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1 INTRODUCTION

Over the past decades, investigations conducted on unsaturated soils have demonstrated that even a
slight reduction in the degree of saturation can significantly decrease the soil’s hydraulic conductivity
(Fredlund, et al., 2012). Similar trends have been observed in other porous materials, such as
geotextiles and asphalts (Park & Fleming, 2006; Renken, et al., 2016; Torzs, et al., 2019; Fleming, et
al., 2023). Furthermore, numerous publications confirm that changes in the water content of porous
media, including rocks and soils, have a considerable impact on their mechanical properties
(Pezowicz & Choma-Moryl, 2015; Vasarhelyi & Davarpanah, 2018; Zhang, et al., 2023; Ma, et al.,
2023). Previous experimental studies conducted on concrete specimens suggest that a similar
relationship can be observed for concrete in terms of water permeability. Consequently, it can be
hypothesized that soil mechanics models developed for unsaturated media may also be extended to
describe water flow in other porous materials, such as concrete (Leech, et al., 2003; Major, et al.,
2010; Major & Wittmann, 2011; Vilasboas, et al., 2016; Pap, et al., 2018; Liu, et al., 2020).

The relevance of this topic is underscored by the fact that the presence of water during geotechnical
construction works is almost inevitable. In the case of diaphragm wall excavations, it is of particular
importance to create a concrete structure with the highest possible watertightness. However, the
production of fully impermeable concrete is practically unattainable. For construction pits that remain
open for an extended period, knowledge of the permeability function becomes especially critical, as
it enables the estimation of the volume of water that may seep through the structure and provides
evidence as to whether water will infiltrate within a specified timeframe.

In the case of waste disposal facilities — especially those designed for the storage of hazardous or
radioactive waste — the understanding of saturation-dependent permeability values is even more
crucial (Carme & Saaltink, 2016). For such structures, a fundamental requirement is to prevent water
from entering or exiting the system. The permeability function enables the numerical modelling of
water movement within the concrete used in storage facilities.

Beyond these aspects, analyzing water transport within concrete can also contribute to studies of
concrete and reinforcement steel corrosion, as well as to the long-term evaluation of corrosion
processes. By considering the variations in permeability and saturation, it is possible to more
accurately estimate the onset and rate of corrosion, which is of fundamental importance for the design

of durable concrete structures.
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2 OBJECTIVES OF THE DISSERTATION

During my undergraduate and master's studies, through diploma theses and Scientific Students'
Association research, I investigated laboratory methods for characterizing water transport in concrete
and explored the potential of finite element modeling for simulating water seepage. The promising
results underscored the need for more advanced and systematic investigations.

Considering the above, the primary aim of this doctoral research is to provide a comprehensive
investigation of experimental and numerical approaches for analyzing water transport in concrete.

Building on previous work, the main research objectives are as follows:

a) Laboratory measurement of drying and wetting water retention curves for concretes.

b) Investigation of the hysteresis between the drying and wetting branches.

c) Analysis of laboratory boundary conditions, sample type and size effects, as well as the
uncertainties associated with water content measurements.

d) Calculation of the permeability function over the full suction range based on the measured
water retention curves.

e) Measurement of the saturated hydraulic conductivity of concretes.

f) Validation of the experimental results by means of finite element simulation of the
standardized concrete watertightness test.

g) Investigation of the water retention characteristics of concrete through pore structure analysis.

h) Analysis of the results of the standardized watertightness test in relation to the concrete's
porosity and hydraulic properties.

1) Formulation of recommendations regarding the selection of models, parameters, and

boundary conditions applicable for the calculation of water transport in concrete.

3 MATERIALS AND METHODS

The primary objective of the laboratory investigations was to generate the necessary data for
analyzing water transport in concrete and to determine the input parameters essential for numerical
modelling. As the first step of this chapter, I provide a description of the investigated concrete
mixtures, selected in accordance with concrete mix designs commonly used in geotechnical
engineering practice.

The conducted experiments were divided into two main groups: (i) tests aimed at determining the
hydraulic properties, and (i1) investigations focusing on porosity and pore size distribution.

