations were performed 
using MATLAB software [42]. For each concrete mix, 
the location of the inflection point {ζinf , Sr(ζinf )}, the corre-
sponding suction value {ψinf}, and the slope of the curve at 
that point � � �� �Sr � inf  are summarized in Table 4.

The w/c ratios were 0.40 and 0.50, with correspond-
ing slope values of −0.4865 and −0.4672, respectively. 
Based on these results, there appears to be a tendency for 
a higher w/c ratio to correspond to a lower absolute slope 
value, suggesting that the curve becomes flatter as the 
w/c ratio increases. Such flattening of the WRC may indi-
cate a broader pore size distribution, which in this context 
could imply a higher proportion of larger diameter pores 
within the concrete. Factors that are likely to increase the 
amount or size of pores in the concrete would be expected 
to contribute to this flattening.

3.2 Evaluation of pore size distribution from MIP
MIP measurements were conducted to characterize the 
pore structure of concrete within a pore diameter range of 
195.5 μm to 3.6 nm. The results are presented in Table 5. 
For both concrete types investigated, the most frequent pore 
size range was between 5.1 nm and 37.4 nm. In the concrete 
with a w/c ratio of 0.50, a narrower dominant pore size distri-
bution was observed. Overall, the mix with a 0.40 w/c ratio 
exhibited lower total porosity than the mix with a 0.50 ratio.

It should be noted that the sample size used for the MIP 
tests was small relative to the macroscopic heterogene-
ity of concrete. Therefore, the results may not fully rep-
resent the overall pore size distribution of the material. 
In addition, the specimens did not contain aggregate parti-
cles, meaning that the measured porosity reflects only the 
cement paste and not the ITZ [12, 19].

Furthermore, mercury can only intrude into open 
pores  – that is, those connected to the external surface 
and the capillary network, through which fluid transport is 

possible. Consequently, the porosity determined via MIP 
in the investigated pore diameter range should be regarded 
as the apparent porosity of the sample.

Figs. 8 and 9 present the pore diameter frequency based 
on pore volume and the variation of porosity as a function 
of pore diameter, respectively.

The pore size distribution and frequency exhibit sim-
ilar overall trends for both samples; however, noticeable 
differences are observed in the total pore volume and the 
distribution across specific pore size ranges. The concrete 
with a 0.40 w/c ratio contains a higher number of smaller 
pores, while the 0.50 mix shows a greater proportion of 
larger pores in comparison.

3.3 Estimation of WRC from MIP data
Understanding WRCs is essential for investigating and 
modeling water movement in concrete. However, their 
determination using conventional methods is often highly 
time-consuming.

As mentioned on several occasions, WRCs can essen-
tially be regarded as representations of the pore size dis-
tribution, and they are also closely related to the hydraulic 

Table 4 Quantitative analysis of the slope of drying WRCs

Inflection point data C1 C2

4.4102 4.3937

ψinf (kPa) 25716 24757

Sr (ζinf) 0.4168 0.4356

−0.4672 −0.4865

� �
inf

��� � �� �Sr 0

� � �Sr � inf

Table 5 Results of MIP experiments

Mix. 
No.

Pore diameter 
range

Most frequent 
pore diameter

Cumulative 
pore volume 

(cm3/g)

MIP 
porosity 
(vol.%)

C1 0.0036–195.5 μm 11.1–18.5 nm 0.0249 6.03

C2 0.0036–190.6 μm 5.1–37.4 nm 0.0157 3.89

Fig. 8 Differential pore size distribution curves obtained from MIP for 
concrete mixtures tested

Fig. 9 Cumulative pore size distribution curves obtained from MIP for 
concrete mixtures tested
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conductivity function [46]. The inverse application of the 
Barrett–Joyner–Halenda (BJH) method [47] may provide 
a reliable methodological basis for deriving the WRC from 
pore size distribution data.

The BJH method was originally developed for the 
interpretation of adsorption isotherms; however, in its 
inverse form, it can also be applied to determine the WRC. 
The pore sizes determined by MIP can be converted into 
suction values based on capillary pressure, using a rear-
ranged form of the capillary equation (Eq. (3)), as follows:

�
�

�
4F
d
cos

, 	 (5)

where ψ is the suction (kPa), F is the surface tension of 
water at laboratory temperature (~0.072 kN/m), α is the 
contact angle (0°), and d is the pore diameter (m). Based on 
the saturation calculated from the pore size distribution, 
the WRC can then be approximated and fitted.

MIP often underestimates the actual water retention, 
as mercury may not penetrate the smallest pore entrances 
due to complex pore geometries – although these pores are 
still capable of storing water [12]. This method primarily 
captures the pore domain associated with capillary water.

