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Abstract In this paper, the topological properties of
air voids in asphalt mixture: air void content, average
void diameter, Euler number, genus, enclosed cavities,
percolation number, aspect ratio, circularity and
tortuosity were analysed using X-ray tomography
scans and related to the hydraulic conductivity of a
wide range of asphalt mixtures representative of those
commonly used in practice. Moreover, a model for the
hydraulic conductivity of asphalt mixture that is valid
for the whole range of air void content was proposed.
The model is based on statistical and physical
considerations that lead to a system of functional
equations. Finally, the model was related to experi-
mental and literature data. It was observed that the
range of asphalt mixtures studied hydraulic conduc-
tivity is related mostly to the air void content, while the
topological parameters (e.g. tortuosity or aspect ratio)
are not the primary factors affecting hydraulic con-
ductivity. For this reason, the hydraulic conductivity
of asphalt mixture commonly used in practice can be
predicted using a simple hyperbolic equation with
fixed, known, parameters.
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1 Introduction

Hydraulic conductivity of asphalt mixture has a sub-
stantial impact on the ability of roads to infiltrate the
surface water to the sublayers. Asphalt with high
permeability will reduce the surface runoff quantity
[1] and increase traffic security. However, an excess of
water retained in asphalt may result in pavement distress
through moisture damage, i.e. losing the bond between
aggregates and the binder [2]. Moisture damage is
associated with stripping, excessive permanent defor-
mation and cracking [3, 4]. Therefore, predicting the
hydraulic conductivity and understanding the factors
influencing it will help to establish a balance between
deterioration and drainage performance.

Hydraulic conductivity of saturated asphalt mixture
is defined as the rate of discharge flow of water
through the cross unit area under laminar flow
conditions [5]. Its value provides an indication of the
drainage capacity of asphalt mixture pavements. In
addition, hydraulic conductivity is considered to be
anisotropic; consequently, the hydraulic conductivity
in the vertical and horizontal directions usually
presents significative differences [6], although the
reason for this could be that the methods to measure
vertical and horizontal hydraulic conductivities differ.
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Besides, different authors have stated that hydraulic
conductivity increases with the air void content and
pore connectivity [7], while it is reduced with the
aspect ratio of air void and tortuosity [8]. The
relationship between all these topological parameters
and hydraulic conductivity is not clear yet.

On the other hand, previous studies have outlined
the influence of macropores on the hydraulic conduc-
tivity of soils. Representative examples are Katuwal
et al. [9, 10], who found that pore connectivity and
pore size distribution are vital for the flow of air and
water through soils. Luo et al. [11-13] found that
macroporosity (air void content) and number of
connected paths are the best predictors for the
hydraulic conductivity of soils. Moreover, Naveed
et al. [14] found a linear relationship between air
permeability and macroporosity of soils.

Today, there are different equations to predict the
hydraulic conductivity of asphalt mixture, such as: (1)
Kozeny—Carman equation [15], which does not apply
to asphalt mixtures with hydraulic conductivities less
than 1 x 107! cm/s [7]. (2) Exponential [16] power
[17] and hyperbolic [18] models, which are arbitrarily
selected and do not have a physical or fundamental
statistical basis. (3) Norambuena—Garcia model [19]
that was deduced from physical principles and is not
representative for mixtures with very low hydraulic
conductivities [16].

Moreover, Fig. 1 presents a review of the primary
experimental results [19-32] on the saturated hydrau-
lic conductivity of asphalt mixtures, measured using

Fig. 1 Hydraulic 1.0E+06
conductivity versus air void
content of the asphalt 1.0E+05 -

mixtures in the literature
[19-32]
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multiple tests and under different conditions. The
conclusion obtained from Fig. 1 is that the hydraulic
conductivity has a clear relationship with the air void
content, following a positive trend. On the other hand,
results present a high dispersion, possibly for the
variety of techniques used to measure hydraulic
conductivity and air void content.

The main objective of this research is to understand
the effect of air void topology on the hydraulic
conductivity of asphalt mixture. With this purpose,
permeability tests have been conducted on asphalt test
samples with a wide range of air void content, ranging
from 8.7 to 26%, built by changing aggregate grada-
tion and using different compaction levels. We have
aimed that these materials are representative of asphalt
mixture in practice. Furthermore, CT-scans have been
used to assess the structure of air voids, and their
topological properties have been related to the
hydraulic conductivity of asphalt mixture. Finally, a
Weibull model for hydraulic conductivity has been
proposed and used to explain the relationship between
hydraulic conductivity and air voids in commonly
used asphalt road materials.

