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Abstract: Pervious Paving Systems (PPS) are part of a sustainable approach to drainage in which
excess surface water is encouraged to infiltrate through their structure, during which potentially toxic
elements, such as metals and hydrocarbons are treated by biodegradation and physical entrapment
and storage. However, it is not known where in the PPS structure these contaminants accumulate,
which has implications for environmental health, particularly during maintenance, as well as
consequences for the recycling of material from the PPS at the end-of-life. A 1 m3 porous asphalt (PA)
PPS test rig was monitored for 38 months after monthly additions of road sediment (RS) (367.5 g in
total) and unused oil (430 mL in total), characteristic of urban loadings, were applied. Using a rainfall
simulator, a typical UK rainfall rate of 15 mm/h was used to investigate its efficiency in dealing with
contamination. Water quality of the effluent discharged from the rig was found to be suitable for
discharge to most environments. On completion of the monitoring, a core was taken down through
its surface, and samples of sediment and aggregate were taken. Analysis showed that most of the
sediment remained in the surface course, with metal levels lower than the original RS, but higher
than clean, unused aggregate or PA. However, even extrapolating these concentrations to 20 years’
worth of in-service use (the projected life of PPS) did not suggest their accumulation would present
an environmental pollution risk when carrying out maintenance of the pavement and also indicates
that the material could be recycled at end-of-life.

Keywords: Sustainable Drainage System (SuDS); porous paving system (PPS); porous asphalt (PA);
contamination; heavy metals; hydrocarbons; rainfall simulation

1. Introduction

It is well known that hard, impermeable surfaces lead to flooding and contamination and that
Sustainable Drainage (SuDS) approaches integrated into both building and road construction reduce
flood risk [1]. Porous paving systems (PPS) are an efficient attenuation mechanism for storm water
flow across hard surfaces such as car parks and pedestrian areas [2]. They also have the potential for
remediation of some pollution in situ and whilst much is known about the development of biofilms in
association with block paver (BP) PPS and their pollution remediation role in terms of hydrocarbon
biodegradation [3], there has been very little information on the removal of storm water pollutants
specifically in Porous Asphalt (PA) PPS. They can also provide a reservoir for storage of water prior to
infiltration or conveyance elsewhere [4].

Much of the research on PA has focused on noise and traffic spray reduction of road surface
overlays [5]. Of the research into the pollution retention and infiltration properties of PPS in general
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(i.e., a full depth infiltrating pavement), much has concentrated on BP [6], and whilst the pollutant
trapping efficiency of PPS is well known [7], interest has mainly been in the possible reduction of the
infiltration capacity of the surface course due to blocking or clogging by sediment (e.g., [8]). What is
not known presently is where physically in the structure the particulate associated pollutants (PAPs),
remain. In fact, [2] specifically highlight the importance of this aspect of SuDs research by stating
that both long- and short-term impacts of the pollutants which remain trapped in the PPS should
be investigated.

Knowledge of the fate of PAPs in PA PPS has many important implications including potential
impacts of released contaminants for the environment in general and possibly human health during
maintenance procedures. Detailed research has been carried out on the remediation of pollutants such
as metals and hydrocarbons by BP PPS by many researchers, and this has been reviewed by [2,9,10].
Geotextile is generally recommended for BP PPS and this was found by [3,6] to be the site of the
development of a biofilm which both biodegraded hydrocarbons and trapped PAPs. A geotextile
is generally not used in PA PPS, and thus the site of development of any biofilm, which would be
related to the numbers of microorganism colonies found, is largely not known. However, biofilms
tend to develop wherever there is a suitable surface in contact with water such as pipes, sediment and
stones on river beds. Biofilms in this context are well-organised micro-ecosystems of bacteria, fungi,
and protists living in an extracellular polymeric substance (EPS), which utilize the hydrocarbons as
a source of nutrients [9]. The EPS is secreted by the biofilm, holding it together and protecting the
organisms contained in it from environmental stress and xenobiotic substances such as pesticides and
antimicrobials. It is a glycocalyx, containing the following anionic groups: proteins, polysaccharides,
humic substances, nucleic acids, phospholipids, and other polymers [11] which are present associated
with uronic acid and proteins; and the following cationic groups: carboxyl, phosphoric, amine and
hydroxyl ionisable functional groups in association with amino acids [12]. The biofilm therefore carries
a charge via the functional groups allowing it to sequester toxic metals, minerals, and nutrients from
the surrounding liquid [13]. Studies which have investigated the metal-binding capacities of EPS
have suggested that a small amount of it can bind a relatively large amount of metals [14]. The cell
walls of bacteria are also capable of providing binding sites for metals and [15] found that metals
such as Cd2+, Ni2+, and Zn2+ in wastewater were bound to microbe cell surfaces. This binding of the
pollutants does not mean that they are treated; metals in particular do not biodegrade and thus these
contaminants can accumulate in the PPS structure. To prevent clogging, PA PPS is usually cleaned by
means of vacuuming to remove any sediment; it is possible that any associated metals may be released,
particularly if conditions, such as pH or Eh, change, which can be transported to other locations,
causing environmental degradation.

