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Abstract. Permeable asphalt pavements (PAP) are a key measure for mitigating the climate
change effects in urban areas. Cities are becoming increasingly dense and have large areas of
waterproofing due to the excessive construction of buildings and highways that prevent the
rainwater drainage into the soil. Recently, the PAP study with a double layer porous asphalt
(DLPA) has been an alternative to the use of a porous asphalt single layer (PA), with recognized
advantages in increasing water infiltration and, consequently, in decreasing surface runoff. It was
developed in field a PAP of small dimensions to assess its capacity to respond to floods. The
purpose of this study is to evaluate the hydraulic conductivity (K) of the DLPA applied on the
PAP, both in laboratory conditions and in field conditions, and verify the representativeness of
the laboratory results in relation to the results obtained in situ. In laboratory terms, the LCS
permeameter was used, which evaluates the vertical and horizontal hydraulic conductivity, both
in specimens produced in the laboratory and in cores extracted in situ. In the field, the LCS
permeameter and the falling head permeameter were used to measure the hydraulic conductivity
and the relative hydraulic conductivity (HC), respectively. The laboratory tests were performed
according to Standards EN 12697-19 and NLT 327 and the in situ tests according to Standards
EN 12697-40 and NLT 327. It was verified that the specimens produced in the laboratory of the
two porous layers showed values of K (vertical and horizontal) lower than those obtained in the
field cores, both for the individual layers PA and for the DLPA. Thus, it was found that the study
in controlled environment differs in terms of results. This divergence justified the need to
perform a field study in order to perceive the actual performance of the PAP surface layer. This
study was characterized by the values of K (m/s) and HC (s™'), from which it was not possible to
obtain a relation. From this study it was concluded that the measuring methods of the hydraulic
conductivity in the laboratory were close to the behaviour of the same in situ, however its
evaluation under real conditions is always essential.

1. Introduction

Excessive construction and waterproofing of natural soils in cities has been a problem for society. The
main consequences associated with this waterproofing have a negative impact on the increase in the
rainwater volume (flooding), the increase of the heat island effect urban and the contamination of the
runoff water [1-3]. Permeable pavements emerged as a mitigation measure for these problems,
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integrating Sustainable Urban Drainage Systems (SuDS) [4-7]. Concretely, permeable asphalt
pavements (PAP) have a completely porous structure, which allows the reduction of surface flow and
allows the precipitated water to be mostly infiltrated and sent to the subsoil, if it has drainage capacity,
or stored in a reservoir for future uses. The permeable surfaces of these pavements, namely the porous
asphalt (PA), consist of a aggregates group, mainly coarse, that are arranged in such a way that the voids
between them allow the infiltration of the waters, obtaining a voids content between 18 and 20% and
thus a high permeability [8]. The pavements clogging with porous surfaces leads to the permeability
loss, being this the main problem pointed to the PA application, highlighted in several studies [9,10].
This problem is mainly due to the deposition of long-term sediments from vehicle debris and/or
transported by surface runoff from the adjacent impervious areas. Thus, the use of a double layer porous
asphalt (DLPA) on the pavement surface attenuates the clogging unfavourable effects and,
consequently, facilitates water drainage through the filter effect achieved by the two layers [11].