2 Experimental method

2.1 Description of materials

Three sets of asphalt mixtures were produced; see
Table 1 for the aggregate gradation and binder content
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Table 1 Asphalt mixture composition
Target air void content sieve size (mm) Cumulative aggregate weight % passing

Set 1 and 2 Set 3

10% 13% 17% 21% 26% (17%) (17%)

Max size 14 mm Max size 28 mm

63 100 100 100 100 100 100 100
40 100 100 100 100 100 100 100
315 100 100 100 100 100 100 100
20 99 99 99 100 99 100 92
16 91 91 91 96 91 100 84
14 83 83 82 88 78 93 76
10 59 56 51 53 28 50 51
8 49 44 39 36 18 37 38
6.3 41 34 29 23 14 29 29
4 30 25 21 18 11 22 21
2.8 25 21 19 17 11 19 19
2 21 18 16 14 9 16 16
1 15 13 11 10 7 12 11
0.5 11 10 9 8 5 9
0.25 9 8 7 4 7
0.125 6 4 6
0.063 5 5 3 5
Binder content (%) 4.5 4.2 3.8 33 3.2 3.8 3.8

used in the mixtures. Asphalt mixture in the three sets
aimed to represent commonly used asphaltic materials
used for roads. First, ten slabs of 300 mm X
300 mm x 50 mm were made with 60/40 penetration
grade bitumen and limestone aggregates with 20 mm
maximum size. These materials were mixed at 160 °C,
and roller-compacted at 140 °C to the target air void
contents: 10, 13, 17, 21, and 26%. Second, a new set of
four asphalt slabs were built using the previous
aggregate gradation and bitumen content of asphalt
mixture with air void content 17%. These materials
were also roller compacted to the target air void
contents: 10, 13, 21 and 26%. Third, two new slabs
with target air void content 17% were designed with
maximum aggregate size 14 mm and 28 mm. Finally,
80 cores of 10 cm in diameter and 5 cm in height were
extracted from the 16 slabs, five cores per slab.

2.2 Density
Asphalt mixture density was determined according to

BS EN 12697, part 5 (2009) [33] by the mathematical
method (dry mass divided by the measured volume of

test samples). In addition, the bulk density of the test
specimens was determined according to BS EN 12697,
part 6 (2012) [34] by measuring the Bulk Density-
Sealed specimen (dry mass divided by the volume of test
specimens calculated as dry minus submerged mass).

2.3 Air void content (A,.)

The air void content of asphalt mixture was calculated
based on the maximum and bulk densities, as it is
shown in Eq. (1).

Pm — Po

Vin x 100% (1)

Pm

where V,, is the air void content in the mixture (%), p,
is the maximum density of the mixture (kg/m>) and p;,
is the bulk density of the test sample in (kg/m”).

2.4 Hydraulic conductivity measurements

The hydraulic conductivity test was done at room
temperature (20 °C), following the Florida Method

[35] that is a falling head method.
m;
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Figure 2 shows the apparatus and experimental setup
used to measure hydraulic conductivity of asphalt
concrete cores. First, the test samples were saturated
for 12 h by placing them under water. Then, the samples
side was tightly wrapped using a latex membrane
(10 cm). Finally, to confine the test samples and prevent
the breakage of the latex membrane, the cores were
confined in a hollow rubber cylinder and the gaps were
sealed using silicon. Then, the rubber cylinder was
placed in a hollow metal cylinder with a hole in the
bottom to allow water movement, as shown in Fig. 2.

Finally, a graduated acrylic tube was placed on top of
the rubber cylinder for measuring the time that 500 ml
of water needed to pass through the test samples.

The permeability coefficient (k) was calculated
based on Darcy’s law [36] as:

alL hl
k=—xIn[-— 2
A" (h2> @)
where a is the inner cross-sectional area of the
graduated tube (cm?), L is the test sample thickness
(cm), A is the test sample cross-sectional area (cmz), tis
the time elapsed between the initial head and the final

head (s), 211 is the initial head across the test specimen
(cm), h2 the is final head across the test specimen (cm).