In the following sections, the measurement methodology applied during the investigations is
presented, including a brief description of the measurement techniques, the boundary conditions
applied, the storage conditions of the concrete samples, and the key characteristics of the tested

specimens.
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3.1 Concrete mixtures

During my experiments, the investigated concrete mixtures were classified into two groups based on
the constant and variable parameters of the mix designs. When selecting the mix designs, I aimed to
include mixtures that represent the widest possible range of concrete properties to ensure

comprehensive coverage of material characteristics.
3.1.1 First test group (M1-M18)

The first test group includes those concrete mixtures that were produced within the framework of
Monika Lombos’s diploma thesis (Lombos, 2016). When selecting the mix designs, my objective
was to examine concrete types commonly used in geotechnical engineering practice. All mixtures in
this group were produced using CEM 11 A-S 42.5 R type cement. In addition to variations in the water-
to-cement ratio (0,40; 0,45; 0,50) and cement content (360 kg/m?; 400 kg/m*) some mixtures were
modified with fiber reinforcement (steel or synthetic fibers) and/or admixtures designed to enhance
watertightness (Penetron ADMIX). The maximum aggregate size was dmax=16 mm. The various
combinations of mixing parameters resulted in a total of 18 different concrete compositions for the

experiments, the main characteristics and variables of which are summarized in Table 1.

Table 1 — Key variable parameters of the concrete mix designs in the first test group

Mix. Cement w/c Fiber Fiber Penetron  Label
content [-1 reinforcement content [1 m%]
[kg/m3] [kg/m3]

M1 360 0.50 - - - 36-50

M2 360 0.45 - - - 36-45

M3 360 0.40 steel (Humix 50) 30 - 36-40-A
M4 400 0.50 steel (Humix 50) 30 - 40-50-A
M5 400 0.45 synthetic (Concrix) 3.5 - 40-45-M
M6 400 0.40 synthetic (Concrix) 3.5 - 40-40-M
M7 360 0.50 - - ] 36-50-P
M8 360 0.45 - - ] 36-45-P
M9 360 0.40 steel (Humix 50) 30 ] 36-40-A-P
M10 400 0.50 steel (Humix 50) 30 ] 40-50-A-P
M1l 400 0.45 synthetic (Concrix) 3.5 ] 40-45-M-P
Mi12 400 0.40 synthetic (Concrix) 3.5 ] 40-40-M-P
M13 360 0.40 - - - 36-40
M14 360 0.40 - - ] 36-40-P
M15 400 0.50 synthetic (Concrix) 3.5 - 40-50-M
M16 400 0.50 synthetic (Concrix) 3.5 ] 40-50-M-P
M17 400 0.45 - - - 40-45
M18 400 0.45 - - ] 40-45-P
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3.1.2 Second test group (M19-M24)

The second test group includes the concrete grades investigated during my previous research
activities. A total of six different concrete mixtures were available, incorporating two cement types
(CEM 11 A-S 42,5 N; CEM I 42,5 N-SR0), three different cement contents (300 kg/m?; 360 kg/m?; 420
kg/m?), and three distinct water-to-cement ratios (0,42; 0,49; 0,59). The tested mixtures did not
contain any fiber reinforcement or admixtures intended to improve watertightness. The maximum
aggregate size was dmax=8 mm. The key variable parameters of the concrete mix designs in the second

test group are summarized in Table 2.

Table 2 — Main variable parameters of the concrete mix designs in the second test group

Mix. Cement content Cement types w/c Label
[kg/m’| -]

M19 300 CEMII A-S42,5N 0.59 30-59-11
M20 360 CEMII A-S42,5N 0.49 36-49-11
M21 420 CEMII A-S42,5N 0.42 42-42-11
M22 300 CEM 142,5 N-SRO 0.59 30-59-1
M23 360 CEM 142,5 N-SRO 0.49 36-49-1
M24 420 CEM 142,5 N-SRO 0.42 42-42-1

3.1.3 Curing and storage conditions

The concrete specimens were consistently stored under combined curing and storage conditions.
Following demoulding, the specimens were kept in lime-saturated water at a temperature of 20 +£2 °C
until reaching an age of 7 days. Thereafter, until the commencement of the tests, the samples were
stored at laboratory temperature (22 + 2 °C, depending on the season) and in a laboratory environment
ensuring a minimum relative humidity of 55%.

Given that the hydraulic tests to be performed could potentially extend over several weeks or even
months, all measurements were initiated only after the specimens had reached an age of at least 100

days.