The BJH procedure assumes cylindrical pore geometry, 
which does not always apply to concrete or cement paste [4]. 
The application of the BJH method to MIP data – due to 
the non-wetting nature of mercury – is mainly suitable for 
approximating the drying branch of the WRC. The method 
yields reliable approximations in the 0.002–0.050 μm pore 
size range, corresponding approximately to a suction range 
of 5000–150000 kPa. According to the results of Zhang 
et al. [48], permeability and water transport are primarily 
governed by pores in the 0.010–1 μm size range, which is 
in good agreement with the measurement range typically 
covered by MIP, spanning approximately 0.003 to 200 μm.

Since the goal was to develop a fast and practical 
approximation method, the thickness of the adsorbed 
water film, which would reduce the effective pore radius, 
was neglected. This effect is mainly relevant in the fine 
pore size range and can be estimated using, for example, 
the BET method [4, 49].

Figs. 10 and 11 compare the WRCs measured and calcu-
lated from the MIP data. In both cases the curves were fitted 
using the Fredlund and Xing model. The fitting parameters 
used are listed in Table 6. For the parameter αf   , an upper limit 
of 100 000 kPa was applied to ensure physical plausibility.

The characteristics of the calculated and fitted curves 
are generally similar; however, they tend to underestimate 
the actual water retention capacity of the concrete. In the 

case of the C2 concrete mix, the estimated curve provides 
a close approximation to the experimentally measured 
drying branch of the WRC.

Nevertheless, at the current stage of the research, 
the method should be considered only as a rough approx-
imation. The findings also highlight that, due to the small 
size of the specimens analyzed in the MIP tests, the result-
ing data may not adequately represent the full pore size 
distribution – and consequently the water retention char-
acteristics – of the entire concrete matrix.

3.4 CT and SEM image analysis
The diameters of pores identified via CT scanning ranged 
from 95 to 6480  μm, and thus the calculated poros-
ity values represent the proportion of pores within this 
size range. It is important to note that the upper limit of 
6480 μm does not reflect a technical limitation of the CT 

Table 6 WRC fitting parameters from inverse BJH method and sum of 
squared errors

Mix. No. αf (kPa) nf mf SSE

C1 100000 0.4377 8.5326 5.509

C2 100000 0.6627 9.5981 2.985

Fig. 10 Comparison of WRCs for C1 mixture obtained from WP4C 
measurements (fitted WRC) and those derived from MIP data using the 

inverse BJH method, including the fitted WRC based on BJH-derived data

Fig. 11 Comparison of WRCs for C2 mixture obtained from WP4C 
measurements (fitted WRC) and those derived from MIP data using the 

inverse BJH method, including the fitted WRC based on BJH-derived data
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method but rather corresponds to the largest pore detected. 
The CT-derived porosity was 1.91% for the concrete with 
a 0.40 w/c ratio, and 3.36% for the mix with 0.50.

In contrast, SEM analysis identified significantly 
smaller pores, ranging from 0.11 to 21.21  μm. Although 
the magnification level had minimal impact on the detect-
able pore size range, it clearly influenced the calculated 
porosity, as reported by [41]. This effect is likely due to the 
fact that higher magnifications allow finer features to be 
resolved during image processing, resulting in a greater 
proportion of pores being detected and, consequently, 
higher porosity values (Fig. 12).

Since only a narrow range of pore sizes could typi-
cally be detected at 1000× SEM magnification, the result-
ing porosity values were lower than the total and apparent 
porosity values obtained from other methods. Additionally, 
for the C2 concrete mix (w/c = 0.40), a higher porosity 
value was observed compared to the C1 mix (Table 7).

Total porosity was calculated based on the measured dry 
density and material density. This value includes all pores, 
including closed pores that do not contribute to water trans-
port. As expected, total porosity is significantly higher 
than the porosity values determined by MIP, CT, or SEM, 
highlighting that these techniques, when used individually, 
are insufficient to capture the full pore volume.

MIP and CT cover a wide range of pore sizes – from 
3.6 nm to 6.5 mm – and the sum of the porosities obtained 
from these methods most closely approximates the volume 
of water-accessible pores. However, it is essential to note 

that there is an overlap in the measurable pore size ranges of 
the two methods, which may lead to partial double-counting.

Moreover, CT provides total porosity within its reso-
lution limits, including both connected and isolated pores 
visible at the macroscopic scale, whereas MIP measures 
only the volume of open and connected pores, primarily 
in the micro- and mesopore range.

The Weibull and lognormal distributions were applied 
to describe pore size distributions, which are widely used 
in materials science [50]. The lognormal distribution is 
suitable when pore sizes exhibit an asymmetric distribu-
tion and take only positive values. The Weibull distribu-
tion effectively characterizes the shape of the distribution 
curve, especially when pore sizes are concentrated within 
a specific range.