2.5 X-ray computed tomography (CT scans)
Asphalt cores were scanned under dry condition using

a Phoenix vltomelxL scanner; the X-ray source was

Graduated Acrylic Tube

hl—/

500 ml

Rubber cylinder h2

Base metal cylinder

1

Plastic sink to collect passed water

Asphalt core

Fig. 2 Schematic representation of the hydraulic conductivity
test setup

PIEM

operated with an acceleration voltage of 290 kV and a
current of 1300 pA.

The X-ray microtomography scans were carried out
on the micro computed tomography Hounsfield facil-
ity at the University of Nottingham. The samples were
mounted on a rotational table at a distance of
906.84 mm from the X-ray source. The pixel size
obtained was of 96 um; the scans had an isotropic
resolution, meaning that the slice thickness was also
96 pm.

The images were originally 16-bit (.tiff format) and
the voxel value represented the X-ray attenuation. The
images were processed with the software tools Avizo
8.1 and ImagelJ, Version 1.49 [37], the images were
converted to 8-bit grayscale resolution and cropped to
a region of interest (ROI) of 6 cm x 6 cm X 4 cm.
3D Gaussian and Median filters (1 x 1 x 1 Kernel
size) were used to reduce the noise in the images.

Reconstructions of the microstructure were pre-
pared by segmenting the materials in the ROI, based
on grayscale thresholding. This allows separating
aggregates, bitumen and air voids. With this purpose
ImageJ was used.

The thresholded images of the air voids were
stacked in ImageJ. Therefore, it is possible to generate
surfaces that encase each group of neighboring pixels
belonging to a common void space. As it is known that
small isolated clusters of voids or grain voxels may
correspond to small isolated pores or to noise effects
[38], these were removed from the image prior further
analyses. All features less than 0.5 mm in diameter
were removed from the binary segmented data to
prevent being classified as pores.

2.6 Topology of air voids

The macropore characteristics that were quantified
based on CT Scans included macroporosity, average
void diameter, connectivity, and tortuosity. These
are commonly used properties to analyze the topol-
ogy or soils and porous media [10]. The macrop-
orosity was calculated as the volume of macropores
per unit of volume in the ROI. Note that from now
on, when we refer to air void content results will
have been obtained using the mathematical method
(dry mass divided by the measured volume of test
samples). Moreover, when we speak about macrop-
orosity we will refer to results obtained using CT
Scan images in the ROL
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The average void diameter was calculated using a
thickness algorithm within the Particle Analyser
plugin in ImageJ [26]. Furthermore, the average void
diameter, Avd (mm) was calculated as:

_ i diVi

er‘l:l Vi
where d; and V; are the diameter and volume of each
macropore within the ROL.

The connectivity of pore networks is commonly
expressed based on the Euler number (y). y is a
function of the number of isolated air voids (), the
number of redundant connections in the air paths, or
genus (C), and the number of completely enclosed
cavities (H) [39, 40]. When the Euler number is
negative, is an indication that the air voids are
percolated [29]. These parameters were determined
with the BoneJ particle analyser plugin (Version
1.3.11) in ImagelJ [41].

x=N-C+H (4)

Avd (3)

The macropores tortuosity was calculated as the
ratio of the total macropore length to the total shortest
distance between the ends of all macropores in the
ROI. Macropore length was obtained with the Skele-
tonize 2D/3D and Analyse Skeleton modules in
ImagelJ [41], with no pruning of the dead ends.

In addition, the percolation of air voids was defined
as the relationship between the volume of the biggest
air void (V},) and the total volume of air voids in the
ROIL. This parameter was called Percolation Number
(PN). When this value approaches 1, it means that all
the air voids are connected [42].

Also, the air void shape properties, i.e. circularity,
roundness and aspect ratio, were calculated using the
Analyze Particles plugin in Imagel, by activating the
shape descriptors. When the circularity, roundness,
and aspect ratio of air voids are close to 1, that
represents a circular air void shape, while if the aspect
ratio is higher than 1 and the value of circularity and
roundness are approaching to O, that indicates increas-
ingly elongated air void shapes.

2.7 Statistics

The correlation between the various parameters stud-
ied was analysed with linear regression and described
using Pearson’s correlation coefficients (7).

This correlation coefficient has been considered in
absolute value, with values between 0 and 1; O being
no correlation at all, and 1 a perfect correlation. As an
indication, it can be said that when the Pearson’s
correlation coefficient ranges from 0 to 0.4, there is a
little or very low correlation; from 0.4 to 0.7, there is a
moderate correlation and from 0.7 to 1 there is a high
or very high correlation [42].