The aims of this study were therefore twofold: firstly, to use a laboratory-based PPS test rig with a
PA surface course to investigate the ability of the PPS to treat applied pollutants (Road Sediment (RS)
and unused oil). Secondly, to ascertain the fate of the applied contaminants in the test rig structure.
This will enable an assessment to be made of the treatment capability of the PA PPS and also at its
end-of-life, or should major refurbishment be required, knowledge of the pollutant profile would
enable suitable disposal and recycling of the material removed to take place, which would add to the
sustainability credentials of PA PPS.

2. Materials and Methods

The methodology reflects the fact that the study was undertaken in two stages: the first stage was
to monitor the PPS test rig’s efficiency to treat applied pollutants at monthly intervals over a period of
38 months. The second stage involved a coring exercise to investigate where in the test rig structure
any remaining pollutants were found.
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2.1. Monthly Monitoring to Assess Pollutant Treatment

Whilst in total, 9 individual 1 m3 PPS test rigs were constructed for the project, including 6 with
PA surface courses, 2 with porous concrete and 1 with BP, only the results of monitoring of the cored
PA test rig are reported here. Figure 1A shows the structure of the PA test rig chosen to be cored, with
Figure 1B showing the rig during the monitoring work. The box was made of plastic with a drainage
tap in the base for collection of the effluent.

Two test pollutants were used: RS and clean/unused engine oil. Unused engine oil was chosen as
its chemistry was likely to be more homogenous than used oil and hence would give comparable results
throughout the monitoring study. The RS was collected in bulk from Coventry’s CV1 street cleansing
depot; coarse material such as paper and stones were removed and it was dried, homogenised, and
screened to <0.5 mm on return to the laboratory.
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Figure 1. (A) Structure of the test rig; (B) surface course during monitoring; (C) Perspex quadrat in
place; (D) rainfall simulator used during monitoring.

A clear Perspex quadrat was made to fit the surface of the test rig to identify where the pollutants
were to be applied (Figure 1C). Seventy holes (5.0 cm in diameter) were drilled into the quadrat in a
grid and each hole numbered. Tables of random numbers were used to identify where on the quadrat
the pollutants were to be applied. For the first 3 months of the experiment, no pollutants were added
in order to establish background concentrations in the effluents, and also to flush out any pollutants
already contained in the rig. After the initial 3 months, the oil and RS were applied to the test rig
surface at monthly intervals at rates of 25 mL/m (using a calibrated syringe) and 21 g/m respectively.
The oil volume was well in excess of that reported by [16] as typically associated with storm water
runoff (<0.1 g/L) and the RS used was double that reported by [17] of up to 12.6 g/m from a “dirty”
road; this value has also been used in previous laboratory simulation experiments [18]. At the end
of the monitoring period, a total of 367.5 g RS and 430 mL oil had been applied, thus representing a
worst-case scenario, probably reflecting a highly contaminated industrial or heavily trafficked site.
Following addition of the pollutants, the surface was artificially rained on at monthly intervals using
the rainfall simulator shown in Figure 1D at a rate of 15 mm/h for 52 min (13 mm water in total) for
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the equivalent of 38 months’ service. Approximately 500 mL of the discharged effluent water from
each rainfall event passing through the rig was collected. Between 150 and 200 mL was collected three
times: the beginning of outflow (after 15–30 min), midway (after 60 min), and at the end (after 240 min).
Samples were collected in clean 500 mL screw top containers and stored at −20 ◦C prior to analysis.

