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ABSTRACT: The water retention behavior and hydraulic conductivity of hot mix asphalt (HMA) mixtures are critical parameters 
governing their long-term durability, particularly in environments where water infiltration and transport significantly affect structural 
integrity. This study presents a comprehensive investigation of the water retention and transport properties of HMA under both 
saturated and unsaturated conditions. Water retention curves for drying and wetting processes were determined using a WP4C 
instrument, enabling the quantification of hysteresis effects. Saturated hydraulic conductivity was measured with a triaxial apparatus, 
while unsaturated hydraulic conductivity functions were obtained through parametric fitting of the water retention curves. Porosity was 
characterized by using mercury intrusion porosimetry (MIP) and computed tomography (CT) analysis. The results provide a robust 
basis for understanding moisture transport mechanisms in asphalt, enhancing predictive models of pavement performance, and 
supporting the development of strategies to extend the service life of HMA pavements under diverse hydrological conditions.  
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1 INTRODUCTION 

In recent years, the behavior of water in road structures has 
garnered increasing attention, particularly in the context of 
asphalt mixtures. Traditionally, asphalt layers in road structures 
were assumed to be impermeable to water, and this assumption 
guided much of the early design and maintenance practice. 
However, it is now widely recognized that water does penetrate 
into the road structure over time, significantly affecting the 
mechanical properties of the pavement and its long-term 
performance. The presence and movement of water, both as 
liquid and vapor, within the pavement layers can lead to 
deterioration, thereby impacting the durability of the road 
surface (Rueda et al., 2017; Lu et al., 2020).  

This shift in understanding has been supported by 
numerous experimental studies and analytical approaches 
quantifying the impact of moisture on the mechanical properties 
of asphalt mixtures (Tong et al., 2013; Rueda et al., 2019). For 
example, research on the influence of relative humidity and 
degree of saturation on hot mix asphalt (HMA) has shown that 
moisture plays a critical role in the degradation process known 
as “moisture damage” (Rueda et al., 2017; Hamedi et al., 2020). 

The role of water in pavement structures is also 
emphasized in the context of unsaturated soil mechanics, which 
offers useful frameworks for understanding moisture 
movement in asphalt. Concepts from soil mechanics, 
particularly those related to unsaturated media, can be adapted 
to model the infiltration and transport of water through asphalt 
layers, enabling the prediction of potential problem zones and 
the assessment of pavement performance under varying 
moisture conditions. Such models are crucial for designing 
more resilient pavements capable of withstanding 
environmental exposure and mechanical loading over time (Sun 
et al., 2023; Primusz and Tóth, 2025). 

In this context, the aim of the present study is to determine 
both the drying and wetting water retention curves of hot mix 
asphalt (HMA) materials in order to estimate their hydraulic 
conductivity functions. Given the close relationship between 
the pore system and water retention capacity, porosity and pore 
size distribution were also investigated using mercury intrusion 
porosimetry (MIP) and X-ray computed tomography (CT). 

2 MATERIALS AND METHODS 

2.1 HMA materials and specimen preparation 

The laboratory investigations were conducted on two asphalt 
layers obtained from the pavement structure of a Hungarian 
motorway. As part of a research project, a cylindrical core 
sample with a diameter of 150 mm was extracted from the left 
carriageway (Budapest–Szeged direction) of the M5 motorway 
(European route E75) at kilometer section 34+900, in the 
driving lane. Two layers of this core were examined (Figure 1). 

The first layer, designated A3, is an asphalt surface course 
constructed in 2005, corresponding to the current Hungarian 
standard (e-UT 05.02.11) designation AC 11 (F) wearing 
course, with a nominal maximum aggregate size of 11 mm and 
a minimum binder content of 5.3 %. 

The second layer, designated A5, is an asphalt binder 
course constructed in 1984, corresponding to the AC 22 (N) 
binder course specification in the current Hungarian standard, 
with a nominal maximum aggregate size of 22 mm and a 
minimum binder content of 4.0 %. 