3 Results and discussion

3.1 Relationship between topological properties
of air voids

The topological constants for all the test samples
analysed using X-ray computed tomography have
been represented in Table 2. In addition, Table 3
shows the Pearson’s correlation coefficient for all the
topological properties analysed. It can be seen that the
average void diameter is directly related to the volume
of the biggest air void in asphalt mixture (r = 0.90),
and that the Euler number has a very high correlation
to the number of air voids (r = 0.85) and percolation
number (r = 0.84). For that reason, the main topo-
logical properties studied will be the average void
diameter and Euler number. Furthermore, the average
void diameter and Euler number have a very high
correlation to the macroporosity, » = 0.91 and 0.69,
respectively. As an example, see Fig. 3a that shows
the relationship between the Euler number and
macroporosity (which is consistent with previous
research, see Ref. [42]), and Fig. 3b that relates the
average void diameter to the macroporosity.

Moreover, in Fig. 3a it can be observed that test
samples with air void content lower than 13.7% had
positive Euler number, i.e. air voids percolated in the
ROI when the air void content was above 13.7%. See
for example the difference in the air void size between
test samples #2 (Ayc, 10.6%) and #5 (A, 13.7%) in
Fig. 4. Furthermore, the average percolation number
increased from 65% to 93%, when the average air void
content went from 9.8 to 15.1% (see Table 2). Above
15.1% air void content, the percolation number
increased continuously, until it reached a value of
practically 100% at 23.8% air void content. This mean
that almost all the air voids are connected.

Besides, the average tortuosity of air voids was
approximately 1.21 for test samples with 26% air void
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Table 2 continued

Voids Hydraulic

Voids

Tortuosity Voids Voids

Percolation
number

Euler Volume
of the

Average
void

Macroporosity

(%)

Air

Sample

Air void

conductivity
(x 107° em/

s)

roundness

(%)

circularity

(%)

Aspect
ratio
(%)

perimeter

(%)

number

number  void

target and
max

biggest

diameter

(mm)

content

(%)

air void
(mm?)

aggregate
size

24,440
28,139
24,526

0.75

0.52

2.06

21.39

1.23
1.22
1.22

=757 32,683.2 0.98
0.

—499
—657

1.93
2.44
1.98

30 224 22

31

26%

99

37,252.2

23.6
22

23.8

0.99

33,101.5

229

32

Set 3

0.74 9688

0.54

2.04

16.95

1.23
1.24
1.23
1.23
1.23
1.24

0.99

30,583.5

—502
—494
—658
—452
—584
—445

1.89
1.65
1.95
2.07
1.86
1.68

17.9 18.3

33
34
35
36
37

17%,

5173
12,772
11,422

0.96
0.99
0.95
0.97
0.95

26,873.1

16.8

15.8

14 mm

33,182.2
27,830.6

19.7

18.3

0.74

0.54

2.04

17.7

17.5
18

17.7

17%,

6285

28,074.4

18.2

28 mm

3712

25,341.5

16.8

17.1

content and increased in asphalt mixture with lower air
void content, until it reached the average value of 1.24
in test samples with air void content 13.7%. Below this
air void content, the tortuosity increased suddenly to
1.29 in test samples with 10% air void content (see
Table 2). This is another indication of the percolation
threshold at 13.7% air void content.

3.2 Air void shape properties

The average values of the air void shape properties
(i.e. air void perimeter, aspect ratio, circularity and
roundness) are shown in Table 2. Moreover, Fig. 5
illustrates the relationship between air void perimeter
and air void content for the three sets of test samples
studied. The most significant feature is that the
average aspect ratio for test samples with air void
content above 10.6% was approximately 2.05 and
independent of the air void content, level of com-
paction, aggregate gradation, binder content and
maximum aggregate size. As a result, the air voids
were longer in the horizontal plane than in the vertical
one. This effect is similar to that reported in Ref. [43]
for asphalt mixture. On the other hand, the aspect ratio
averaged 1.89 for test samples with air void content
lower than 10.6% (see Table 2). Authors hypothesize
that this happened because the air in the pores was
subjected to confining pressure during compaction in
mixtures with non-connected air voids.