2.2. Coring Exercise Methodology

Since drilling down through the surface of the PA test rig was thought to generate too much dust,
a hole 10 cm × 10 cm was excavated in the surface and binder course by hand using a hammer and
chisel as shown in Figure 2. Dust and debris from the cutting procedure was regularly vacuumed away
to reduce contamination of lower levels with material from above. Individual pieces of asphalt/binder
course, aggregate, and any loose sediment were then carefully removed by hand, their depth noted,
and the samples stored in labelled plastic bags and refrigerated or frozen prior to further analysis.
Samples of loose materials from the surfaces of the aggregate were removed using a plastic spatula
and weighed. Samples were obtained according to the structure of the PPS from the surface and binder
courses down through the various levels of aggregate and into the base layer at a depth of 40–45 cm.
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Figure 2. Hole excavated in the surface course of the test rig to enable access to the layers beneath.

2.3. Analytical Methodology

The <5 mm RS was digested using a standard wet acid technique in a microwave, followed
by analysis for a selection of heavy metals using a Perkin Elmer 5300 DV ICP-OES (Perkin Elmer,
Waltham, MA, USA) [19]. To ascertain the metal content of the unused oil, 1 g was mixed with 50 mL of
deionised water and shaken overnight. This mixture was then filtered through a Whatman No. 1 filter
paper to remove excess oil prior to ICP analysis. Total acid digestion was used to compare heavy metal
concentrations in RS with published background values [20], ICRCL (International Committee on the
Redevelopment of Contaminated Land) Trigger concentrations [21] and CLEA SGVs (Contaminated
Land Exposure Assessment Soil Guideline Values) [22] to contextualise the results with guidelines on
what would be considered contaminated.

The effluents collected from the test rigs were tested for heavy metals (Cd, Cu, Ni, Pb, and Zn),
hydrocarbons (oil and grease: HC), and total suspended solids (TSS). For the metals analysis, a
100 mL aliquot of each effluent was acidified to a pH of <2 with concentrated nitric acid and
metal concentrations in the resulting solution measured using ICP-OES. Total HC concentration
was determined by absorbance using a Horiba OCMA 310; a 20 mL aliquot of each effluent sample was
acidified with a few drops of 5 M HCl, mixed with 10 mL of S316 solvent in the analyser which then
measured the concentration of dissolved HC. Total suspended solids were determined gravimetrically.
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Each bulk effluent sample (500 mL) was shaken well and a 250 mL subsample filtered through a
47 mm diameter GF/C filter paper which had been previously dried and weighed. The filter paper
and sediment were then dried at 105 ± 5 ◦C for 4 h and allowed to cool in a desiccator for at least 1 h
prior to re-weighing. Total suspended solids (mg/L) was calculated from the weight of the dried filter
paper with and without the filtered sediment.

The leachability of the heavy metals from the material removed from the core were assessed
to indicate their potential bioavailability [23] by extracting with 0.05 M EDTA at pH 7 and shaking
for 1 h according to [24]. The pH was determined by suspending samples in deionised water at a
water:sample ratio of 50 mL: 20 g and the pH of the supernatant liquid determined using a standard
laboratory meter. In order to determine microbial presence in the test rigs, the solid material was
washed with a sterile saline solution, and viable counts taken from aliquots which were serially diluted
and applied to nutrient agar plates and incubated at about 20 ◦C for 24 to 48 h. Following incubation,
the number of colonies on each of the agar plates was counted. This was a non-selective method for
heterotrophs in which non-pathogenic organisms were the focus.

3. Results and Discussion

This section includes initial heavy metals analysis of the RS and oil, as well as results of the
monitoring and coring exercise.

