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Abstract

The measurement of the in situ hydraulic conductivity of porous asphalt pavements,
K, is a matter of practical interest; however, there are cases where current techniques
are difficult to use. Several methods are documented in literature, mainly based on
permeameters with water as fluid. Using water has its advantages, as it is straightfor-
wardly related to the drainage problem during rain storms, but it also involves some
major issues, especially on field studies. For instance, the time necessary to reach the
steady state is too long and the necessary amount of water could not be available. In
addition, non-repeatability and hysteresis phenomena can occur, also due to air bubbles
confined in the porous matrix. In the present paper, we describe a novel test method
for measuring K using air at low pressure as fluid. The proposed permameter was first
tested in the laboratory, in order to (i) validate the theoretical relationships between
Ky,0 and Ky, and (ii) define a model to evaluate an equivalent length scale for asphalt
pavements, L4, as a function of the thickness of the porous layer (this is useful when
one-dimensional formulations are adopted in the case of three-dimensional plates or in-
situ measurements). Finally, the protocol and methodology were validated on two sites
in Italy (Monza, Milan, and Poviglio, Reggio Emilia) where K,;, was measured by the
air field permeameter, and compared with K,0, measured by a standard falling head
permeameter. The technique allows the determination of the hydraulic conductivity on
the basis of the ratio between pressure difference and flow rate, and of L.,.

Keywords: Porous asphalt pavements, pollution management, hydraulic conductivity,
permeameters

1. Introduction

Road safety during rainfall events is a major concern and has pushed the development
of porous pavements able to drain most of the water and guarantee an adequate wet
grip. The pervious materials, not only allow storm water to infiltrate and flow over an
impervious surface beneath, but also filter pollutants. In urban areas, these materials
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help managing run-off, reducing the peak discharge in the surface water bodies, as well as
reducing noise [I} 2, [3, [4]. On the downside, clogging effects happen: sediments and tyre
rubber particles transported by runoff tend to deposit and block the interconnected pores,
reducing the hydraulic conductivity [5, 6 [7]. In addition, the sound absorption by the
pavement may be reduced up to a factor of 25% [§]. A second relevant disadvantage is the
formation of ice on motorways and roads in cold regions. To prevent this, salts or various
organic compounds, which lower the freezing point of water, are spread, despite the non
ecological consequences to the natural environment [9, [T0,[TT],12]. To limit environmental
pollution, fluids with programmed rheological behaviour, able to penetrate into the pores
of draining road surfaces, can be used to reduce the hydraulic conductivity (and therefore
the dispersion) of brines and/or organic mixtures used for anti-icing and de-icing.

Since the hydraulic conductivity is a fundamental parameter for a proper functioning
of porous asphalt pavements, and tends to be altered by the aforementioned phenomena,
its value must be checked during construction and maintenance. An accurate and low
cost procedure for measuring the hydraulic conductivity is then required, with a simple
and reliable use for in situ measurements.

Several methods have been proposed in literature to evaluate the hydraulic conduc-
tivity of asphalt concrete and pavements, but only a few of them aim at measuring the
hydraulic conductivity in situ. Water is the most frequently adopted fluid, because it
is straightforwardly related to the drainage problem on roads and highways during rain
storms.

Some standardised water permeameters are listed below.

The European Standard EN 12697-40:2005(E) [I3] describes a method to determine
the in situ relative hydraulic conductivity of porous pavements by means of a water
permeameter. The methodology is low cost, easy to use and it ensures the repeatability
of the measurements.

Other two largely used devices are the National Center for Asphalt Technology
(NCAT) falling head permeameter and the constant head permeameters based on the
American Society for Testing and Materials (ASTM) C1701/C1701M [14] and ASTM
C1781/C1781M [15] methods. Even if both methods can effectively be used with all
pavement types, the hydraulic conductivity values measured with the NCAT method
can be 1 — 9 times higher than those measured with the ASTM method [I6] [17].

A low cost falling head permeameter, the Laboratorio Caminos Santander (LCS)
device, was also built by [6] according to the Spanish standard NLT 327/00 [I8]. They
modelled the hydraulic conductivity of their specimens with the Horton equations, with
a satisfactory comparison with the in situ measurements.

Nevertheless, water is not the most convenient fluid to use when we are interested
in measuring the hydraulic conductivity of porous asphalt pavements. The main reason
is that the porous media of interest are generally not fully saturated and the analysis
of the data requires a mathematical formulation with further complexities [see, e.g. [19].
In addition, the porous media should be saturated at the bottom, and tests should be
performed in steady state conditions. This is not easily achievable in situ.

A more convenient way to evaluate the hydraulic conductivity is to use air as fluid
instead of water. The main advantages are that (i) a little time is necessary to establish
pressure flow equilibrium; (ii) tests can be repeated without the influence of residual
water in the porous medium and without the disturbances due to air trapped in the
meati; (iil) the nature of the test is non destructive, as the crack sizes are not affected by
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gas flows, if applied for short period and with a low average pressure, [20]. As a matter
of fact, some physical phenomena induced by water may alter the hydraulic conductivity
of pavements (e.g., the crack propagation and the effect of surface tension in unsaturated
media). It is difficult to reproduce such effects at a laboratory scale or during field studies
using water as a fluid, so air guarantee more reliable values of the conductivity of the
undisturbed medium [21], 22].

A long list of experiments on conductivity measurements with the use of air is avail-
able for a wide variety of porous media [23] 24] 25| 26], [27], 28 [22], [29]. Further details can
be found in Varganega (2012) [30], where an extensive literature review on the conduc-
tivity of asphalt concrete is presented. The author pointed out that field conductivity
measurements do not match well with laboratory measurements, although there is some
correlation. He took into consideration and described all the possible influencing fac-
tors, as the air voids, the air voids connectivity, the mix gradation, the mixture binder
content, the nominal maximum aggregate size and the lift thickness. Another possible
explanation of the discrepancies is the possible anisotropy of the porous structure in as-
phalt concrete. Both laboratory experiments [31] and computational simulations [32, [33]
show that the conductivity in the horizontal direction is greater than the vertical.