The in situ infiltration capacity of PAP and their hydraulic performance have been widely evaluated
by the measurement of surface hydraulic conductivity. The hydraulic conductivity or permeability
translates the greater or lesser ease with which the water moves in a determined pavement and depends
on the fluid characteristics, the porous medium (texture and structure) and its water content [12,13].
Different devices and methods are known for directly measuring in situ hydraulic conductivity, such as
single-ring and double-ring infiltrometers [9,14,15], falling or constant head permeameter and the LCS
permeameter (Laboratorio de Caminos de Santander) [15—17]. Several studies with different surfaces
in permeable pavements have been carried out in terms of the superficial hydraulic conductivity
evaluation, such as porous concrete (PC), permeable interlocking concrete pavements (PICP), precast
concrete blocks and plastic grid pavers [16—22]. Safiudo-Fontaneda et al. [23] carried out an in-depth
investigation of the PMPC (polymer-modified porous concrete) permeable pavements hydraulic
behaviour and PA, through the LCS permeameter in a parking lot after 5 years in service. Parkings with
PMPC reduced the infiltration capacity from 0.020 m/s to 0.0041 m/s (79.43 %), while parking lots with
porous asphalt reduced from 0.012 m/s to 0.0022 m/s (82.04 %). The study verified that the PA surface
did not present significant differences of infiltration capacity between the different points studied in the
parking lots compared to the porous concrete. Using the LCS permeameter in situ, with different
surfaces, Fernandez-Barrera et al. [16], obtained average discharge times of 21 s for surfaces with
precast concrete blocks and porous asphalt under light traffic. While the porous asphalt surface with
greater traffic intensity led to irregular values between about 50 s and above 1800 s, indicating that it
needs maintenance in some areas to recover the infiltration. In a larger study, Al-Rubaei et al. [9]
evaluated, through the double-ring infiltrometer, two porous asphalt pavements, which after 18 and 24
years in service had a substantially lower infiltration capacity than the initial one (> 4.8x10° m/s to
about 0.8x10” and 0.4x10” m/s) due to surface obstruction. Kumar et al. [14] also analysed the
infiltration capacity with the double-ring infiltrometer of several permeable pavements, including PA,
which decreased its hydraulic conductivity from 31.1x10° m/s to 9.1x10° m/s at the end of 4 years of
service. Regarding the infiltration capacity evaluation and the hydraulic performance in laboratory
conditions, the permeameter of the European Standard EN 12697-19 [24] and the Spanish Standard
NLT-327 [25] have been used, the latter although it has been developed for in situ assays it is also
suitable for use in laboratory tests. Marchioni et al. [21] showed in the laboratory that the simulated
rainfall intensity did not produce significant differences in the discharge time of PC and PA slabs using
the permeameter of EN 12697-19, through which they obtained times between 20 and 105 s in PA slabs.

From the different devices in situ, stand out the falling head permeameter and the LCS permeameter.
The falling head permeameter method is described in European Standard EN 12697-40 [26], which
indicates the results as a relative hydraulic conductivity (in s™) resulting from the combination of vertical
and horizontal hydraulic conductivity [12]. The LCS permeameter measures the infiltration capacity
according to the Spanish Standard NLT-327, which provides a logarithmic equation from which the
hydraulic conductivity is determined (in m/s). Similarly, in laboratory the European Standard EN 12697-
19 presents a constant head permeameter, similar to the LCS permeameter with the proper adjustments
according to NLT-327, in which the vertical hydraulic conductivity (K,, in m/s) and horizontal (K}, in



WMCAUS 2018 I0P Publishing
IOP Conf. Series: Materials Science and Engineering 471 (2019) 022023 doi:10.1088/1757-899X/471/2/022023

m/s) are obtained. The results obtained with these permeameters depend strongly on the test conditions,
namely cracks, humidity and temperature [16]. However, it is difficult to compare the results of
hydraulic conductivity, both between the different field methods and between these and laboratory
methods. Fernandez-Barrera et al. [ 16] state that samples taken from the pavement surface, subsequently
tested in a laboratory, may not simulate the actual conditions to which the pavement is subjected and
therefore in situ permeameters must also be used. To compare hydraulic conductivity results, it is
essential to obtain the measurement parameter by the same methods wherever possible [12]. The
comparative study performed by Maupin [27] between cores pavement and laboratory-produced test
specimens, using falling head tests, showed inconsistency in the hydraulic conductivity values, which it
was generally higher in field cores due to the existence of excessive voids. Gogula et al. [28] carried out
comparative studies of laboratory and field tests, also with the principle of falling head, and obtained
hydraulic conductivity values in the field much higher than those of the laboratory. The differences in
this study are justified by the lack of horizontal flow limitation in field tests, since the same test principle
was used. The results obtained with EN 12697-40 are not directly comparable with the results of other
methods, such as those obtained by EN 12697-19. Even the permeameters used in situ, falling head and
LCS, are not comparable to each other. The method described in EN 12697-40 only allows to establish
changes in infiltration capacity over time, whereas the method described in NLT-327 allows, in addition
to the characterization over time, to compare with other methods that follow the falling head principle,
obtaining a hydraulic conductivity.