3.1. Heavy Metals in RS and Oil

Table 1A shows total mean metal concentrations found in the RS, which were compared with
published background concentrations [20], CLEA SGVs [22] where available or otherwise trigger
concentration [21]. Cadmium and Ni in the RS are not above background, but Cu is 10 times, Pb 5 times,
and Zn 6 times their respective background values, with Cu and Zn exceeding their guidance values.
These results are similar to those found in [25] where Cu and Zn were highlighted as elements of
concern. Lead is of less concern now due to the introduction of unleaded petrol and a reduction in
its use in paint. It appears above background due to its long residence times and hence represents
historical concentrations of Pb still found in urban solid deposits [25]. Metal concentrations in the oil
are also shown in Table 1A which reveals relatively high values for both Zn and Cd.

Table 1. (A) Total concentrations of heavy metals in RS compared with published background and
guideline values of heavy metals in unused oil (mg/L); (B) Average concentrations of heavy metals in
test pollutants materials and artificial rainfall (tap water feed).

Cd Cu Ni Pb Zn

A

RS (n = 24) (mg/kg) 1.1 223 24.9 152 366
Soil background (mg/kg) [20] 0.62 25.8 33.7 29.2 59.8

CLEA SGVs (mg/kg) [22] 30 Nd 75 450 Nd
Trigger (mg/kg) [21] 3 130 70 500 300

Unused oil (n = 2) (mg/L) 1.7 2.0 0.46 0.43 300

B

RS Soluble (mg/kg) 0.06 1.97 0.16 0.19 1.69
EDTA extractable RS (mg/kg) 0.34 45 0.67 66.5 128

Rain (tap feed) (mg/L) 0.001 0.277 0.002 0.01 0.105
Mean rig effluent (mg/L) 0.0003 0.011 0.001 0.0014 0.0035

WHO (mg/L) [26] 0.003 2.0 0.070 0.010 3.0 *

Nd = no data; * no health-based guidelines for Zn, the value given is based on its impact on taste.
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3.2. Long Term Monitoring of Effluent Quality

Monitoring of the test rig over 38 months indicated that very little of the applied pollutants
appeared subsequently in the effluent. This suggested that both dissolved and particulate-associated
pollutants as well as oil, were being effectively trapped or treated within the structure.

3.2.1. Oil and Grease Determination

The results of hydrocarbon (oil and grease) determination showed that levels were all either
below or very close to the analytical detection limit of 1 mg/L, with little indication of increasing
concentration (Figure 3). Over the course of the monitoring programme, more than 430 mL of oil was
added; in total, less than 0.5 mL of oil was detected in the effluent indicating that almost 99.9% of the
added oil was retained in the PPS structure. There was no indication of any breakthrough of oil even
after being subjected to such high loadings for 3 years.

3.2.2. Total Suspended Solids

Other, similar studies of TSS in PPS range between 10 and 20 mg/L [27,28] with typical mean
levels in effluents required for consent to discharge ranging between 30 and 100 mg/L dependent
on site and industrial process. As can be seen in Figure 3, mean levels for the present study fall well
within these ranges, with higher levels measured earlier in the study probably due to loose particles
being washed off the rig component materials as the monitoring began.
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3.2.3. Metals in the Artificial Rainwater and Effluents

There were relatively high concentrations of elements such as Cu and Zn present in the tap water
used for the artificial rainfall (see Table 1). However, metal concentrations found in the effluents were
consistently lower indicating the PA pavement’s ability to treat dissolved metals. There was also no
indication of any deterioration in effluent quality during the later stages of the monitoring program.
As can be seen in Figure 4, the metal concentration of most samples was well below the WHO drinking
water guidelines shown in Table 1 [26].
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Whilst it is accepted that the water discharged from PPS is unlikely to be drunk directly, comparing
against [26] potable water guidelines provides a best-case scenario against which the quality of the
effluent can be evaluated. The quality of water to be discharged into the environment depends on
the status of the receiving waterbody, or the use to which that water is being put. Comparators are
therefore site specific, for example, it may be that the water will be abstracted for drinking water or
it may be discharged into salmonid rivers which have highly specific regulations regarding water
quality determinands. In fact, [26] states that if national standards for water quality regulations are not
stringent enough then the drinking water guidelines should be referred to, particularly in catchments
used for the abstraction of drinking water. EQS Directive 2008/105/EC and the WFD 2000/60/EC
also argue that catchments used for the abstraction of water should be as close to standards suitable
for drinking water as possible to save on treatment costs. If the downstream environment is known,
then specific comparators can be used, but for the purposes of this laboratory-based study, [26] values
were used.