Most of the literature methods are based on an integral approach and they do not
go into diriment fluid mechanics details. For instance, we remind the readers that Darcy
law is strictly valid in laminar regime, for Reynolds number Re < 10, and that it is
replaced by other approximations for larger values of Re. In addition, non linear relation
between gradient pressure and flow rate is often attributed to turbulence. As a matter
of fact, turbulence is not triggered at the microscale of the voids of a porous medium.
It is the sequence of contractions and expansions encountered by the fluid advancing in
the porous matrix, or in the fissured medium, which induces Borda-Carnot losses.

A more detailed analysis is impeded by the evidence that many of the variables and
parameters, such as path length and tortuosity, are known with limited accuracy. A rel-
evant issue is the rheology of the fluid, which is Newtonian in most cases, but shows non-
Newtonian behavior in some special cases. The slurry flowing on the asphalt pavement
and infiltrating in the initial phase of heavy rainstorms after a long period of drought,
with suspended particles and high concentration of pollutants, is prone to behave like an
Ostwald-deWaele or Herschel-Bulkley fluid. This adds up further complexities, although
several theoretical models of non-Newtonian fluids flowing in porous media [34] [35] and
in fractures and fissures [36, [37] have been experimental validated. These aspects are
left for future analysis with a perspective of improving the interpretation of hydraulic
conductivity data for a better road and highway maintenance plan.

The main objective of this paper is to describe a very easy and immediate way to
measure the in situ permeability of porous asphalt pavements, using air as fluid. We
derive a very simple theoretical model based on the physics of the drainage process, to
calculate an equivalent conductivity length scale, L4, as a function of the only thickness
of the porous asphalt layer. In situ, the only measurement of the ratio between pressure
and inflow rate is required to evaluate the air conductivity of the asphalt pavements,
together with the estimate of L.,. Then, the water conductivity can be estimated on the
basis of dimensional analysis.

First of all, to reach this goal, some cylindrical specimens made of glass beads were
tested as a benchmark. The experimental value of the air conductivity, K., was com-
pared with the water conductivity, Ku,o0, also obtained by empirical formulas found in

3



literature. So, the conductivity ratio between the two fluids was found. In a second step,
the air conductivity was measured both on asphalt plates and on cylindrical samples.
Results were used to derive an equivalent length scale, L.q, as a function of the thick-
ness of the asphalt plate h. Finally, a series of field tests were conducted to compare
the in situ air conductivity of a porous asphalt pavement with the water conductivity
measured by a falling head permeameter. The experimental values of the ratio between
conductivity to water and to air were also compared to the theoretical values predicted
by dimensional analysis.

The paper is structured as follows. The theoretical approach to the problem is dis-
cussed in terms of dimensional analysis in §[2| The experimental setup and protocol are
presented in § [3] while the results of laboratory tests and field cases are detailed in §
The conclusions are given in § [0}

2. Hints from dimensional analysis

Dimensional analysis can be used for a conceptual schematic of the fluid filtration
processes in porous media and fractures and to retrieve similarity laws, see e.g. [38] [39]
for details on the principles and applications. Filtration depends on geometrical variables
related to the characteristics of the porous medium, like the diameter of the meati, D,
the characteristic length path, L, and the porosity, n, and on the physical parameters of
the fluid like the density, p, the dynamic viscosity p, and the velocity, u. Other physical
quantities which influence the filtration processes are the acceleration due to gravity, g,
and the total head, H, better considered as head variation AH. In the presence of gas,
also a slip between the gas molecules and solid walls occur, the so called Klinkenberg
effect [40], with an increase of conductivity depending on the mean free path of molecules,
lm. In the most general case, we can describe the filtration process as a function of these
variables and parameters:

f(AH,L,p,g,D,u,p,n,ly) =0, (1)

where n is already dimensionless. The rank of the dimensional matrix in a system of class
M, L,T is three, hence relying on Buckingham’s theorem we can express the process as
a function of five dimensionless groups plus the porosity. Selecting a basis, e.g. D, p, g,
a set of independent variables in a system of class M, L, T, the function of the possible
dimensionless groups is

/ m
——n.— | =0 2
f(.D’.D’g.D7 ,U/7’D) ’ ()

where u?/gD = Fr is the Froude number, pDu/y = Re is the Reynolds number,
lm/D = Ku is the Knudsen number. Experimental evidences indicate that a more
suitable dimensionless group is the energy dissipation rate, J = —AH/L, obtained as a
combination of AH/D and L/D, and that L/D is not relevant if it is very large, in the
limit L/D — oco. Therefore, by expressing the J governed variable as a function of the
governing variables, we can write:

J = f(Fr,Re,n,Kn). (3)
4



The Knudsen number for a gas can be computed adopting the expression of the mean
free path of molecules as a function of the temperature 6, of pressure p, of the diameter
of the pores and of the Boltzmann’s constant x = 1.38 - 10723 JK !

k0
" Ay W
hence L . 0
Kn = 5= DD (5)
Klinkenberg suggested that the gas intrinsic permeability varies as
k=ke(14+8cKn), (6)

where koo is the asymptotic intrinsic permeability for p — oo (or very large D) and c¢ is
an experimental coefficient slightly less than unity. A more common expression for the
intrinsic permeability for gases is

k:koo<1+;>, (7)

where
KO

is the Klinkenberg slip coefficient. In brief, increasing pressure/diameter reduces the
Knudsen number and the intrinsic permeability. It is noteworthy that Klinkenberg effect
is relevant only for low permeability media [41] found that the ratio between permeability
to argon and to water is of O(10) for clay rich rocks|, with typical values b = 10% —10° Pa
for kK = 1072 — 10718 m? [42], and is irrelevant for porous asphalt pavements with
D = O(1073 m) even at an average ambient pressure, with Kn — 0. As a general
consideration, we add that the formulation of Klinkenberg effect in terms of variation of
the intrinsic permeability (a geometric property) is odd: the effect of the slip is on the
flow, and should be better described in terms of variation of the conductivity.
On the basis of experimental evidence, eq. is rearranged as:

vJD  ®(n)

= 9
pu? Re ’ ©)
where ®(n) is a function that depends on n. If we isolate u, we get:
= LLD{] = KJ. (10)
®(n) p ’

where K represents the conductivity. Equation is the classical Darcy equation, valid
for small Re and also valid for gases if Kn — 0.