For both asphalt mixtures, the binder type was B 50/70 
paving-grade bitumen. The aggregate particle size distribution 
curves, determined in accordance with the relevant standard, 
are presented in Table 1. 

Table 1. Aggregate particle size distribution according to e-UT 
05.02.11 (m%). 

Sieve size (mm) A3 
[AC 11 (F)] 

A5 
[AC 22 (N)] 

31.5 - 100 

22.4 - 90–100 

16.0 100 - 

11.2 90–100 50–80  

8.0 - - 

5.6 38–65 30–55  

2.0 25–45 20–40 

1.0 15–35 15–33  

0.063 6–10  4–8 
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From the 150 mm core sample, smaller cylindrical specimens 
with a nominal diameter of 50 ± 1 mm were obtained using a 
diamond-tipped coring drill. For X-ray computed tomography 
(CT) analysis, these cores were cut into specimens with heights 
corresponding to the respective layer thicknesses – 34 mm for 
A3 and 57 mm for A5 – using a precision concrete saw. 

 
Figure 1. Asphalt core sample prepared for experiments. 

Following CT scanning, each core was further processed to 
produce two specimens per mixture for water retention curve 
(WRC) measurements. These specimens had a diameter of 35 
± 1 mm and a thickness of 5 ± 1 mm. For mercury intrusion 
porosimetry (MIP), the required small-volume specimens were 
prepared by fracturing segments from the original cylindrical 
cores. 

2.2 Basic physical properties 

The physical properties of the asphalt mixtures were evaluated, 
including dry density and saturated water permeability. These 
parameters provide essential context for interpreting the 
subsequent microstructural and hydraulic analyses. 

Saturated water permeability was measured on specimens 
using a constant head test in a triaxial cell, under a confining 
pressure of 600 kPa. 

Furthermore, the material density of the asphalt samples 
was determined using a gas pycnometer, to aid in the 
interpretation of the porosity data. 

A summary of the measured physical properties for the 
tested asphalt mixtures is presented in Table 2. 

Table 2. Physical properties of asphalt sample. 
Physical properties A3 A5 

Dry state density 
(kg/m3) 

2296 2320 

Material density 
(kg/m3) 

2466 2472 

Saturated permeability 
(m/s) 

1.94×10-10 6.75×10-10 

2.3 Experimental techniques 

2.3.1 Water retention curve measurement 

Water retention curves were obtained using a WP4C device 
(Figure 2), which operates on the chilled-mirror dewpoint 
principle to determine the water potential of porous materials. 
In this method, the sample is allowed to equilibrate with the air 
within a sealed chamber, and the temperature of the mirror at 
the onset of condensation is used as an indicator of the water 
potential. The dewpoint temperature is measured with high 
precision through a combination of thermoelectric cooling and 
photoelectric detection. 

 
Figure 2. WP4C device for determining the water potential of asphalt 
specimens. 

The sample holder has a total capacity of 15 cm3, with the 
manufacturer recommending an optimal volume of 7 cm3. 
Accordingly, disc-shaped specimens with a diameter of 35 ± 1 
mm and a height of 5 ± 1 mm were prepared using a diamond 
core drill and a precision saw. One specimen was tested for each 
asphalt mixture. 

Controlled drying and wetting steps were defined based on 
gravimetric mass variations, spanning a suction range from 50 
kPa to 250 MPa. Following each drying and wetting step, the 
specimens were stored in airtight containers for 24 hours to 
allow internal moisture redistribution. Measurement times per 
data point ranged from 15 to 60 min, depending on the degree 
of saturation. Specimen masses were recorded using an 
analytical balance with a resolution of 0.1 mg (Sartorius Entris 
121i-1S). Upon completion of all measurements, the samples 
were oven-dried at 55 ± 5 °C for 24 hours to determine the 
residual water content. 