3.1.4 Concrete specimens

For both test groups, concrete cubes with dimensions of 150x150x150 mm were produced. In the
case of the first test group, cylindrical samples with a nominal diameter of @50 mm were extracted
from the cubes using diamond core drilling. Given that different testing methods require different
sample heights, the core samples were subsequently cut into test specimens with heights ranging
between 20 and 50 mm using a concrete cutting machine (Figure 1). For certain measurements
(WP4C, MIP, SEM), it was necessary to prepare smaller samples with specific geometries and

dimensions compared to the previously described specimens.
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Figure 1 — Cylindrical samples

For the second test group, the cylindrical specimens were prepared by casting the concrete into copper
rings with an internal diameter of ¥38 mm and a nominal height of 20 mm. Compaction was
performed using a vibrating table. After casting, the samples remained within the copper rings, which

served as permanent moulds, and were tested in this condition.

3.2 Laboratory experiments

3.2.1 Determination of hydraulic properties

To determine the drying branch of the water retention curve, I applied three different measurement
methods in order to cover the entire suction spectrum of the concrete mixtures. During the tests, the
suction level was controlled, while the water content was determined by gravimetric measurements.
Using sand and sand/kaolin boxes for the gravitational method, I covered the pF range between 0 and
2.7 (Stakman, et al., 1969; Varallyay, 1973). With the pressure membrane apparatus, the range
between pF 3.0 and 4.2 was investigated (Klute, 1986; Imre, et al., 2008), while the desiccator-based
method was applied to cover the suction range between pF 4.79 and 6.21 (Buzas, et al., 1993; Ng &
Menzies, 2007). For each test, the required saturated state was achieved through capillary saturation.
At each measurement point, mass measurements were performed weekly, biweekly, or monthly —
depending on the rate of water loss — until mass equilibrium was reached, using a laboratory balance
with a precision of 0.01 g. The experiments were carried out at the Institute for Soil Science and
Agricultural Chemistry of the Hungarian Academy of Sciences and at the Department of Engineering
Geology and Geotechnics, Budapest University of Technology and Economics.

To investigate the hysteresis between drying and wetting processes on the water retention curve of
concrete, [ used a WP4C device (METER Group Inc., 2024), which applies a chilled mirror dew point
technique to determine the water potential of the samples. During testing, the water content of the
specimens was gradually increased (wetting branch) and then decreased (drying branch), with 24-
hour equilibration periods in sealed containers between each adjustment. Mass measurements were

performed using a Sartorius Entris 121i-1S analytical balance with 0.1 mg precision. Experiments
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were conducted in the Soil Mechanics Laboratory at BUTE Department of Engineering Geology and
Geotechnics, following the MSZ-08-0205:1978 and ASTM D6836-16:2016 standards. At the end of
each test series, samples were oven-dried at 60+5 °C to avoid microstructural damage.

Saturated hydraulic conductivity was determined using a constant head permeability method with a
Wykeham Farrance-type triaxial apparatus. Membrane-enclosed samples were placed in a water-
filled cell, with back pressure applied via a compressor and cell pressure maintained at a higher level
to prevent leakage between the sample and membrane. The hydraulic conductivity coefficient was
calculated according to Darcy’s law, with tests conducted under pressures ranging from 10 to 600
kPa, following MSZE CEN ISO/TS 17892-11:2010, in the Soil Mechanics Laboratory at BUTE
Department of Engineering Geology and Geotechnics.

For validation purposes, I also performed standardized concrete watertightness tests according to MSZ
EN 12390-8:2009 on specimens cured under combined curing conditions. In these tests, a constant
water pressure of 5 bar (500 kPa) was applied to 150 mm cubic specimens for 72 hours. After splitting
the specimens, the maximum penetration depth was measured with millimeter accuracy, and water
ingress patterns were documented to identify potential local anomalies. These tests were carried out
at the BUTE Department of Construction Materials and Technologies, with evaluation based on the

limit values defined in MSZ 4798:2016/2M:2018.

3.2.2 Investigation of the pore structure

To investigate the internal structure of the concrete, including cracks, voids, and pores, I used non-
destructive X-ray computed tomography (CT) imaging, which is an effective tool for assessing
durability-related properties and water transport behavior in concrete (Foldes, 2006; Majorosné
Lubloy, et al., 2018; Csorba, et al., 2024). The CT scans were performed at the Medical Imaging
Clinic of the University of Pécs using a Siemens Somatom Perspective CT scanner. The measurements
were conducted with a voxel size of 0.08x0.08x0.60 mm, which allowed for the detection of pores
larger than approximately 80 um in diameter. Three-dimensional image reconstruction was based on
X-ray attenuation profiles (Kak & Slaney, 2001), and image processing was performed using the
open-source software ImageJ.