The similarity condition requires the equality of Re and Fr and n in the two similar
processes, SO we can write:

TATIA 1

ror2

TpTu _1 (11)
T

r, = 1.

where r; is the scale ratio for the quantity i, and \ is the length scale. We are interested
in measuring the conductivity of a porous medium to air instead of water, for the case
A = 1. The scale ratios r, and r, are known parameters, so we can compute:

2

TJ = TU.?
12)
r (
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Tp

The ratio r,/r, represents the scale ratio for the kinematic viscosity r,, so r,/r, =
VH,0/Vair & 1071, Hence,

J;
% ~ 1072 — Ju,0 ~ 1072
alr
(13)
U
% ~ 1071 — upyo &~ 10~ Lugy,.
alr
If the length path is the same, since we are dealing with the same porous medium
with the same geometry, we can also write

2 TH20

Apair ~ 10 Apair. (14)
Yair

Apm,o = 107
This means that at fixed Re and fixed Fr, the water pressure difference must be ten
times greater than the air, and the water velocity is ten times lower than air. Also
Qmu,0 ~ 0.10 Qair, since the cross-section area depends on A = 1.
Finally, if we evaluate the scale ratio for the conductivity, using eq.(|10)), we obtain

Kmn,0
Tk =

=10 — KH20 ~ 10 K. (15)

air

3. Experimental set-up

The laboratory tests were carried out in the Laboratory of Hydraulics of the University
of Parma, the field tests were performed in Monza (Milan, Italy) and Poviglio (Reggio
Emilia, Ttaly). Three different permeameters were adopted, briefly described in the
following.



Figure 1: Experimental setup: the field permeameter.

3.1. Air field permeameter

Our experimental device is similar to the field permeameter used by [43], with a pipe
of Polymethylmethacrilate (PMMA) with internal diameter Dj,; = 100 mm. The lower
end of the pipe is joined to a square plastic plate (polyvinyl chloride, PVC) 40 x 40 cm?
and 2 cm thick, which must be placed on the asphalt plate, while the other end is
connected to the air supply line. A neoprene sheet is placed between the PVC and
the asphalt plates, and also vacuum grease is applied on the seal surfaces to avoid air
leakage. The pipe is long enough to allow the air jet exiting from a 8 mm tube to expand
and the flow to reach homogeneity before infiltrating in the porous medium. A circular
crown-shaped iron weight guarantees uniform and reproducible force on the square plate
in contact with the porous asphalt plate. The air flow rate is controlled by a motorized
needle valve, and is measured by a thermal mass flow meter (Kurz model 502-6A), with a
range 0 —1.00 1s~! and with an accuracy of 2% FS. The differential pressure is measured
through a capacitive differential manometer (Ashcroft XLDP), with an accuracy of 0.5%
FS in a range 0 — 65.0 Pa. Before each test, the differential manometer was calibrated
with a calibrator Druck 601-F. The active port of the manometer is connected to the
PVC plate with several radial pipes, in order to average the pressure fluctuations, the
other port is connected to the atmospheric ambient. An electric valve also allows the
periodic connection of the active port to the atmospheric pressure, in order to correct
any bias. The experimental apparatus is shown in figure

The instruments and the valves are controlled through a DAQ system with a data
rate of 20 Hz. All the tests are executed by progressively opening the needle valve and
acquiring the differential pressure and the air flow rate, and then progressively closing
the valve, up to the closure. This cycle is repeated twice.
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Figure 2: Pressure-discharge measurements for the 30 mm thick plate. a) Results for measurements
with the permeameter centered in three different points shown in the inset; b) pressure-discharge mea-
surements for the same experiment in a), in the limit Q < 0.20-1073 m3s~!. Empty and filled symbols
refer to the increasing and decreasing flow branch, respectively. Only one point in two hundreds is shown
for clarity, with error bars equal to the instrumental accuracy.

Figure shows the first cycle of increasing-decreasing air flow rate for the same
plate (thickness h = 30 mm) in three of the nine measurement points. Notice that it is
possible to center the permeameter in any position of the sample (ensuring a minimum
distance from the boundary), in order to estimate a possible non homogeneous behavior
of the asphalt plate. The selected measurement points are marked in figure by dif-
ferent symbols and they are set 10 cm apart from one another, in both directions. The
measurement data show no hysteresis, with overlap of the branches of increasing and
decreasing air flow rate, and with a modest difference amongst the three sets of measure-
ments. The relationship flow rate—differential pressure is non-linear, as a consequence
of the Reynolds number which progressively increases beyond the limit of Darcy flow
regime. However, for Q < 0.20 - 1072 m?®s™! a linear trend is observed, as shown in
figure 2b, with a relationship:

—Ap = aQ, (16)

where a is the slope of the interpolating straight line.
The Darcy law can be written as:

_u QL'Yair
K== T (17)

where the velocity u is the ratio between the flow rate, Q and the cross-section area A,
the average energy gradient, J = —AH/L, is the change in the head AH, over the length
path, L. If the fluid is air, one can write AH = Ap/7air, with vair equal to 12.02 Nm~3.
Using eq., eq. becomes:

L’Yair

Aa
8

K =

. (18)



Figure 3: Experimental setup: 1-D permeameter.

3.2. 1-D air laboratory permeameter

In addition to the permeameter described in §[3.1] the permeameter shown in figure
has been constructed in order to estimate the one-dimensional (1-D) conductivity of the
asphalt sample.