All WP4C measurements were conducted 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-
16. 

In this study, the measured data points were normalized 
with respect to the saturated water content, and the resulting 
values, along with the fitted functions, are expressed in terms 
of the degree of saturation. Curve fitting was performed using 
the models of (Fredlund & Xing, 1994) and (van Genuchten, 
1980). 

The Fredlund & Xing model is defined as follows: 

𝑆௥ሺ𝜓ሻ ൌ 𝐶ሺ𝜓ሻ ⋅
1
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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 
suction, 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 correction 
factor can be expressed in the following form: 
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where ψr is the suction value corresponding to the residual 
saturation (kPa), which was set to a constant value of 106 kPa 
in order to preserve the physical interpretability of the 
parameter.  

The van Genuchten (1980) model can be expressed as: 

𝑆௥ሺ𝜓ሻ ൌ 	
1

ሾ1 ൅ ሺ𝛼௚𝜓ሻ
௡೒ሿ௠೒

	 (3) 

where Sr(ψ) is the degree of saturation of the soil at a given 
suction, αg is the reciprocal of the air-entry suction, ng is a fitting 
parameter associated with the pore-size distribution, mg is 
defined from ng as mg=1-1/ng, and describes the high-suction 
range of the soil-water characteristic curve. 

The water retention curves were fitted using the least 
squares method, aiming to minimize the sum of squared errors 
between the measured and computed degrees of saturation. The 
fitting procedure was performed using the Solver add-in of 
Microsoft Excel. 

2.3.2 Mercury Intrusion Porosimetry (MIP) 

Mercury intrusion porosimetry (MIP) is among the most widely 
applied techniques for characterizing the pore structure of 
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porous materials. The method is based on the principle that 
mercury, being a non-wetting liquid for most solids, can only 
penetrate pores under externally applied pressure, with the 
required pressure being inversely proportional to the pore 
diameter. This principle enables MIP to yield detailed 
information on pore size distribution, total pore volume, and 
capillary structure characteristics. 

In this study, MIP tests were performed on the A3 hot mix 
asphalt (HMA) material. The experiments were carried out 
using a POREMASTER 60 GT mercury intrusion porosimeter 
(Quantachrome Instruments) at the laboratory of SZIKKTI Kft., 
following ISO 15901-1. Pore diameters were calculated 
assuming a contact angle of 140° and a surface tension of 0.484 
N/m, according to the following relationship: 

𝑑 ൌ
4𝐹 𝑐𝑜𝑠 𝛼

𝑃
 (4) 

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 instrument had an effective measurement range from 
950 μm to 3.6 nm. Prior to testing, all specimens were oven-
dried at 55 ± 5 °C for 24 hours. 

2.3.3 X-ray Computed Tomography (CT) 

X-ray computed tomography (CT) is a widely applied non-
destructive imaging technique that enables three-dimensional 
characterization of internal structures. It is particularly effective 
for visualizing cracks, voids, and aggregate distribution in 
cementitious materials – parameters that are critical for 
evaluating durability and hydraulic performance (Ren et al., 
2023; Csorba et al., 2024). 

In this study, CT analyses were performed on one 
specimen from each hot mix asphalt (HMA) material, which 
were subsequently used for water retention curve 
measurements. Scans were conducted at the Department of 
Medical Imaging, Clinical Centre, University of Pécs, in 
accordance with EN 16016-2, using a Siemens Somatom 
Perspective CT scanner with acquisition parameters optimized 
for 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 
approximately 80 μm could not be reliably detected (Bossa et 
al., 2015). Image processing was performed using the open-
source software ImageJ to determine pore size and spatial 
distribution, thereby supporting the interpretation of water 
transport mechanisms in the concrete. The contrast and 
brightness settings of the 8-bit images were calibrated using a 
reference sample and subsequently applied consistently to all 
images to ensure uniform segmentation. Pores (dark regions) 
and the solid phase (light regions) were separated via 
binarization using Otsu’s thresholding method (Otsu, 1979), 
which yielded more consistent and accurate segmentation 
results than other commonly applied techniques (Andrushia et 
al., 2024). For evaluation purposes, the colors in the binarized 
images were inverted (Figure 3). 