Hydraulic conductivity is one of the most important properties of a water permeable medium, such
as permeable asphalt pavements, and has been the research subject by several studies. However, there
is still a need to evaluate it in comparative terms between different methods used in the laboratory and
in situ. Jiang et al. [29] report the importance of the permeable pavements construction with different
materials combination and layers thickness, as well as obtaining relationships between laboratory and
field results. In view of this need, a PAP with DLPA was constructed on the applied surface in a parking
lot. The research objective was to evaluate the PAP behaviour relating to the hydraulic conductivity and
to compare the results obtained by laboratory and in situ methods. To do this, in laboratory were tested
laboratory produced test specimens and cores extracted from field slabs and, in situ a scheme was
defined with different test points in three parking spaces, measuring the discharge time through the LCS
permeameter and the falling head permeameter.

2. Methodology

The present investigation was carried out in a car parking built in August 2017 in the municipality of
Covilhd (Portugal) with 37.5 m? consisting of three spaces with dimensions of 2.5x5 m. The PAP
characterization was performed after 4 and 7 months of the parking lot being in operation for light traffic,
without performing any maintenance operation. Since the car park is inserted in a leisure area, it is
expected that it will be used mainly by light vehicles which leads to a less pavement surface layer
deterioration.

The PAP structure studied is composed of a reservoir with 15/25 aggregate and 25 cm thick, a
regularization layer with 5/15 aggregate and 9 cm thick and a 7 cm thick DLPA surface layer. Generally,
the DLPA is composed of a porous asphalt with fine aggregates to the surface with 3 cm (PA1), followed
by a porous asphalt with thick aggregates of 4 cm thickness (PA2). The set of PA1 and PA2 mixtures
acts as a filter that makes it difficult to pass sediments to the next layers, leading to the clogging effect
attenuation in PAP. The specific characteristics of DLPA can be verified in the study by Afonso et al.
[30].

The study focused on the hydraulic conductivity of PAP characterization in the laboratory and in
situ. In the laboratory, cores and test specimens were analysed using the falling head permeameter, in
accordance with EN 12697-19 and NLT-327. In situ, two permeameters were used, one according to
EN 12697-40 and one according to NLT-327. In order to carry out the in situ tests, a scheme was defined
with the mark of 2 points in each parking space, in which 3 measurements were made at each point. The
analysis of different points importance within a set of parking lots has been highlighted in previous
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studies in order to obtain the infiltration capacity behaviour of a car park with permeable pavements
[23,31]. The methodology used is described in more detail in the following sections.

2.1. Laboratory hydraulic conductivity

The hydraulic conductivity characterization in the laboratory was performed according to the European
Standard EN 12697-19 [24] and the Spanish Standard NLT-327 [25], which refer to different test
devices, namely a constant head permeameter and a falling head permeameter, respectively. Both are
based in Darcy's law. In this sense, a falling head device was used, similar to the LCS permeameter of
Standard NLT-327 to measure K, and K} in cylindrical compacted specimens in the laboratory and in
cores extracted from the field PAP.

The test method was based on the discharge time measurement at which a known amount of water
(1.735 1) takes to drain into a sample. The K, test, which represents a unidirectional flow, parallel to the
compaction direction, consisted of placing the sample inside a rubber sleeve that wrapped around the
perimeter, leaving only the sample faces free. The K test, perpendicular to the compaction direction,
which represents the runoff conditions during a rainfall, consisted of placing paraffin on the underside
of the sample and the sealing of the junction between the permeameter tube and the upper face. In both
situations, K was determined based on Darcy's law, according to equation (1).