The 1-D permeameter consists of a rigid pipe with diameter equal to 75 mm or
100 mm (two versions with different diameter, D were realized). The lower end of the
pipe is designed to laterally confine a cylindrical sample extracted from the asphalt plates,
and the sealing between the sample and the inner surface of the pipe is secured by the
application of vacuum grease. The other end of the pipe is connected to the air supply
circuit. The experimental procedure and all the instruments are the same as described
for the field permeameter in §3.1] with the only difference that the active port of the
manometer is directly connected to the pipe by means of four radial intakes located in a
section a few centimetres above the sample.

3.3. Water falling head permeameter

A third permeameter was used to measure the hydraulic conductivity in situ. The
falling head permeameter used for this purpose is shown in figure [} This permeameter



Figure 4: Falling head permeameter.

has a diameter of 14 cm and a total height of 35 cm. The hydraulic conductivity can be

computed as
Ah Iy
Ko = g In (z) (19)

where A is the cross-section area of the standpipe, h is the thickness of the asphalt plate,
A’ is the sample cross-section, here equal to A’ = A, and At is the recorded time interval
for the water column to flow though the sample, from the initial level I; = 0.30 m to the
final level I = 0.05 m.

4. Materials and methods

4.1. Glass beads specimens

Some specimens with different mixtures of glass beads with diameter d = 1,2,3 mm
were tested with the 1-D permeameter with air, for an estimate of the scale factor rx =
Ku,0/Kaiy- We prepared (i) homogeneous specimens, using uniformly sized beads; (ii)
stratified specimens, with three homogeneous horizontal layers of beads with increasing
diameter from top to bottom (1 — 2 — 3 mm) and vice-versa (3 — 2 — 1 mm); (iii)
heterogeneous mixtures by randomly mixing the beads of 1,2,3 mm, or 2,3 mm, or
1,3 mm. All the specimens have a diameter of 90 mm and height of 60 mm. The
porosity of approximately n ~ 37% and the void ratio e = n/(1 — n) ~ 60% were
measured as described by [44]. The specimens were placed inside a special holder with
a grid at the base that could hold the beads and support the weight of the specimen,
without interfering with the air flow. An O-ring seal was inserted between the holder
and the inner radius of the permeameter in order to prevent any air leakage.

A limited number of specimens (tests 3—4—5—9—10 of table[l)) were also tested with
a standard 1-D permeameter (Matest S245-01) with water. This device is commonly used
to determine the permeability of granular, gravel and sand soils. The specimen is formed
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Figure 5: Aggregate grading curve of the porous asphalt square plates.

in an acrylic permeability cell, and water is passed through it from a constant level tank.
The permeability cell has pressure points at different levels which are connected to the
manometer tubes fixed on a stand with graduated scale.

4.2. Porous asphalt square plates and cylindrical samples

In order to reproduce common draining asphalt plates, we built porous asphalt square
plates, 50 x 50 cm?, with variable thickness, with a discontinuous aggregate grading
curve, a polymer modified asphalt content of 4.2% by weight of aggregate, and a void
ratio of 17%. The aggregate grading curve is shown in figure 5| The polymer modified
asphalt was produced by ENI Company and has the following characteristics: PMA
50/70-93.5, penetration at 25°C = 5.5 mm according to UNI EN 1426:2015 (included
into “Specifications for paving grade bitumens” EN 12591:2009). The binder performance
grade is PG 82-22 according to AASHTO M-320 Edition 2017. The glass fiber content
is 0.3% by weight of the aggregate.

The density of the samples was approximately 2000 kg m~3. The samples were pre-
pared by (i) heating up the mixture in a furnace at 180°C for 6-8 hours; (ii) spreading
the mixture in a metallic framework; (iii) pressing it with a mechanical press which sim-
ulates the action of road rollers and homogenizes the thickness of the plate; (iv) further
compacting the mixture with a mechanical arm handling a cylindrical sector that repro-
duces the field compaction, as shown in figure [Bh. The thickness of the plates were set at
h = 30,45,65,70 and 105 mm. As in real road pavements, where an impervious interface,
made of a hot bituminous emulsion, is usually present beneath the porous near surface
layers, we positioned the asphalt plates on an impervious surface, but made of wood. A
typical example of asphalt plate is shown in figure [6f.

After the square plates were tested with the field permeameter, they were cored
for measuring the vertical 1-D conductivity by means of a core drill, as illustrated in
figure [Bp.

In order to guarantee a sufficient lateral confinement, we decided to extract cylin-
drical samples with a diameter of 75 mm vertically from the central area of each plate.
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Figure 6: Preparation of the plates and samples. a) Laboratory machine used to create asphalt plates
with variable thickness and 50 x 50 cm?; b) driller coring the asphalt plates; c) asphalt plate ready to
be tested with nine markers for the K,;; measurements and an arrow indicating the top surface of the
plate; d) sample cored from the plate, to be tested with 1-D permeameter.

Unfortunately, all the samples cored from the 30 mm thick plate crumbled, while only
one sample from the 45 mm thick plate survived. From the 65 mm thick plate we cored
three samples with a diameter of 75 mm and five samples with a diameter of 100 mm
in order to compare different geometries. From the 105 mm thick plate we extracted
two cores, with height of 65 mm. A typical example of cylindrical sample is shown in
figure [Bl. We also attempted to core samples in the horizontal direction in order to
study possible anisotropy effects, but due to the limited thickness of the plates it was
not possible to guarantee the necessary lateral confinement.

4.8. Experimental plan

Table [1] lists all the experiments in the laboratory.