For each slice, the pore area was expressed as a ratio of the 
total cross-sectional area. The average porosity of each 
specimen was then determined by averaging these ratios across 
all slices. Pore size distribution was calculated and evaluated 
using MATLAB and Microsoft Excel. For each pore, the 
equivalent circular diameter (ECD) was derived from the 
measured cross-sectional area and subsequently used in 
statistical and comparative analyses. 

 

 
Figure 3. Workflow of CT image processing: (left) original grayscale 
cross-sectional CT image, (right) binarized image after segmentation 
using Otsu’s thresholding. 

3 RESULTS AND DISCUSSION 

3.1 Water retention behavior 

Figure 4 and Figure 5 present the fitted water retention curves 
using the Fredlund & Xing (1994) model and the van 
Genuchten (1980) model, respectively. The fitting parameters 
obtained for each model are listed in Table 3and Table 4. 

Based on the at least squared errors, the Fredlund & Xing 
model provided a better fit for the drying branches, whereas for 
the wetting branches, the van Genuchten model either achieved 
higher accuracy or yielded errors comparable to those of the 
Fredlund & Xing model. 

In all fitting cases, hysteresis was observed between the 
two curves for both specimens. However, differences in the 
water retention characteristics were identified between the two 
asphalt mixtures. 

 

 
Figure 4. Measured data and fitted water retention curves for the A3 
asphalt specimen, using (a) the Fredlund & Xing (1994) model and (b) 
the van Genuchten (1980) model. 
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Figure 5. Measured data and fitted water retention curves for the A5 
asphalt specimen, using (a) the Fredlund & Xing (1994) model and (b) 
the van Genuchten (1980) model. 

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

Asphalt 
specimen 

WRC 
branch 

αf nf mf SSE 
(×10-3) 

A3 
Drying 410 0.7317 0.9490 5.63 

Wetting 229 0.7317 0.9999 16.8 

A5 
Drying 859 1.0156 0.7865 7.13 

Wetting 95 1.2349 0.5626 11.4 

Table 4. Van Genuchten model fitting parameters and sum of 
squared errors (SSE) for the WRCs. 

Asphalt 
specimen 

WRC 
branch 

αg ng mg SSE 
(×10-3) 

A3 
Drying 5.72×10-3 1.2308 0.1875 8.44 

Wetting 1.32×10-2 1.2347 0,1901 6.50 

A5 
Drying 1.79×10-3 1.2738 0.2149 10.3 

Wetting 2.64×10-2 1.1792 0.1520 12.9 

In conventional measurements, the drying branch of the soil–
water retention curve is easier and faster to obtain than the 
wetting branch. Therefore, the wetting curve is often 
approximated by applying a horizontal shift to the drying curve, 
altering only the air-entry suction parameter while keeping 
others constant (Fredlund et al., 2011). The magnitude of this 
horizontal shift, expressed as a percentage, can be determined 
as: 

𝜉 ൌ 100ሾ𝑙𝑜𝑔ሺ𝜓௔ௗሻ െ 𝑙𝑜𝑔ሺ𝜓௔௪ሻሿ	 (5) 

where ξ is the horizontal shift (%) between the drying and 
wetting curves (%), ψad is the suction on the drying curve at any 
given degree of saturation (kPa), ψaw is the corresponding 
suction on the wetting curve at the same degree of saturation 
(kPa). 