K=2(xInk (1)
AAt hz

where K is the hydraulic conductivity (m/s), a is the area of the permeameter section (m?), 4 is the
section area of the specimen (m?), L is the average height of the specimen (m), 4¢ is the time interval for
the water level to pass from /; to 4 (s), 4; is the maximum hydraulic load above the underside of the
specimen (m) and /; is the minimum hydraulic load above the underside of the specimen (m). The EN
12697-19 standard recommends intervals for K between 0.5 and 3.5x10” m/s, but does not specify the
type of mixtures covered.

The samples tested were divided into two groups, corresponding to the test specimens of the PA1
and PA2 mixtures produced in the laboratory and to the cores extracted from the field slabs for the same
mixtures. In order to simulate the DLPA in the laboratory, the cores PA1 were overlaid on the cores
PA2, thus constituting the PAP complete double surface layer. The number of samples tested
corresponded to 4 test specimens with dimensions of about 100 mm in diameter and thicknesses of about
60 mm for the two mixtures. The four samples extracted in the field had dimensions of about 100 mm
in diameter and thicknesses of about 30 and 40 mm for the mixtures PA1 and PA2, respectively, totalling
in the set (DLPA) a thickness of 70 mm.

2.2. In situ hydraulic conductivity

The in situ hydraulic conductivity of the PAP surface was obtained through the use of two variable load
test equipments: the LCS permeameter developed in Spain (Laboratorio de la Catedra de Caminos de
Santander) in accordance with Spanish Standard NLT-327 [25] and the falling head permeameter in
accordance with European Standard EN 12697-40 [26].

NLT-327 describes the method for obtaining in situ hydraulic conductivity of porous asphalt used in
pavement surfaces. The LCS permeameter described in the standard allows to measure the infiltration
capacity as a function of the time that a certain surface needs to infiltrate a known water height. The
procedure consists in timing the discharge time, in seconds, that the water level takes to percolate
through the porous surface, corresponding to the volume between the maximum and minimum hydraulic
load of the permeameter tube. The water volume drained by the pipe is 1.735 1, with a diameter of 94
mm and a height of 250 mm. The outflow time (¢, in s) corresponds to the surface hydraulic conductivity
(K, x10? cm/s) or in situ permeability, determined with a logarithmic expression defined by equation

Q).
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InK = 7.624 — 1.3481Int 2)

EN 12697-40 describes the method for determining the relative hydraulic conductivity in situ of a
permeable pavement surface. The test consists of determining the time required for a water fixed volume
(4 1) to drain through a permeable surface. This outflow time (corrected for the 20 °C temperature)
corresponds to the recording, in seconds, of the measurements obtained between the hydraulic loads
corresponding to 5 and 1 1, identified in the equipment itself with a diameter of 125 mm. permeameter
diameter is 125 mm and the diameter of the water infiltration area in the pavement is 48 mm. The relative
hydraulic conductivity (HC, s™) of each test point was obtained by equation (3) referred to in the

standard.

1
HC = o= €)

where ¢ is the average outflow time (s) and 7 is the series resistance outflow time (s). The » parameter
was determined by the average time recorded to drain the 4 I of water (10 replicates) when the
permeameter was positioned with the free exit orifice, where » = 1.1 was obtained. The obtained HC
results can’t be compared to other methods that use the hydraulic conductivity as standard measure,
since the norm does not allow to obtain K through Darcy's Law, so the obtained results must be compared
to each other and over time. An important requirement for measuring in situ hydraulic conductivity is
to ensure that there is no water between the pavement surface and the permeameter base. Both equipment
must be fixed to the study surface, which must be clean and free from detritus. These tests are of falling
and variable load, whose flow is considered as laminar.