Two further series of field tests were run in two available field sites. For some of
the field tests, the results for the air conductivity, K,;., were compared with the water
conductivity, Kp,0 measured by the falling head permeameter. The data collected on a
service road inside the Monza (Milan, Italy) racetrack are listed in table [2) where Aty
Aty, Atz are three measurements with the falling head permeameter and At is the mean
value. The data collected on a urban road under construction in Poviglio (Reggio Emilia,
Italy) are listed in table
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st Permeameter Medium d h D a Kair Ku,o
(mm) (mm) (mm) (Pam™3s) (ms7!) (ms™!)
(x109) (x1073)  (x1073)

1 1D GBh 0.5 60 90 3.422 0.40
2 1D GBh 0.75 60 90 3.074 0.44
3 1D GBh 1 60 90 1.805 0.64 10.59
4 1D GBh 2 60 90 0.599 1.85 30.68
5 1D GBh 3 60 90 0.316 3.87 56.3
6 1D GBs 1-2-3 60 90 0.929 1.22
7 1D GBs 3-2-1 60 90 0.974 1.16
8 1D GBm 1,23 60 90 1.123 1.01
9 1D GBm 1,3 60 90 1.584 0.72 11.24
10 1D GBm 2,3 60 90 0.439 2.58 31.91
11 1D A - 45 75 0.151 8.11
12 1D A - 65 75 0.282 6.27
13 1D A - 65 100 0.130 7.68
14 1D A - 65 75 0.301 5.88
15 F A - 30 100 0.064 6.79
16 F A - 45 100 0.044 7.56
17 F A - 65 100 0.048 5.69
18 F A - 70 100 0.038 6.92
19 F A - 105 100 0.030 7.44

Table 1: List and parameters of the laboratory experiments. “F” stands for field permeameter (used in
the laboratory with square asphalt plates) and “1D” for the 1-D permeameter. The medium is indicated
by the following abbreviations: “A” stands for asphalt plate and “GB” for glass beads. In the case of
experiments performed with glass beads of different size, GBh stands for homogeneous specimens, GBs
for stratified specimens while GBm for an heterogeneous mixtures. d is the diameter of the glass beads,
h is the thickness of the plate, D is the internal diameter of the permeameter, a is the inclination of the
straight line fitting the (—Ap, Q) data, K,;, is the air conductivity and Ku,0 is the water conductivity.
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test a Ko Aty Aty Aty At Ku,o
# (Pam?®s) (ms™') () () (s) (s) (ms7})

(x10°) (x1073) (x1073)
M1 0.909 0.28 41 471 - 4 2.9
M2 0.735 0.35 - - - - -
M3 0.881 0.29 - - - - -
M4 0.686 0.38 34 38 - 36 3.5
M5 0.647 0.40 - - - - -
M6 0.599 0.43 - - - - -
M7 0.589 0.44 - - - - -
M8 0.545 0.47 28 31 33 31 4.1
M9 0.476 0.54 - - - - -
M10 0.444 0.58 - - - - -
M11 0.449 0.57 - - - - -
M12 0.570 0.45 22 23 - 23 5.6
M13 0.617 0.42 - - - - -
M14 0.621 0.41 - - - - -
M15 0.633 0.41 27 28 29 28 4.5
M16 0.605 0.43 - - - - -
M17 0.566 0.46 - - - - -

Table 2: List of the field tests performed in Monza on a porous asphalt pavement with thickness h =
70 mm. K,;, was estimated with the field permeameter, Ky,o with the falling head permeameter.

test a Koy At Ku,0
#  (Pam~®s) (ms ) (s) (ms))
(x10%)  (x1073) (x1073)
P1 0.350 1.01 - -
P2 0.247 143  16.65 4.3
P3 0.307 1.15 - -
P4 0.446 0.79 - -
P5 0.301 .17 1215 5.9
P6 0.524 0.67 - -
P7 0.448 0.79 - -
P8 0.404 0.88  14.25 5.0
P9 0.441 0.80 - -
P10 0.283 1.25 - -

Table 3: List of the field tests performed in Poviglio on a porous asphalt pavement with thickness
h =40 mm. K,; was estimated with the field permeameter, Ky,0 with the falling head permeameter.
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5. Results

5.1. Validation of the theoretical model

To prove that the conductivity scale ratio rx = O (10), as predicted by dimensional
analysis in §2 we performed tests 1—7 listed in table[d The experimental values of the air
conductivity, K,;;, were computed according to eq.7 considering a length path equal
to the height of the sample, h = 65 mm, the cross-section area A of the permeameter,
and the parameter a.

On the other side, the value of the hydraulic conductivity for water, Ku,o0, was
calculated following different approaches [45].

Terzaghi (1925) [46] proposed that the hydraulic conductivity should be computed as

Khﬂy:gC%<n_4kB>2d%, (20)
v J1—n
where O = 10.7 - 1073 for smooth grains, while according to [47]:
9 n 2
Ku,0 = ;CZ (1 — n> dz, (21)

where Cz = 2.4 - 1073 for uniform sand with smooth and rounded grains. Sauerbrey
(1932) [48] proposed that:

3
g n 2
Kio=20s—" 22
H,0 I/CS (1 TL)2 d17 ( )

for soils with an effective diameter up to 5 mm, with Cg = 3.75 - 1073, The equation
derived by Kozeny-Carman [49] can be used for silts, gravel and gravel sands:

g 1 i n?
uCKch(l—n)Q’

Ku,0 = (23)

where Sy is the specific surface of particles, equal to Sy = 6/d for uniform spheres and
Ckc = 4.8. Moreover, the approach by [50] suggests that:

D?2e?
(I+e)

Ku,o0 = 5.39 - 10* (24)
where D is the diameter of the particles, e is the void ratio. Equation refers to
porous media consisting of homogeneous spheres with a single diameter D. The values
of Kmu,o for the stratified specimens can be calculated as the harmonic mean of the
water permeabilities of the three homogeneous layers of equal thickness h; = 2 cm, for
1=1,2,3:

Z?:l hi

1y
3 i
21 K#,0,i

All the empirical relationships return the hydraulic conductivity of a porous medium

as a function of the porosity and of the viscosity of the fluid. We bare in mind that each
15

Ku,0 = =1.25-10"3ms™ . (25)