Applying the horizontal shift method enables 
quantification of the hysteresis between the two processes. The 
horizontal displacement between the curves was determined for 
several suction values, and the results were averaged to obtain 
a representative value for the entire curve for each asphalt 
mixture. Depending on the fitting procedure, the average 
horizontal shift ranged from 30% to 78% for the A3 specimen 
and from 46% to 80% for the A5 specimen (Table 5). 

Table 5. Lateral shift of the wetting and drying branches. 

Asphalt specimen 
van Genuchten 
(1980) 

Fredlund & Xing 
(1994) 

A3 30% 78% 

A5 80% 46% 

3.2 Determination of hydraulic conductivity function 

The hydraulic conductivity function was determined for both 
fitting approaches, using the Fredlund et al. (1994) model and 
the van Genuchten (1980) model. 

The Fredlund et al. (1994) model applies the water 
retention curve equation developed by Fredlund & Xing for 
calculating the hydraulic conductivity function. The method 
determines the variation of hydraulic conductivity by 
performing numerical integration along the water retention 
curve. The equation proposed by Fredlund et al. can be 
expressed in the following general form: 

𝑘௥ሺ𝜓ሻ ൌ
׬

𝑆௥ሺ𝑒௬ሻ െ 𝑆௥ሺ𝜓ሻ
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𝑒௬
௕
௟௡ ሺటೌ೐ೡሻ

𝑆௥′ሺ𝑒௬ሻ𝑑𝑦
	 (6) 

where b is the upper limit of integration, y is the integration 
variable representing the logarithm of suction, Sr’ is the 
derivative of the water retention curve equation, and ψaev is the 
air-entry suction value. The numerical integration along the 
water retention curve was performed using Microsoft Excel. 

The van Genuchten (1980) model uses the parameters 
obtained from fitting the water retention curve and can be 
expressed as: 

𝑘௥ሺ𝜓ሻ ൌ
ቄ1 െ ൫𝛼௚ ⋅ 𝜓൯

௡೒ି1ቂ1 ൅ ൫𝛼௚ ⋅ 𝜓൯
௡೒ቃ

ି௠೒
ቅ
2

ቂ1൅ ൫𝛼௚ ⋅ 𝜓൯
௡೒ቃ

௠೒/2 	 (7) 

The resulting hydraulic conductivity functions are presented in 
Figure 6. The figures demonstrate that the accuracy of the fit is 
determined not only by the SSE values but also by the shape of 
the curves. For the A3 asphalt, larger differences in SSE were 
observed between the models; however, the overall curve 
characteristics were similar. In this case, the hydraulic 
conductivity curves obtained from the two fitting methods 
showed a greater degree of overlap. In contrast, for the A5 
asphalt – particularly for the wetting branch – the SSE values 
obtained from the two models were nearly identical, yet the 
shapes of the fitted curves differed. As a result, differences of 
up to two orders of magnitude in hydraulic conductivity could 
occur at the same suction value. 

This observation highlights that fitting the water retention 
curve significantly influences the resulting hydraulic 
conductivity function, and consequently the rate of change in 
hydraulic conductivity. Therefore, in addition to the numerical 
accuracy of the fit, it is essential to select the model that best 
reflects the actual water retention characteristics of the material 
under investigation. 
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Figure 6. Hydraulic conductivity functions using the Fredlund et al. 
(1994) and van Genuchten (1980) models for (a) the A3 asphalt mixture 
and (b) the A5 asphalt mixture. 

3.3 Interpretation of MIP results 

Mercury intrusion porosimetry (MIP) measurements were 
conducted to characterize the pore structure of the asphalt over 
a pore diameter range from 203 μm to 3.6 nm. The results are 
summarized in Table 6. For the A3 asphalt mixture, the most 
frequent pore size range was 130–203 μm, indicating that the 
specimen predominantly contains relatively large pores. The 
MIP-measured porosity of the A3 asphalt mixture was 4.61%. 

Table 6. Results of mercury intrusion porosimetry (MIP) experiment. 
Asphalt 
No. 