Furthermore, Fig. 5 shows the increase in the air
void perimeter with the air void content. It can be
observed that above 23.8% air void content, there is a
sudden increase in the air void perimeter. Further-
more, in Fig. 3a the Euler number of test samples
above 23.8% air void content does not seem to
increase, although more experiments are needed to
validate this result. This is an indication that above
23.8% air void content, the connectivity is not
improving anymore (see for example the percolation
number in Table 2 for mixtures with target air void
content 26%).

In addition, Table 2 shows that the air void
circularity decreases when the air void content
increases. Furthermore, it shows also that there is a
step reduction in the circularity when the air void
content is above 10.6%, as the circularity falls from
0.7 to 0.59.

Furthermore, the air void roundness increased
constantly with the air void content until it reached
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Table 3 Pearson’s correlation coefficients between all the parameters studied

Characteristics of air voids

Ae M Avd X C H N Ve PN T k
Air void content Aye 1
Macroporosity M 0.91 1
Average void diameter Avd 086 091 1
Euler number X 0.74 0.69 0.63 1
Genus C 030 0.18 038 0.08 1
Number of enclosed cavities H 024 027 015 0.03 056 1
Number of air voids N 033 068 077 085 043 0.13 1
Volume of the biggest air void Vo 091 097 090 082 015 020 0.79 1
Percolation number PN 068 0.60 063 084 060 005 085 0.76 1
Tortuosity 087 076 083 082 037 0.11 094 084 0.76 1
Hydraulic conductivity k 08 093 088 050 024 027 054 08 044 0.69 1
() 600 - (b) 35-
400 Eluer No. Set 1 5 g
Eluer No. Set 2 R2=0.8934
2007 # Euler No. Set 3 -
5 o . \(“ e ; ; ; .
-E 0 5 10 XIS 20 25 30 35 'E 2
i -200 # O %
2 400 = ¢ *Avd Set 1
$% . wep) #2 BAvd Set 2
-600 - R? = 0.6357 4 . Avd Set 3
0.5
-800 - —
Fully connected 0 . . . . . . .
1000 0 5 10 15 20 25 30 35
Macroporosity (%) Macroporosity (%)

Fig. 3 Relationship between macroporosity with a Euler number for all samples studied, b average void diameter

23.8%. At this point, the roundness and air voids
perimeter increased suddenly from approximately
0.75 to 0.9 and from 25 to 40 mm, respectively. This
sudden increase of air void perimeter and roundness
for test samples 18, 19 and 20 could happen because
asphalt mixture with 26% air void content had a much
higher connectivity than the rest, which is caused by
the lower amount of fine aggregates and bitumen (see
Table 1). In the future more tests will be needed to
validate this hypothesis.

3.3 Hydraulic conductivity of asphalt mixture

Figure 6 shows the hydraulic conductivity versus the
air void content of all the asphalt mixtures studied. It
can be seen that the hydraulic conductivity increased
with the air void content, ranging from
15.9 x 107> cm/s at 8.7% A,. to 0.51 cm/s at 26%
A, Furthermore, Fig. 7 shows that experimental
hydraulic conductivity data for test specimens with
air void contents ranging between 9—11, 14—16 and
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10 mm
#2
Ayve 10.6%
M 12.6%
Avd 1.14
k 235

#5
Ape 13.7%
M  13.5%
Avd 1.72
k 2061

Fig. 4 3D reconstruction of macropores from samples number # 2 and # 5
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5 Set 3
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Air void content (%)

Fig. 5 Relationship between 2D voids perimeter properties and
air void content for set 1, 2 and 3

19-21% can be successfully fitted to a Weibull
distribution function. This shows that differences in
hydraulic conductivity for asphalt with similar air
voids are based on statistical factors.

Moreover, in Table 3 it can be seen that the main
factors affecting hydraulic conductivity of asphalt
mixture are (1) the average void diameter, (2)
macroporosity (or air void content) and (3) volume
of the biggest air void, as the Pearson’s correlations
are 0.88, 0.93 and 0.85 respectively. A similar result
was obtained by Kumar et al. [44], although for soils,
who found that saturated hydraulic conductivity had
an excellent correlation with air void content. In a
previous section, it has been commented that the air
void content, diameter and volume of the biggest air
void have a high correlation (see Table 3). For this
reason, it can be concluded that hydraulic conductivity
depends mainly on the macroporosity or air void
content.