For microstructural analysis at higher resolution, scanning electron microscopy (SEM) was applied.
The SEM measurements were conducted at the BUTE Department of Construction Materials and
Technologies using a Thermo Fisher Phenom XL G2 desktop SEM. Prior to imaging, the samples
were fractured to produce fresh surfaces and coated with a thin layer of gold to ensure electrical
conductivity (Goldstein, et al., 2018). The SEM analysis allowed for the detailed characterization of

the microstructure, including pore morphology and crack patterns.
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To determine the pore size distribution and total porosity over a wide range (from a few nanometers
to several hundred micrometers), mercury intrusion porosimetry (MIP) was performed. This method
is based on the non-wetting behavior of mercury and the Washburn equation (Diamond, 2000). The
MIP tests were carried out at the SZIKKTI laboratory using a Quantachrome POREMASTER 60 GT
instrument, applying a contact angle of 140° and a mercury surface tension of 0.484 N/m. Before
testing, the samples were oven-dried at 60+5 °C to avoid thermally induced microstructural damage.
Additionally, skeletal density was determined using an Anton-Paar UltraPyc 5000 gas pycnometer.
While MIP provides rapid and accurate determination of pore characteristics, its limitations include
potential sample compression under high pressure and reduced sensitivity for larger pores (Lawrence,

1978; Thommes, et al., 2015).
3.3 Methodological overview

Figure 2 illustrates the experimental methods used for investigating the pore structure and hydraulic
properties of concrete, along with the potential applications of the obtained data. A direct quantitative
relationship exists between the pore size distribution and the water retention curve, allowing one
function to be derived from the other (Rajkai, et al., 2015). Based on the water retention curve and
the saturated hydraulic conductivity, the permeability function can be determined, which — along with
the previously mentioned parameters — serves as a fundamental input for the numerical simulation of
watertightness tests. The primary objective of the applied experimental and evaluation methods is to
provide a more detailed and accurate description of water transport processes within concrete and to

validate the experimental results through numerical modeling.
Pore structure Hydraulic
analysis properties
Micro- and _, Water retention Saturated hydraulic Penetration
mesoporosity distribution curve conductivity depth

Mercury Intrusion /_ Sl B \ Triaxial apparatus Standard test for
Porosimetry (MIP) - Gamalieslin (constant head test) watertightness

box
-Pressure plate
apparatus
- Desiccator test

Meso- and - WP4C
macroporosity ;—E

X-ray Computed v

Tomography (CT) <
Permeability \‘
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N Porosity, |

composition A A v

Scanning Electron Numerical modelling of the standardized concrete
Microscopy (SEM) watertightness test (back analysis)

Figure 2 — Investigation and data processing workflow
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4 NUMERICAL MODELING OF WATER TRANSPORT

To evaluate the applicability and to provide a more

detailed assessment of the material parameters determined

during my research, I validated the measured saturated
hydraulic conductivity values, the fitted wetting water
retention curves, and the permeability functions derived

from these curves through the numerical simulation of the

standardized concrete water penetration test. For the

verification of the modeling results, I used the average

values of the maximum water penetration depths obtained

from the water penetration tests. The numerical L )
simulations were performed using the Plaxis 2D Ultimate Figure 3 — Finite element model of the
finite element software. concrete specimen

To reduce computational demands during the model setup, I simplified the geometry of the concrete
specimen by exploiting its symmetry, limiting the finite element model to half of the specimen
(Figure 3). For mesh generation, I used two-dimensional triangular finite elements. To improve
computational accuracy, the mesh density was further refined within a 30 mm thick zone expected to
experience water penetration, applying a mesh coarseness factor of 0.2. The extent of mesh
refinement was optimized through sensitivity analysis.

For seepage analysis, material parameters and state variables influencing water movement were
required, including the saturated hydraulic conductivity, the initial suction value, and concrete-
specific functions such as the water retention curve and the permeability function.

The sensitivity of the initial suction value was investigated by varying the starting relative humidity,
based on the typical laboratory environmental conditions. The initial suction was set corresponding
to relative humidity levels of 30%, 40%, 50%, 60%, and 70%.