Figure 7: Experiments 1-7 with glass beads, 1-D permeameter. a) Measured air conductivity, Kair,
plotted versus the hydraulic conductivity, Ky,0, calculated through literature models for different kind
of porous media; b) experimental air conductivity versus experimental water conductivity for specimens
3,4,5,9, 10.

test d Kair (><10’3) KHZO (><1073)
4 (mm)  (msY) (ms~1)
Terzaghi Sauebrej Zunker Kozeny-Carman Chapuis
(1925) (1932) (1932)  (Carrier, 2003) (2015)  Mean  Std

1 0.5 0.40 1.82 1.24 2.12 1.92 1.82 .77 0.29
2 0.75 0.44 4.09 2.79 4.77 4.31 4.09 3.89  0.72
3 1 0.64 7.28 4.96 8.47 7.66 7.28 6.80 1.42
4 2 1.85 29.11 19.86 33.89 30.64 29.11 26.30 7.17
5 3 3.87 65.49 44.68 76.25 68.95 65.49 58.26 17.90
6 1-2-3 1.22 16.04 10.94 18.67 16.89 16.04 14.79 343
7 3-2-1 1.16 16.04 10.94 18.67 16.89 16.04 14.79  3.43

Table 4: Comparison between the experimental air conductivity and the theoretical water conductivity.
Porous medium of glass beads.
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Figure 8: Glass beads specimens, differential pressure —Ap as a function of the air flow rate @ in a 1-D
flow geometry. The legend indicates the number of the tests that symbols refer to.

study refers to a medium with different properties (natural or artificial medium, with
smooth or rough, rounded or irregular grains, etc.). This is the reason for the variability
of the results which are shown in figure[7h, where the measured air conductivity is plotted
versus the hydraulic conductivity calculated through literature models.

The numbers shown at the top of each straight line in figure[7h, represent the slope of
the empirical models, with values in the range 0.05—0.13, so K,;; = (0.05 — 0.13) Knu,o0,
or alternatively Kp,o = (7.7 — 20) Kajir, which is consistent with eq.7 derived from
dimensional analysis. Figure [7pb shows the correlation between experimental air and
water conductivity for some specimens of the present study. The slope 0.07 of the line
lies in the theoretical range, and suggests that rx = 1/0.07 &~ 15. This value of the
scaling factor can be adopted to estimate the water conductivity of a porous medium
(made of coarse glass beads) from the measured air conductivity.

Figure[§shows the raw data of the differential pressure, —Ap, as a function of the flow
rate, @ for the experiments 1 — 10. The flow resistance increases for decreasing diameter
as expected, with the mixtures and the stratified specimens presenting an intermediate
response compared to their single components.

We can observe that:

e in the homogeneous samples, the conductivity increases with increasing glass beads
diameter. As expected, with the growth of the particle dimension, also the void
volume grows and the medium become more pervious;

e the difference in the conductivity of the stratified specimens (1—-2—3 and 3—2—1)
is not significant, even though the conductivity in the fine-coarse direction, K,;, =
1.22 - 1073 ms~!, is 5% greater than in the coarse-fine direction, K, = 1.16 -
1073 ms~!, although the difference is well within the uncertainties. This was also
found by [51] who associated this difference to an abrupt drop of the pressure at the
interface between two media with different conductivity. This pressure drop induces
an extra energy loss and reduced the overall conductivity of the stratified medium.
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Figure 9: Asphalt samples, measurements on cores extracted from plates, 1-D flow configuration. a)
Differential pressure —Ap as a function of the air flow rate @Q for cores from the same plate with thickness
h = 65 mm; b) air conductivity K,ir as a function of the thickness of the asphalt plate h. The solid red
line represents the weighted average value, while the dotted red lines represent one weighted standard
deviation.

However, we notice that this result is odd, since we expect larger dissipation, with
a consequent reduced conductivity, for the expansion process of the flow in the
fine-coarse direction;

e the value of the conductivity of the 2, 3 mixed specimen approximates the average of
the conductivity of the single components. This is a consequence of an intermediate
distribution of the voids between the 3 mm and 2 mm particles;

e the value of the conductivity of the 1,3 mixed specimen is a little greater that the
conductivity of the homogeneous specimen with 1 mm beads. A possible explana-
tion is the greater difference between the 1 mm and 3 mm particles than the 2 mm
and 3 mm particles. The empty spaces between the beads is more efficiently filled
by the smallest particles, resulting in a slightly permeable medium.

5.2. 1-D hydraulic conductivity of asphalt samples

If we consider a heavy rainfall with intensity of 100 mmh™', and a circular cross-
section with diameter of 100 mm, the water flux entering the sample results Qu20, =
0.22 -107% m3s~!. The equivalent air flow rate is 10 times bigger, according to the
dimensional analysis described in § 0 Qairy = 0.22-107° m®s~!. We remind you that
the flow rate mainly depends on the flow of the adjacent pavement area, which can be
much higher than the local influx, especially at the borders of the road.

The differential pressure —Ap for the vertical conductivity of the cylindrical samples,
shows a linear trend with the air flow rate Q, for Q < 0.10- 1073 m3s~!, as it can be
seen in figure @a This value is two order of magnitude greater than Qai; .. This suggests
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that, even during a rainfall such as the one described above, the flow through the asphalt
pores of the pavement is laminar.

Figure [Oh refers to three samples cored from the asphalt plate with thickness h =
65 mm. In the inset, the same symbols of the plots were used to indicate the region of
the asphalt plate where the samples had been cored from. The measurements show some
hysteresis, as the increasing (empty symbols) and decreasing (full symbols) branches do
not superpose perfectly. In addition, the slope of straight fitting lines varies. This could
be due to some damage caused by coring operations on small samples, since no hysteresis
can be seen on the original asphalt plates, as discussed later, in §[5.3] .

Figure Op shows the valued of the air conductivity of the three samples cored from
the plate with thickness h = 65 mm and the value of one samples cored from the plate
with thickness A = 45 mm.