3.4 Effect of aggregate gradation and compaction
level on air voids topology and hydraulic
conductivity

Table 2 compares the average void diameter of asphalt
from set 2 (i.e. built using different compaction forces)
to the average void diameter from mixtures with the

=
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Fig. 7 Probability distribution plot of hydraulic conductivity in
three air void content intervals

most similar air void content in set 1 (i.e. with different
aggregate gradations). It can be seen that set 2 always
had lower average void diameter than set 2. The
conclusion is that increasing or decreasing the com-
paction force for any mixture does not produce higher
average void diameter than changing the gradation for
mixtures with the same air void content. Furthermore,
Table 2 shows that increasing or decreasing the level
of compaction did not affect the air void aspect ratio
for mixtures with similar air void content. Further-
more, Fig. 8 compares the hydraulic conductivities of
test samples of set 1 and set 2. It can be observed that
when the values are compared, they align and show
very similar values, which means that hydraulic

. 3
0 T T T T
0 10000 20000 30000 40000 50000
Hydraulic conductivity (x 10%) - Set 1

Fig. 8 Comparison of hydraulic conductivity between mix-
tures in set 1 and set 2

conductivity is not affected by the compaction mode
of the asphalt mixture.

Finally, as it can be observed in Table 2, the air
void content and diameter of the third set of test
samples (i.e. constant air void content and different
maximum size of aggregates) showed values inde-
pendent of the maximum aggregate size. That is an
indication that the maximum aggregate size had no
significant effect on the hydraulic conductivity of
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asphalt mixture, although more tests have still to be
conducted to confirm this point.

4 Statistical model of hydraulic conductivity
4.1 Dimensional analysis

The first step to develop a model for the hydraulic
conductivity of saturated asphalt mixture is to identify
the relevant variables involved. The vertical movement
of water through an asphalt mixture layer of certain
height will depend on (i) an arbitrarily chosen speed of
water through the mixture, ko, e.g. the maximum speed
possible, when the air void content is a maximum; (ii)
the speed at which water crosses the mixture, k; (iii)
the air void content of the asphalt mixture, A,.; (iv) an
arbitrary variable, A,.,, which could the maximum
possible air void content in the mixture (e.g. 100%)
and (v), the probability, p, of having a mixture with
certain hydraulic conductivity and air void content:

V= {khk()aAVCvAVCO’p} (5)

The dimensional matrix is represented in Table 4.
Although other variables could have been chosen, the
variables in Eq. (5) have been selected for their
convenience and easiness of work.

The well-known Buckingham II-Theorem allows
the representation of these variables in terms of a
reduced set of dimensionless variables [45]. In Table 4
it can be seen that the initial set of variables leads to a
matrix of dimensions, where L and T refer to the
fundamental magnitudes of length and time, respec-
tively. Thus, the initial set of five variables reduces to a
set of three dimensionless variables:

f(k’ A ,p) ~0 (6)

ka ’ AVC(]

In addition, we can define A,./A, as the dimen-
sionless air void content, AY_ . A}, cannot be negative
and its value will be between 0 and 1. A}_ will be 0
when asphalt mixture is impermeable and 1, when the

Table 4 Dimensional analysis of the initial set of variables
involved in the hydraulic conductivity problem

kt kmax Avc AVCO p
L 1 1 3 3 0
T 1 1 0 0 0

whole volume of asphalt mixture is occupied with air.
Moreover, the dimensionless hydraulic conductivity,
K, can be defined as k/k,. Finally, Eq. (6) can be
written as

p=f(K,A}) (7)

4.2 Statistical derivation of the model

First, let us imagine a very wide set of asphalt mixture
test samples, with various air void contents. The
mixtures are saturated and water is circulating through
the air voids. A} and K are two random variables that
depend on the distribution of air voids through the
mixture. In this set of asphalt mixtures, consider those
with the same air void content, a. The probability
distribution of K, gives the approximate percentage of
the mixtures with a similar composition. In addition,
their hydraulic conductivity will be K < k. Similarly,
if we select a series of asphalt mixtures with a fixed
k,A}. would also be arandom variable. In this case, the
air void content will be A}, < a. Thus, it is possible to
write that A}, k) = fla, K) = p. With this in mind, it
is feasible to affirm that f (AiC <a>3K= k) and
f(K<k3 A} =a).