As a boundary condition, a water pressure of 5 bar (500 kPa) was applied to the relevant surface of
the model, in accordance with the test setup and symmetry considerations. A no-flow boundary
condition was assigned along the symmetry axis. Water flow within the concrete was modeled as
transient seepage, using predefined time intervals. Given that the standardized water penetration test

lasts 7242 hours, three timesteps (24 h, 48 h, and 72 h) were defined to track the entire process.

10
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S NEW SCIENTIFIC RESULTS

STATEMENT (1)

Based on the measurements, I established a relationship between the maximum water
penetration depth measured during the standardized concrete watertightness test and the
saturated permeability coefficient for concrete specimens with a water-to-cement ratio ranging
between 0.40 and 0.59, produced with blast furnace slag Portland cement or sulfate-resistant
Portland cement, and aged at least 100 days. After demoulding, all specimens were stored for 7
days in lime-saturated water at a temperature of 20+2°C, followed by storage under
laboratory conditions (22 + 2 °C, RH > 55%) until the commencement of the tests. The resulting

relationship can be expressed in the following form:

6
d =1.7410Vk (1)
where k is the saturated hydraulic conductivity [m/s], and d,, is the maximum water penetration depth
[mm].
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Figure 4 — Relationship between saturated permeability coefficient and maximum water penetration depth determined
from the standard watertightness test

As an application of Equation (1), I determined the threshold values of saturated permeability
coefficients corresponding to the watertightness classes defined by standards MSZ 4798:2016 and
MSZ 4798:2016/2M:2018 for the investigated concrete grades (Table 4).

Table 4 — Watertightness classes with the corresponding threshold values of saturated permeability coefficients
Watertightness Water penetration Threshold value of permeability

classes limit [mm] coefficient [m/s]
XVI(H) 50 8.26-1071°
XV2(H) 35 4.05-10°1°
XV3(H) 20 1.32-10°10

Publications related to Statement (1): Pap et al. (2014); Pap et al. (2017)
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STATEMENT (2)

The measured drying water retention curves were fitted using both the van Genuchten (1980) model
and the Fredlund & Xing (1994) model. Based on the sum of squared errors, the latter provided a
better fit, indicating that it more accurately follows the water retention characteristics of concrete.

Based on the experimental results, I found that for concretes produced with a water-to-cement
ratio between 0.40 and 0.50 and using CEM II A-S 42.5 R type cement, the slope of the drying
water retention curve in the transition zone decreases with increasing water-to-cement ratio.
For the curves fitted with the Fredlund & Xing (1994) model, the nr parameter — controlling the
slope and associated with the pore size distribution — also decreases as the water-to-cement ratio

increases.
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Figure 5 — Water retention curves of concrete mixtures without fiber reinforcement and Penetron admixture
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Figure 6 — Variation of the nyparameter as a function of the water-to-cement ratio
(FR: fiber reinforcement, S: steel, SY: synthetic, P: Penetron)

Publications related to Statement (2): Pap et al. (2018b); Pap et al. (2019b); Pap & Mahler (2025)
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STATEMENT (3)

The concept of lateral shift is frequently applied to estimate the wetting water retention curve from
the drying branch. This method not only enables the approximation of the curve but also allows for
the quantification of the hysteresis between the drying and wetting processes.

Based on the measurements, I found that for concretes with a water-to-cement ratio between
0.40 and 0.50 and produced with CEM II A-S 42.5 R type cement, the hysteresis between the
wetting and drying branches of the water retention curve — expressed in terms of the lateral
shift value at the inflection point of the curves — varies between 40% and 90%. The wetting
curves estimated by applying a lateral shift to the drying branch closely approximate the
measured wetting branches within the suction range below 20,000 kPa. However, at higher
suction values, discrepancies emerge that significantly affect the calculation of the wetting

behavior of dry concrete.
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Figure 7 — Water retention curves of the M1 concrete
mixture (w/c=0.50; 360 kg/m’) fitted using the
Fredlund & Xing (1994) model

0.0 0.1 0.2 0.3 04 0506 0.7 0809 1.0
Degree of saturation, S, (-)

Figure 8 — Water retention curves of the M2 concrete
mixture (w/c=0.45; 360 kg/m’) fitted using the
Fredlund & Xing (1994) model

Publications related to Statement (3): Pap et al. (2018a), Pap et al. (2018¢c); Pap & Mahler (2025)
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STATEMENT (4)

Through numerical analysis, I verified that for concrete, the calculation of the permeability function
based on the measured and subsequently fitted water retention curves yields reliable results when
applying the Fredlund et al. (1994) model.