3. Results and discussion

The results of K, and K} obtained in each specimen and in each core laboratory test are presented in
figures 1 and 2, respectively. The figures show the values for the PA1 and PA2 mixtures individually
according to the voids content obtained, as indicated in EN 12697-19. It can be seen in figure 1 that the
samples of the PA1 mixture have lower K values than the PA2 mixture, so the voids content of this
mixture is clearly higher, as expected due to its composition with mostly coarser aggregates. By
analysing individually, the samples of the PA1 mixture, the values obtained are very close to each other,
with a slight increase of K, and K, depending on the voids content. With respect to the PA2 mixture,
the results are shown to be wider, where the K increase with the voids content is more clearly
distinguished. Considering the results obtained and the void content range of the two mixtures (from
16.1 to 23.2 %), it was possible to obtain two equations that relate the hydraulic conductivity (K, and
K3) with the voids content (V;,). These equations show strong correlations, above 95 %, as can be
observed in the same figure. In this way, the results show that the mixtures show anisotropic behaviour,
presenting different hydraulic conductivity values in both directions.
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Figure 1. K, and K, of specimens produced in laboratory
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In figure 2, in the case of slabs in situ, higher values of voids content (from 21.0 to 29.1 %) are found
than in the specimens, leading to K values also higher. This fact occurred due to the difficulty of
extracting the cores in the slabs with excessive voids and disaggregation of the base peripheries, which
led to the existence of a greater number of openings through which the water had more promptness to
percolate, as observed Maupin [27]. This way, the exceedance of the values range indicated by EN
12697-19 (0.5 and 3.5x107 m/s) for K of the cores is justified, while the specimens practically meet
these limits. The PA2 mixture, due to the higher void content, shows superior results relative to the PA1
mixture. The results obtained allowed us to define two equations that determine the hydraulic
conductivity (K, and K}) as a voids content function (V},). In this case, the correlation was also strong,
above 90 %, as can be observed in the figure. In the set of cores PA1 a decrease is noticed in the core
conductivity with greater voids content, which would not be expected. This isolated point was due to a
possible accumulation of binder located in the core bases that hindered the water passage and for that
reason the hydraulic conductivity decreased. Thus, this point was not considered in the equation
definition. It should be noted that the 4 cores tested from each mixture were drawn from a PA1 slab and
a PA2 slab produced in central asphalt, however the results obtained in the 4 cores of the two slabs were
different. This meets what Montes [32] described, noting that although the studied samples are taken
from the same slab they can lead to different hydraulic conductivities. Therefore, the cores tested
behaviour, such as the specimens, presents anisotropy of K, as a result of the values of K being higher
than the same values of K.
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Figure 2. K, and K}, of cores extracted from field slabs

The results of K obtained for each sample, according to the production method, are shown in table 1.
Differences between cores and specimens are observed, with K values significantly higher in situ cores,
with mean percentage differences in PA1 mixture of 25 and 30 % and PA2 mixture of 34 and 39 % for
K, and K}, respectively. In addition to the individual analysis of the PA mixtures, the DLPA applied in
situ was also simulated through the field cores overlaying. As would be expected, the results obtained
by the DLPA are close to those obtained with the cores PA1 and PA2, and the behaviour in the vertical
and horizontal direction corresponds to that obtained in the cores PA1 and PA2, respectively.

Table 1. Results of K carried out in the laboratory on specimens and cores

K, (x107 m/s) Ky (x102 m/s)
Sample number 1 2 3 4 1 2 3 4
Specimens produced PA1 1.2 09 08 038 1.6 1.5 1.4 1.0
in laboratory PA2 1.7 2.6 30 32 24 38 42 43