Pore diameter 
range 

Most frequent 
pore diameter 

Cumula-
tive pore 
volume 
(cm3/g) 

MIP 
poro-
sity 

A3 0.0036–203 μm 130–203 μm 0.0187 4.61 

Figure 7 and Figure 8 present the pore diameter frequency 
based on pore volume and the variation of porosity as a function 
of pore diameter, respectively. 

 
Figure 7. Differential pore size distribution curves obtained from 
mercury intrusion porosimetry (MIP) for A3 asphalt mixture. 

It should be noted that mercury can only intrude into open 
pores – those connected to the external surface and the capillary 
network, which permit fluid transport. Therefore, the porosity 
determined by MIP within the investigated pore diameter range 
should be interpreted as the apparent porosity of the specimen. 

 
Figure 8. Cumulative pore size distribution curves obtained from 
mercury intrusion porosimetry (MIP) for A3 asphalt mixture. 

3.4 CT analysis 

The diameters of pores identified via CT scanning ranged from 
95 to 5736 μm, and thus the calculated porosity values represent 
the proportion of pores within this size range. The CT-derived 
porosity was 5.18% for A3 asphalt mixture, and 4.19% for the 
A5 mixture. 

 
Figure 9. Pore size distribution from CT analysis fitted with 
lognormal and Weibull models: (a) A3 mixture, (b) A5 mixture. 

MIP and CT cover a wide range of pore sizes – from 3.6 nm 
to 5.7 mm – and the porosities obtained from these methods 
most closely approximates the whole pore size distribution. 
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 resolution 
limits, including both connected and isolated pores visible at the 
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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, both widely used 
in materials science (Chung et al., 2020), were applied to 
describe pore size distributions. The lognormal model is suited 
for asymmetric, positive-only pore sizes, while the Weibull 
model effectively captures distributions concentrated within a 
specific range. 

Figure 9 shows the pore size distributions of the tested 
asphalt mixtures. The data exhibit a right-skewed distribution, 
with the lognormal model closely fitting the experimental 
values across the full range. Based on the sum of squared errors 
(SSE), the lognormal model better represents the CT-derived 
pore size distribution of the A3 asphalt specimen, while for the 
A5 specimen, the Weibull distribution also provides a good fit 
(Table 7). 

Table 7. Least square errors for CT measurement method. 
Asphalt 
No. 

Lognormal Weibull 

A3 0.238 0.317 

A5 0.293 0.228 

4 CONCLUSIONS 

This study investigated the water retention behavior, hydraulic 
conductivity, and pore size distribution of two different asphalt 
mixtures. The water retention curve (WRC) was measured 
using a WP4C device, while porosity characteristics were 
examined through mercury intrusion porosimetry (MIP) and X-
ray computed tomography (CT). Hydraulic conductivity 
functions were calculated using two different methods. The key 
conclusions are as follows: 
1. The Fredlund & Xing model generally provided a better 

fit to the measured data; however, for the wetting 
branches, the van Genuchten model also yielded good 
approximations. The suitability of the fitting method is 
influenced not only by the SSE values but also by the 
shape of the water retention curve. 

2. Hysteresis was observed between the wetting and drying 
branches, with the quantified horizontal shifts ranging 
from 30–78 % for A3 and 46–80 % for A5 (depending on 
the fitting method). 

3. The shape of the water retention curve strongly affects the 
hydraulic conductivity function, potentially resulting in 
differences of several orders of magnitude, even when the 
WRC fits have similar SSE values. 

4. MIP results indicate that the tested asphalt mixtures 
predominantly contain relatively large pores. 

5. MIP is more suitable for identifying smaller pores, while 
CT is better suited for detecting larger pores; when 
combined, the two techniques provide a comprehensive 
characterization of the full pore size distribution. 

6. The pore size distribution is generally better represented 
by a lognormal model, although the Weibull distribution 
can also provide a good approximation. 
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