Based on the results of the numerical integration of the fitted water retention curves, I
established that for concretes with a water-to-cement ratio between 0.40 and 0.50 and produced
with CEM II A-S 42.5 R type cement, the relative permeability decreases with increasing water-
to-cement ratio at a given suction level.

The magnitude of this decrease can range from one to three orders of magnitude, depending on the

specific concrete composition.
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Figure 9 — Permeability functions of concrete mixtures without fiber reinforcement and Penetron admixture
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Figure 10 — Change in relative permeability with water-to-cement ratio at 1000 kPa suction
(FR: fiber reinforcement, S: steel, SY: synthetic, P: Penetron)

Publications related to Statement (4): Pap et al. (2018¢c); Pap et al. (2019b)
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STATEMENT (5)

Using numerical analysis in the Plaxis 2D Ultimate software, | modeled the standardized concrete
watertightness test by applying the measured saturated hydraulic conductivity values, the wetting
water retention curves fitted with the Fredlund & Xing (1994) model, and the permeability functions
calculated using the model proposed by Fredlund et al. (1994). The simulations were conducted for
five different initial suction levels (relative humidity conditions). The comparison between the
simulation results and the laboratory watertightness test results confirmed that the permeability
functions derived from the water retention curves can be reliably used for modeling water transport
in concrete.

Based on the results of the numerical simulations performed using parameters determined from
the experimental measurements, I concluded that an increase in the initial relative humidity —
within the range of 30% to 70% — results in an increase in the maximum water penetration
depth. This finding indicates that both the storage conditions of the concrete specimens and the
relative humidity during testing may influence the maximum water penetration depth.

A 10% increase in relative humidity may result in a 19-49% increase in the maximum water

penetration depth, depending on the concrete type.
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Figure 11 — Maximum water penetration depth as a function of the initial relative humidity
Based on my investigations, it would be advisable to develop more precise guidelines regarding the
following aspects:
- the required time frame within which the test should be conducted after removing the
specimens from water storage, and
- the appropriate temperature and relative humidity conditions for both storage and testing in
the case of specimens subjected to combined curing.
Publications related to Statement (5): Pap et al. (2018a); Pap et al. (2018c); Pap et al. (2024);
Pap & Mahler (2025)
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6 APPLICATION OF THE RESULTS

During the laboratory investigations, I determined the key material parameters required for the
numerical modeling of water transport processes in concrete and validated their applicability through
computer-based simulations. The research contributes to improving the accuracy of laboratory
measurements and enables the reliable modeling of water transport phenomena in concrete. The
applied testing and evaluation methodology revealed the interrelationships between concrete
composition and its water retention, watertightness, and permeability characteristics.

The results provide a basis for simulating water movement in radioactive waste repositories, ensuring
the exclusion of both external and internal water transport over the entire service life. Similarly, the
findings support the calculation of water movement in underground concrete structures, such as
tunnels and diaphragm walls. Furthermore, this research establishes a foundation for the optimization
of concrete mix designs regarding watertightness and water transport properties, thereby contributing

to the design of durable, sustainable, and cost-effective concrete structures.

7 FUTURE RESEARCH

The relationships identified during this research may serve as a basis for further investigations.
Particular attention should be given to the detailed analysis of the hysteresis observed in the water
retention curve, which could enhance the understanding of the differences between wetting and
drying processes. Another potential research direction is the examination of the relationship between
pore size distribution and water retention curves. This could contribute to a more accurate
characterization of the pore structure and water retention capacity of concrete, as well as enable the
estimation of water retention curves based on pore structure data.

In addition, it is recommended to explore the correlations between saturated hydraulic conductivity,
concrete composition and porosity, hydraulic conductivity anisotropy, and the shape of water
penetration fronts. The combined application of porosity measurement methods — particularly CT and
MIP techniques — appears promising for determining the complete pore size distribution, thereby
refining water retention characteristics and improving the parameterization required for water
transport modeling.

Based on the numerical modeling results, an increase in the initial relative humidity leads to greater
water penetration depths. The quantitative interpretation of this effect requires further laboratory
testing under different initial humidity conditions. Such studies could support a more accurate and
comprehensive understanding of water transport and water tightness in concrete, and may contribute

to the further development of standardized testing methods.
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