Figure 5 shows the percentage of each pollutant retained; this figure is based on estimates of the
total pollutant loading from measurements of the concentrations in RS, oil and the artificial rain water
(see Table 1) compared with the total pollutant output in the effluents. As can also be seen from Table 1,
a significant amount of Cu and Zn was applied to the models in the artificial rainwater feed and Zn is
also found in high concentrations (300 mg/L) in the unused oil. In each case, more than 90% of the
added load appears to have been retained within the PPS structure (Figure 5). The retention levels for
Cu and Zn, the two metals added in the highest concentrations, were greater than 98%. The lowest
retention was that for Cd, which even so was >94%.
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The results of the monitoring study indicated, therefore, that pollutants added to the test rig
surface were being effectively trapped or treated in the PPS structure. The finding that both heavy metal
concentrations and suspended solids levels in the effluents from the rigs were low supports the earlier
conclusion that the heavy metals in RS may be particulate-associated. After 3 years of monitoring
there was no indication of any deterioration in the chemical water quality of the effluent. For the
receiving environment, therefore, the PPS has a positive impact by improving water quality. However,
the following sections discuss the results of the coring exercise to assess whether the contaminants
remaining in the PPS may constitute a hazard to human health during maintenance and refurbishment
or due to sediment entrainment in the urban environment.

3.3. Coring Exercise-Analysis

Based on the results of the monitoring, the second half of the project sought to determine
specifically where the pollutants had become trapped, and what percentage remained.

3.3.1. Oil Analysis

From a visual inspection of the samples, the only layers with any visible signs of oil contamination
were the surface course and upper binder layers. No free oil films or oil odour were present in samples
taken from the aggregate. The oil concentrations shown in Table 2 are measurements of the oil present
in the aqueous phase of the pH extracts and do not represent the total oil loading. They simply show
that there was more free oil present in the surface course than the binder layer. The samples were
tested using the same methodology that was used for the effluent tests and described earlier with the
exception that for metals analysis, the extracts were filtered through a Whatman No. 1 filter paper
prior to measurement.

Table 2. Summary of the results from tests from coring exercise.

Rig Samples Depth (cm) pH Oil (mg/L) Microbiology (CFU/g) Sediment (g/kg)

Surface Course 0–3 7.1 13 1.6 × 105 2.0 *
Upper Binder 3–6 7.6 2.6 1.0 × 103 0.8
Lower Binder 6–10 7.5 1.5 1.6 × 103 1.3

Upper Aggregate 10–15 8.9 ns 7.2 × 103 38
Middle Aggregate 20–25 9.1 ns 2.0 × 105 52
Lower Aggregate 30–35 9.1 ns 7.0 × 105 48

Base 40–45 8.9 ns 2.1 × 107 32

Notes: ns—not suitable for analysis; CFU: colony forming units; * underestimate of sediment in surface course
(bound via oil to asphalt); “sediment” reported in g sediment per kg matrix material.

The aqueous extracts from the aggregate gave erroneously high oil readings using the IR method
due to the leaching of humic compounds from the sediment which yielded a highly coloured solution.
Samples from the aggregate could potentially be analysed using an alternative solvent extraction
methodology to determine oil contamination. Oil results from the upper asphalt layers may also
be an overestimate due to the presence of the organic binder. Whilst the results should, therefore,
be treated with caution, nonetheless, they provide an indication of where in the test rig relatively
higher concentrations were found.