If we build many test samples of mixtures with various
air void contents, under ideal fixed conditions, e.g. always
the same type of aggregates (set A), the relationship
K, A5, will look similar to the relationship in Fig. 6.
Now, let us assume that if we build a second set of
mixtures (set B), by changing the gradation curve or
the compaction method slightly, these mixtures will
generate a slightly different K, A} relationship. The
set A curve will not intersect with the curve generated
by the Set B of mixture but it will be very close to it. As
the K, A, relationships for set A and set B are not
intersecting, it is possible to affirm that

fAl.<a>K=k)=f(K<k3A] =a). (8)

Second, we permit that K and A} in Eq. (7) are
random variables if the other is kept fixed. This is the
same we have done in the previous paragraph. But
now, we let the curves intersect. For this we impose the
feasibility assumption:

f(Kl’A\icl) :f(Kz’Af/cz) =pon Aicl Z‘Aiq
if and only if, K; <K, 9)

PIEM
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If we define A as the set of mixtures for which
A}, < a, when K = k, and B is the set of mixtures for
which K < k, when A}, = a, Eq. (8) will be equiva-
lent to A = B. Now, if a € A then,

F(AieK) =pa and Ay, <a, K=k (10)

In addition, when
f(Af/caKa) = Pa,

Based on the feasibility assumption (9) and on the
Egs. (10) and (11), we can conclude that for a, K, < k
if A, = a. That is a € b. At the end, A = B, which
validates expression (8).

Third, imagine a hypothetical mixture with all the air
voids connected (e.g. mixtures with A, higher than 23%).
There will be a single water conduit in the mixture, which
connects both extremes of the material. The mixture is
composed of n interconnected parallel sections. The
hydraulic conductivity of the mixture, Y, will equal that of
the section with lowest K;, 1 < i < n. Moreover, if we let
the ith element be the one with lowest air void content, and
thus, K; = Y. Let A{_ be the value of the regressor

and A}, =a, (11)

variable which leads to a hydraulic conductivity Y, for
the ith element. Then, Af,cl = X, and

F(XAL) =f(K:Y). (12)

Since Y < K;for all i, from the assumption (9) it can
be inferred that X < A{_ forall i. Since X = A{_ then,
X = min (Af,ci).

Additionally, since X given Y and Y given X can be
expressed as the minimum of identically distributed
random variables, the extreme value theory can be
applied [46]. The Fisher-Tippett—-Gnedenko theorem
[47, 48] establishes that there are only three types of
extreme variable distributions (i) the Weibull, (ii) the
Gumbel and (iii) the Fréchet. From these distributions,
only the Weibull has a finite lower limit. This applies
to the hydraulic conductivity of asphalt mixture, which
is lower-bounded by the molecular diffusion of water
through the binder.

Finally, considering Eq. (12), it can be concluded
that

. RREC)
- €Xpy — [a(Avci)K + b(Avci)}

=1- exp{— [d(K)Aici + e(K)}f(K)}, (13)

PIEM

where a(A7_) and d(K) are the Weibull parameters of
scale, D(Aj.) and e(K) are parameters defining
threshold value of hydraulic conductivity and air void
content, respectively and c(Ay. ) and f(K) are Weibull
shape parameters of the cumulative distribution
function.

Equation (13) is a functional equation, in which the
unknowns are the six functions a(x), b(x), c(x), d(y),
e(y) and f(y). x representing Ay and y representing K.
Equation (13) can also be written as

[a(x)y + b(x)] = [d(y)x + e, (14)

This functional equation has three families of
solutions, already obtained by [46]:

f(xay) =1- exp [7E(Rx + S)Clog(aerb)}E, (15)
f(xy) =1—exp[-C(x—A)(y—B) + D",  (16)

fy) =1—exp|-Ex—A) =B (17)

where A, B, C, D, E, R, S, a and b are constants.

Any of the families (15), (16) and (17) could be
used to fit hydraulic conductivity versus air voids data
but the zero percentile curves of model (17) degen-
erate in the asymptotes. This implies that in model (17)
specimens with lowest hydraulic conductivity are not
affected by the air void content. For this reason, model
(17) will be discarded.

In models (15) and (17), the hydraulic conductivity
increases with the air void content. On the other hand,
model (15) has the shape parameter variable with
hydraulic conductivity, which as it can be seen in
Fig. 7a is not correct, because all the points seem to
align with a single model independently of the type of
mixture used. For this reason, we will select the model
(16) to fit hydraulic conductivity data.