The mean value for the air conductivity is evaluated as a weighted average, K air,
with a weighted standard deviation, ok, which are shown as a solid line and two dotted
lines respectively in figure [Op, and calculated as follows:

| —

Z Kair,i

3

Kair = —tg— =66 103 ms™ 1, (26)
o

1

—1 =03-1007 ms™". (27)
Z _
o?

oK =

The extrapolated water conductivity is then Kp,0 ~ 10K,; = (6.6+0.3)-1072 ms~ 1.

5.3. Tests on the asphalt plates

Figure[I0p shows the differential pressure, — Ap, against the air flow rate, @), measured
by the field air permeameter, for five plates with increasing thickness. These data were
collected prior to the drilling operations. In spite of the plate with h = 65 mm, the
flow resistance increases for decreasing thickness, since the influence of the impervious
condition at bottom of the plate may become relevant on the three dimensional structure
of the flow.

Figure shows the linear relationship between the pressure and the air flow rate
for all the measuring points of the plates with different thickness, in the limit Q@ <
0.20-1073 m3®s!.

The straight lines in figure fit the data recorded for all the nine points of mea-
surements for each asphalt plate, and the correlation coefficient is always greater then
0.95. We also evaluated the parameter a separately for each measurement point of the
same plate, but there is not significant difference from the mean value. This indicates
that there are not preferential flow paths due to the roll compaction of the sample, and
the conductivity of the plate is uniform in space.

5.4. Fvaluation of an equivalent dimensionless length scale for asphalt plates

In the case of the asphalt plates, we suggest that the main part of the flow can be
described as the radial flow across an annulus with inner radius 71, outer radius ry, and
19



Figure 10: Asphalt plates, radial flux geometry. Differential pressure-discharge measurements for plates
with different thickness. The measurements refer to the PMMA pipe positioned at the centre of the
plate (point 5). (a) Whole set of data; (b) Data in the limit Q < 0.20- 1073 m3s~1.

Figure 11: Schematic for the definition of the equivalent non dimensional length scale.
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Figure 12: Equivalent non dimensional length scale Leq as a function of the thickness h of the asphalt
plates. Error bars are +1 standard deviation.

thickness h, as shown in figure The Darcy formula for the annulus of thickness dr is

Ko 27rh dp

dO =
Q Vair dr ’

(28)
where 27rh is the lateral area of a cylinder with radius r, and dp/dr is the pressure
gradient. We can integrate eq. by separation of the variables, obtaining:

[(air2 h
L, = 2 _ exp (M> . (29)

™ Yair

The ratio L.q = 72/r1 is an equivalent non dimensional length scale relative to the
asphalt plates. It can be evaluated as a function of the mean value of 1-D conductivity
K,ir measured on the cylindrical samples (eq. , on the thickness h and parameter a
of the asphalt plate. Figure[12|shows the experimental L., as a function of h, for all the
asphalt plates.

All the experimental data are consistent with the theoretical model within one stan-
dard deviation, with the exception of the asphalt plate with thickness h = 65 mm.
The experimental equation that allows the computation of L., on the basis of the only
thickness h, is:

Leg = 1.6 exp(0.007h) ~ 1.6+ 0.11h,  for 30 < h < 110 mm, (30)
with h expressed in mm (R? = 0.80). Inverting eq. yields

Yair
K. ir ~
* 2mha

In(1.6 + 0.11h),  for 30 < h < 110 mm. (31)

5.5. In situ experiments
A series of field tests were conducted to compare the value of rx predicted by dimen-
sional analysis (eq. with field data. The available sites were (i) a service road inside
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the Monza (Milan, Italy) racetrack and (ii) a urban road under construction in Poviglio
(Reggio Emilia, Italy). The thickness of the porous asphalt pavement in Monza is h = 70
mm, while in Poviglio it is A = 40 mm. The parameters of the field tests are listed in
tables

Firstly, in both sites, we positioned the air field permeameter on the road axis, in
the middle of the lanes, and close to the edges, at different cross-sections of the roads,
and we measured the a parameter. The equivalent non dimensional length scale L.q
was estimated according to eq. and the results show that L., = 0.94 in Monza and
Leq = 0.74 in Poviglio. The air conductivity can be estimated by reversing eq.:

Yair
2mwha

Ky = In (Leq) (32)
The mean values for the air conductivity are K,;, = (0.43 £0.02) - 1073 ms~! in Monza
and K,;;, = (1.00 £0.08) - 1073 ms~! in Poviglio.

Secondly, we measured the water conductivity by the falling head permeameter in
some of the points where the K,;, value was available. The mean values are Ky,0 =
(4.140.5)-1072 ms~! in Monza and Kp,o0 = (5.1 £0.8) - 1073 ms~! in Poviglio.

As a consequence the scale factors for the conductivity is rx = 9.6 in Monza and
rxg = 5.1 in Poviglio, which are of the same order of magnitude as predicted by the
dimensional analysis, rx = O (10).

We now shall compare our results with previous studies found in literature. Figure
gives an overview of the range of the hydraulic conductivity values of porous asphalt
pavements, measured using falling head permeameters. The results by different authors
are of the same order of magnitude and the differences can be addressed (i) to the
different mix design of the asphalt mixtures and (ii) to the specific characteristics of the
permeameter used by the authors.

As mentioned in § |1} [I6] used two methods to test the water conductivity of porous
asphalt pavements, the National Center for Asphalt Technology (NCAT) falling head per-
meameter and ASTM C1701 constant head permeameter. They found that the conduc-
tivity measured with the ASTM method lies in the range Ky,o = (0.6 — 1.1)-1073 ms~!
and are 70% on average lower than the value measured with the NCAT method, which
falls in the range Kp,0 = (9.4 —12) - 1073 ms~!.

On the other hand, [52] used the Laboratorio de Caminos de Santander (LCS) per-
meameter to measure the horizontal and vertical hydraulic conductivity on field plates
as a function of the voids content. For voids content between 21 — 29% the vertical
conductivity grows from 3.2 to 9- 1073 ms~".