3.3.2. Microbiology

The results of total viable counts per gram of rig material are presented in Table 2. These values,
expressed as colony forming units per gram, give an indication of the microbial growth throughout the
depth profile of the PPS. The microorganisms present are likely to play an important and beneficial role
in improving effluent quality through both biodegradation of oil and organic materials and adsorption
of heavy metals [4,19]. The highest numbers of organisms were found in the lower parts of the model,
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in the layers of aggregate which were the wettest parts of the structure. In comparison, the much
drier binder and upper aggregate layers seemed be supporting much less microbial growth. Therefore,
the availability of water may well be an important factor influencing their distribution. A more
comprehensive study would be required to determine any influence associated with differences in
nutrient availability throughout the structures (N, P, oil). Relatively high organism numbers were also
found in the surface course samples. This could be an indication of their utilisation of organic matter
sourced from the trapped RS and oil. The effect of a drier environment may be counteracted by the
higher levels of nutrients available.

3.3.3. Heavy Metals

Figure 6 shows that the greatest levels of the EDTA extractable metals were present in samples of
material taken from the surface course. Visual inspection supported the fact that the surface course
was also the greatest sink for the oil. It is likely that some of the added street dust was trapped at the
surface, possibly in association with the oil, however attempts to recover the sediment were limited by
its adherence to the oil.
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As shown in Figure 6, the sediment that was recovered from the surface course contained higher
levels of heavy metals, in particular Zn, Cu, Cd, and Pb. However, all these metals were also present,
although not in such high concentrations, in the aggregates below 10 cm. The highest concentrations
of Ni, however were found below 10 cm in the aggregate layers. Cadmium was under the limits of
detection below 6 cm in the core. Figure 6 also shows the low levels of all metals in clean aggregate
and PA contextualising their accumulation particularly in the surface and binder courses. Nickel was
present in comparatively high concentrations in both the clean aggregate and asphalt. In comparison
with EDTA-extracted metals in fresh RS (Table 1B), the highest concentrations from the core (Figure 6)
were far less, the ratio of Cd in the core compared to fresh RS was 0.044, Pb 0.015, Zn 0.055, Cd 0.054,
and Ni 0.15. This may be due to the migration of some of the heavy metals (soluble or particle-bound)
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throughout the test rig, of which the core samples are a small amount of the total volume. However, it
does reflect % “retention” as illustrated in Figure 5, which should perhaps be renamed “% lost”. In
terms of an estimate of whether these concentrations constitute a hazard, however, there is no evidence
of this after 3 years’ worth of pollutant addition, bearing in mind that what was added represented very
much a worst case scenario. The in-service life of PA pavements should be approximately 20 years [29],
possibly longer and future work should be to examine PAP accumulation when such a pavement
is refurbished, removed, or replaced. However, unlike the repair of impermeable asphalt surfaces,
opportunities to examine PA refurbishment do not arise often.

The highest sediment levels were found throughout the aggregate layer. The sediment found
here does not appear to be RS that has migrated through the upper asphalt layers as it was a different
colour and contained different heavy metal levels in comparison with RS. It is more likely therefore,
to be the original sand and mud associated with the materials used in constructing the models.

Heavy metals were found distributed throughout the full depth of the aggregate layer. The higher
levels of Cu and Zn observed fits with the input of these metals into the models via the rainwater
feed, and may have been bound to the sediment found in association with the lower aggregate layer.
However, these metal concentrations are all well below the original RS levels as shown in Table 3, so it
is unlikely that the RS migrated down through the structure, but, as is discussed above, it is more likely
that they are bound to loose material used to construct the rigs at the start of the programme. The pH
was neutral to alkaline (Table 2) with values above 9 measured in the middle and lower aggregate
layers reflecting the fact that it was limestone. It is well known that metals become soluble under acidic
conditions, and remain bound to the sediment at neutral and alkaline pHs, thus, unless environmental
conditions change, it would be unlikely that PAPs would be released.

Table 3. Comparison of the maximum concentration of EDTA extracted metals (mg/kg) from the
original RS and samples from the core.