Finally, forcing the percentile at some point and
rearranging the constants again, f(x, y) has the form

(18)

where A, B and C are constants, different than in (15),
(16) and (17).

Finally, the asymptotic value of the hyperbole when
the hydraulic conductivity has a vesry low value is

=A
Y +x—C

lim x = C, where B <0, because x > 0. (19)

y——00
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Fig. 9 Fitting of Eq. (18) to
the experimental data
represented in Fig. 6 and
literature data
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The asymptote of the hyperbole when the air void
content tends to a very high value is

lim y =A, where A > 0. (20)

X——00

Finally, the asymptote of the hyperbola when the
hydraulic conductivity tends to O is

limx=C-—

y—0

4.3 Validation of the model

B
2 where C <0. (21)

To validate the results, the data have been fitted to
Eq. (18) using the least square method. The parameters
obtained are A = 7.56, B = 0.86 and C = 0.056. Fig-
ure 9 shows the fitting of Eq. (18) to the experimental
data in Fig. 6. Moreover, the R square values are 0.99.
The high R square value for the experimental data
confirms that the Weibull-based statistical model is
appropriate to fit the experimental results. In addition, the
hydraulic conductivity of asphalt mixture in the config-
urations studied is simply related to the air void content,
and the topological properties of asphalt mixture, i.e. air
voids diameter, aspect ratio, tortuosity, Euler number,
etc. have a strong influence on the air void content but not
on the hydraulic conductivity of asphalt mixture.
Besides, Fig. 9 shows that the model proposed has a
good fitting with the literature data, R squared 0.84,

10 15 20 25 30 35
Air Void content (%)

although the dispersion is higher. The reason for this is
that the hydraulic conductivity and air void content of
each dataset were measured with a range of different
techniques. To have an idea of the differences between
various measuring methods the authors simply suggest
to see the air void content measured with the foil
method in Table 2 and observe the differences with
the macroporosity, obtained using CT-Scans.

Finally, based on all the information presented in
this paper, the authors have concluded that (1)
hydraulic conductivity of asphalt mixture is mainly
related to the air void content and (2) there is a
universal relationship between the air void content and
hydraulic conductivity given by Eq. (18) and the
parameters at the beginning of this section. For this
reason, the authors suggest that future studies on the
hydraulic conductivity of asphalt mixture should be
focused on quantifying the differences between
different testing methods and uniformizing them, to
be able to predict hydraulic conductivity accurately
based only on the air void content.

5 Conclusions

From the results, the following conclusions have been
obtained:

PIEM
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e Air void content has been calculated using the foil
method and X-ray tomography scans. Both meth-
ods produce approximately the same results, with
an error of approximately 1.3%.

e Topological parameters of air voids such as the
average void diameter, Euler number, enclosed
cavities, percolation number, and tortuosity are
all related among them and to the air void
content.

e When the air void content increases, (1) the
average void diameter increases; (2) Euler num-
ber decreases; (3) enclosed cavities decrease, and
(4) tortuosity decreases. Furthermore, it has been
found that the air voids percolate when their
content is between 10 and 15.1% and that the
Euler number is a good indication of the
percolation threshold when it goes from positive
to negative.

e Air voids perimeter, aspect ratio, circularity and
roundness are all affected by the air void content,
aggregate gradation and compaction mode. For
example, compacting the aggregates using higher
force reduces the air void content, increases the
aspect ratio of the air voids and reduces their
circularity. In addition, reducing the air void
content below the percolation threshold reduces
the aspect ratio and increases the circularity of air
voids. Finally, when the air void content is above
23.8%, the perimeter of air voids seems to increase
substantially, which is an indication that all the air
voids are connected.

e Hydraulic conductivity of asphalt mixture seems
to be mostly related just to the air void content, and
not to the average void diameter, Euler number,
enclosed cavities, percolation number, tortuosity,
air voids perimeter, aspect ratio, circularity or
roundness.

e Hydraulic conductivity can be fitted versus the air
void content using a Weibull regression model
based on statistical and physical considerations
that lead to a system of functional equations. This
model is able to fit hydraulic conductivity of every
asphalt mixture for every air voids ranges
considered.

e Future research on the hydraulic conductivity of
asphalt mixture should focus on the differences
between different measuring methods, in order to
be able to correct differences with the Weibull
regression equation.
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