Figs. 13 and 14 show the pore size distribution of the 
tested concrete mixtures. The measured data exhibit 
a  right-skewed distribution, with the lognormal model 
providing a closer fit to the experimental values across 
the full pore size range. Based on the sum of squared 
errors  (SSE), the lognormal distribution better approxi-
mates the pore size distributions obtained from both CT 
and SEM analyses (Table 8).

Table 7 Comparison of porosity values obtained using different 
measurement techniques (vol.%)

Mix. 
No.

Total 
porosity

MIP 
porosity

CT 
porosity

SEM porosity 
(1000×)

Water-
accessible 
porosity

C1 14.00 6.03 3.36 1.06 8.95

C2 12.07 3.89 1.91 1.67 7.09

Fig. 12 SEM-based porosity of concretes C1 (w/c = 0.50) and 
C2 (w/c = 0.40) at different magnifications (500×, 1000×, and 2500×)

Fig. 13 Pore size distribution from CT analysis fitted with lognormal and 
Weibull models: (a) C1 mixture (w/c = 0.50); (b) C2 mixture (w/c = 0.40)
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4 Conclusions
Using multiple analytical techniques, this study investi-
gated the water retention behavior and pore size distribu-
tions of two concrete mixtures with different w/c ratios. 
The WRC was measured using the WP4C device, while 
porosity characteristics were examined through MIP, 
X-ray CT, and SEM. The key conclusions are as follows:

•	 The mixture with a w/c ratio of 0.40 exhibited a higher 
number of finer pores, while the 0.50 w/c mixture 
contained a greater proportion of larger pores, result-
ing in a broader pore size distribution. These dif-
ferences were clearly reflected in the shape of the 
WRCs, where the flatter slope in the transition zone 
of the higher w/c ratio mixture indicates increased 
sensitivity of hydraulic conductivity to changes in 
suction. Such differences have direct implications for 

the durability and watertightness of concrete used in 
deep foundations and containment structures.

•	 The WRC could be estimated from MIP-based pore 
size distributions using the inverse BJH method, 
providing a useful rapid approximation. However, 
the method systematically underestimated retention 
values because mercury cannot penetrate all pore 
domains, particularly the finest ones. Therefore, 
while valuable as a supporting tool, MIP-based esti-
mation cannot replace direct WRC measurement 
when reliable hydraulic characterization is required.

•	 SEM analysis provided high-resolution insights into 
microstructural features and smaller pores, but the 
limited field of view and sensitivity to magnification 
strongly influenced the calculated porosity values. 
In  addition, not all dark features in binarized SEM 
images necessarily represent true pores. As a result, 
SEM is more suitable for qualitative or comparative 
pore analysis than for quantitative determination 
of total porosity.

•	 CT scanning effectively captured the distribution of 
larger pores and allowed visualization of macroscopic 
heterogeneity in the specimens. However, due to its 
resolution threshold, micropores could not be reli-
ably detected, which means CT alone cannot fully 
describe the pore network of cementitious materials.

•	 Pore size distributions obtained from both CT and SEM 
data were better represented by lognormal than Weibull 
distributions. This suggests that probabilistic modeling 
of pore structures using lognormal functions can pro-
vide a more accurate description for use in hydraulic 
property estimation and numerical modeling.

•	 No single technique was sufficient to capture the full 
range of pore sizes or to represent water retention 
behavior on its own. MIP and CT together cover a 
wide pore size spectrum and, when used in combina-
tion, can approximate the water-accessible porosity 
more closely. However, overlapping detection ranges 
and differences in the types of pores detected must 
be carefully considered to avoid misinterpretation.

Further work should refine the indirect estimation of 
WRCs from pore structure data, with improved calibration 
of MIP-based methods. Multi-method integration should 
be validated on larger and more heterogeneous specimens 
to address scale effects. Studies on concretes with alter-
native binders or supplementary cementitious materials 
would improve generalizability. Advanced techniques 

Fig. 14 Pore size distribution from SEM analysis fitted with lognormal and 
Weibull models: (a) C1 mixture (w/c = 0.50); (b) C2 mixture (w/c = 0.40)

Table 8 Least square errors for each measurement method

Mix. No. Measurement Lognormal Weibull

C1
CT 0.428 0.520

SEM 0.235 0.426

C2
CT 0.362 0.756

SEM 0.160 0.258
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such as micro-CT, combined with digital image analysis 
and numerical simulations, could better link pore struc-
ture to hydraulic behavior, supporting more reliable pre-
dictions of unsaturated transport properties and the design 
of durable, watertight infrastructure.
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