PA1 32 44 41 38 35 63 56 4.0
PA2 90 89 66 74 9.7 110 85 95
DLPA 30 56 3.6 44 72 102 121 9.6

Cores extracted from
field slabs
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In order to assess the in situ behaviour of the DLPA in relation to the results obtained in the
laboratory, the applied PAP was characterized by two permeameters, which measure the hydraulic
conductivity as a combination of the flow in the vertical and horizontal directions. The results obtained
by the two methods at each test point are shown in figure 3a). The figures presented refer to the two
evaluations carried out after 4 and 7 months of parking lot construction. In both curves it is possible to
observe a regular and coincident behaviour of the results obtained by K and HC. Due to this behaviour,
and taking into account the short time between measurements over the pavement lifetime, the same it
was not considered for the results analysis. Thus, the discharge times recorded are between 27.0 and
41.8 s and K varying between 2.4 and 1.3x107 m/s. K in PAP decreases with increasing discharge time
and differences between test sites are not significant, showing compliance in the results. The values of
K in permeable PA pavements vary according to the mixtures composition, type of aggregates, binders
and additives used, as well as their application in situ, namely by the type and compaction temperatures.
Some studies obtained higher K in permeable pavements with PA, of 12.0 and 31.1x10~ m/s according
to Safiudo-Fontaneda et al. [23] and Kumar et al. [14], while others presented values in the order of
4.8x107 m/s [9]. It should be noted that the values of the mentioned studies correspond to the initial
infiltration capacity and present a great variability of results. Therefore, the K values obtained in this
study, despite being smaller than other studies, are shown to be feasible according to the short pavement
age.

The results of HC were obtained with water temperatures of 6 and 10 °C that led to the discharge
times correction to the temperature of 20 °C. Thus, HC presents values between 0.045 and 0.129 s with
discharge times between 23.2 and 10.0 s, showing again results overlay. Since the falling head
permeameter has distinct characteristics with respect to the LCS permeameter, the discharge times were
lower, due to the higher hydraulic load considered in this test. It is also seen that, increasing the discharge
time leads to the decrease of HC, as in K. In view of the previously impossibility of relating HC with K,
it was considered fundamental to analyse the possible relation between them. Figure 3 b) shows this
analysis and does not allow to identify any tendency of K in relation to HC, making it appear that K =
1.87x107 £ 0.0003 m/s is independent of HC.

2.60 0.12
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2.40 o & A K, 7 meses 0.11
220 ® HC, -:mese.s 0.10 0.003
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e ' Y 0 = K .
S 180 . °. 008 7 oy 0002 3 —)
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% . i ~ (]
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. s "
a) Discharge time (s) b) HC (s

Figure 3. Analysis K and HC. a) Results obtained in situ; b) Variation of K with HC

Comparing the laboratory and in situ results, and considering K a combination of K, and Kj, it is
verified that the samples PA1 and PA2 obtained very similar hydraulic conductivities to those obtained
in the in situ evaluation. The results obtained by the cores PA1, PA2 and DLPA led to higher results
already mentioned. Taking into account the differences in results, it is evident the need for on-site testing
in order to characterize the PAP under real conditions.
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4. Conclusions

The permeable pavements use, such as SuDS systems, has become a more sustainable alternative to
rainwater management, reducing the effects of soil sealing to pre-urbanization levels. This study
evaluated and compared the DLPA performance for hydraulic conductivity under laboratory conditions
and its application to a PAP under field conditions. The hydraulic conductivity values obtained in the
laboratory are evidently higher in the samples extracted from the field compared to the samples produced
in the laboratory. The K, of the cores PA1 determines the DLPA behaviour in the vertical direction of
the flow, while the K, of the cores PA2 determines its behaviour in the horizontal direction. Given the
differences in results in a controlled environment, the in situ study searched a better understanding of
the PAP performance under real conditions. Their characterization led to lower discharge times by the
falling head permeameter due to a higher hydraulic load compared to the LCS permeameter. The
analysis between K and HC, led to a mean value of PAP hydraulic conductivity characterization
corresponding to the HC values obtained. From the research carried out, it is concluded that there is a
significant difference between the hydraulic conductivity values obtained in the laboratory and in situ
tests using the same measurement principles (variable and falling head permeameters). Since the study
was carried out in a restricted area of a PAP, it is fundamental the study extension in the evaluation of
the different permeable pavements behaviour in real conditions, both at the beginning of its construction
and throughout the years of service. The tests carried out in this research may contribute to future
developments and improvements of hydraulic conductivity specifications for porous asphalt.
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