Lu et al. (2020) [53] investigated the conductivity of polyurethane-bound pervious
materials, with effective porosity of approximately 28 — 29%, using a custom-made con-
stant head permeameter developed according to the UNI EN 12697/19 protocol. They
found that Ky,o0 = (3.4 —5.3) - 1073 ms~1.

Each method has its advantages and disadvantages. This is principally why there
are a lot of techniques and types of permeameters used by different authors in previous
studies. For example, [I6] discuss the implications of the results obtained by using the
ASTM C1701 and NCAT permeameters. They say that the size of the permeameter ring
may affect the results, as well as whether the measurements are made under constant
head or falling head conditions. As it happens, ASTM C1701 gives higher values of
permeability if operating under falling head than under constant head. Moreover, NCAT
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Figure 13: Comparison of values of the water conductivity Ky,0 from literature and present experiments.

method is more affected by errors in the knowledge of the thickness of the pavement than
the ASTM, but at the same time, NCAT is based on a better established falling head
theory derived by the Darcy’s law, while the equation used in the ASTM method are not
well explained. Similarly, [52] state that the results obtained with EN 12697-40 and EN
12697-19 are not directly comparable to each other and to other methods as well, such
as the LCS.

Different ranges of the measured conductivity may arise because of misunderstanding
of definitions and using of non-standard terminology between different authors, such as
saturated hydraulic conductivity [20], infiltration capacity [6], permeability coefficient
[54], or simply permeability [55], 24].

6. Conclusion

This paper presented a novel apparatus for measuring the in situ conductivity of
porous asphalt pavements. This apparatus consists of a simple PMMA tube as air
permeameter, a mass flow meter, a pressure gauge and a laptop for calibration and data
acquisition. The positive sides of using air as fluid are that (i) a little time is necessary
to establish pressure flow equilibrium, (ii) there is no need to carry a huge amount of
fluid on site, as air is immediately available everywhere, (iii) the nature of the test is non
destructive, as the crack size is not altered by the air flow, if applied for a short time.

The main conclusion are the followings.

e The 1-D permeameter was firstly calibrated using glass beads specimens. The
ratio between the measured air and water conductivity is rx = 7.7. This value is
consistent with the value rx ~ 10 suggested by dimensional analysis.

e Secondly, the air field permeameter was used in laboratory to estimate the pa-
rameter a = —Ap/Q of asphalt plates with variable thickness. The vertical air
conductivity of the asphalt plates was measured separately, using the Darcy for-
mula, on cylindrical samples cored from each plate.
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e We then derived a simple model for an estimate of an equivalent non dimensional
length scale, L4, based on the knowledge of the only thickness of the porous asphalt
plate. The value of L., could be used on site, together with the a parameter given
by the air field permeameter, in order to compute the conductivity of the asphalt
layer.

e Finally, some field tests were conducted on two available sites, in order to estimate
the scale ratio rg in field. The results are rg = 9.6 in Monza and rg = 5.1 in
Poviglio, which are of the same order of magnitude as predicted by the dimensional
analysis (rxg = 10).

We remind the readers that a variability of the results is expected, since the dimen-
sional analysis followed by experiments captures the relevant dimensional groups that
control the process, but cannot describe in detail the relationship between these groups.
In particular the relationship 7 is site-specific and allows to control the time variation
of the same pavement due, for example, to clogging phenomena and to plan mainte-
nance. The instrument and methodology can be easily used to measure the effects of
porous asphalt pavement drainage control systems in order to limit the disposal of de-
and anti-icing solutions.

Future studies may focus on the changing of hydraulic permeability, and so the ry
parameter, because of crack propagation due to water damage or clogging phenomena.
In this way the changing in rx could be better related to a changing in the geometry
of air voids. Also the effects of anisotropy of asphalt mixtures may be included in the
theoretical model and measurement procedures, and the effects of surface tensions when
water becomes in contact with pore edges.
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List of symbols and acronyms

A cross-section area of the pipe, L2

A’ cross-section area of the sample, L2

a slope of the straight line fitting the experimental data —Ap versus Q, ML~4T~!
ASTM American Society for Testing and Materials
b Klinkenberg slip coefficient, M L~17T~2

c coefficient, (.)

Ckc,s1,z constants, (.)

D diameter, L

Dt internal diameter, L

e void ratio, (.)

Fr Froude number, (.)

g acceleration due to gravity, LT 2
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H total head, L

h thickness of asphalt plate, L

J energy dissipation rate, (.)

K conductivity, LT *

K. air conductivity, LT !

Ku,0 water conductivity, LT 1

Kn Knudsen number, (.)

k intrinsic permeability, L2

koo asymptotic intrinsic permeability, L?

L characteristic length path, L

Iy initial level in the falling head permeameter, L
lo final level in the falling head permeameter, L
Leg equivalent length scale, L

Im mean free path of molecules, L

LCS Laboratorio Caminos Santander permeameter
LPC Leeds Permeability Cell

n porosity, (.)

NCAT National Center for Asphalt Technology falling head permeameter
P pressure, ML~ 1T~2

Q flow rate, L37T 1

r radial coordinate, L

T scale ratio for the quantity 7, (.)

71 inner radius of the annulus, L

T outer radius of the annulus, L

Re Reynolds number, (.)

So specific surface of particles, L~!

u velocity LT 1

Yair air specific weight, M L~2T~2

VH,0 water specific weight, M L~2T2

AH head variation, L

Ap differential pressure, M L~1T~2

At time interval for the water column to flow though the sample, T
0 temperature, ©

K Boltzmann’s constant, M L>T—20~!

A length scale, L

1 dynamic viscosity, ML~1T~!

Vair air kinematic viscosity, L27 1

VH,0 water kinematic viscosity, L2T !

p density, ML™3

OK standard deviation of K, LT 1

P function
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