Metal RS Core

Cu 45 2
Pb 66.5 1
Zn 128 7
Cd 0.34 0.015
Ni 0.67 0.1

4. Potential for Impacts on Environmental Health

4.1. Potential Environmental Impacts

The results of the monitoring show that the PA PPS was able to treat the applied pollutants such
that the effluent was of WHO drinking water quality. This would therefore represent little or no hazard
to the environment should the PPS drain into surrounding soils or to receiving waterbodies such as
groundwater in spite of studies such as [30] expressing concern. However, the focus of this study was
to determine the eventual fate of the applied contaminants—this was achieved through the coring
exercise. At a PPS end-of-life after about 20 years [29], perhaps due to wear of the surface course,
clogging, or subsidence, it may have to either be repaired or even completely replaced. It has been
established through this study that the surface course is the repository of Cu, Pb, and Zn, with Ni being
found further down into the aggregate layer. However, the highest concentrations that were found
were far less than those of the original RS as shown in Table 3. These levels represent the equivalent
of 38 months of monitoring a worst case scenario in terms of the amount of applied pollutants. Even
extrapolating this to 20 years assuming a constant rate of accumulation and acknowledging that metals
do not degrade would not increase the concentrations to a problematic degree.
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4.2. Maintenance, Refurbishment, Disposal and Particulate Resuspension

One of the main barriers to the use of PPS is the perception that they clog readily [30], maintenance
is therefore important to prevent this. However, it involves operatives street-sweeping [31],
vacuum-suctioning [32], or high pressure-washing [33] the surface. These processes may have potential
environmental consequences should PAPs be entrained into the air or local watercourses where they
can be transported to another milieu. Having been treated by the PA rig, even in the surface course,
there would appear to be little concern from accumulated metals. Whilst it is well known that the
movements of vehicles can resuspend particulates from the road surface [34,35], their relatively low
concentrations would appear to suggest that again, this would not appear to be of great concern to the
environment from re-entrained road dust particulates.

However, results showed that there were microorganisms, possibly present as an active biofilm,
in the PA surface course, and these may well be removed during maintenance procedures. Following
cleaning, therefore, there may be a time when treatment in the surface layer is sub-optimal due to the
removal of the biofilm. The microorganisms are found simply in the surrounding air, previous studies
inoculating the PPS with mixtures of microbes [3] found no advantage, in fact, experiments by [19]
whereby the biofilm was removed using a herbicide, found that it recovered fairly rapidly. Numbers
of colony forming microbes were found to be higher in the aggregate layer of the PA PPS, so it is likely
that for the short time whilst the surface biofilm recovers, infiltrating pollutants could be dealt with
deeper in the PPS structure, which could provide the focus for future investigations.

In the UK, in terms of disposal or recycling at end-of-life for the PA PPS, Waste Acceptance
Criteria (WAC) established by the Landfill (England and Wales) Regulations 2002, set leaching Limit
values for disposal of material through the Landfill Directive [36]. The WAC value [37] determines
the disposal route, whether inert and non-hazardous, or consigned to a hazardous landfill site, or the
possibility of reuse. Whilst specific WAC leaching was not carried out on the samples from the core,
the EDTA extractions do indicate metal concentrations to be low; further testing may be useful before
disposal at end-of-life, but it is possible that the aggregates could be recycled and reused rather than
having to be disposed of, thus reducing the amount of virgin aggregate required upon replacement of
the PPS and also space used for landfill.

5. Conclusions

After 3 years monitoring of the laboratory based PPS models of a worst case scenario, there
was no indication that the pollutant retention capacity has been exceeded with >90% of the applied
contaminants retained. The results show that the pollutants added to the test rig surface were being
effectively trapped and treated within the PPS structures. This led to the concentrations of the heavy
metals in the effluents remaining below WHO potable guideline levels and typically close to or below
the analytical limits of detection. The finding that both heavy metal concentrations and suspended
solids levels in the effluents were low agreed with the earlier conclusion that most of the heavy metals
in the RS may be particulate-associated. The levels of HC in the effluents were close to or below
the limits of detection, and indicated that more than 99% of the oil added to the test models was
trapped and potentially degraded by the microorganisms present in the PPS models as shown in the
coring exercise.

From the coring exercise, it appears that most of the polluted sediment and oil is trapped in the
upper surface course layer. This may be advantageous in that this zone can be cleaned using high
pressure jetting and the polluted sediment can be simultaneously removed. However, there is potential
for any biofilm which has developed in the surface course to be removed during maintenance, reducing
treatment opportunities. This scenario is likely to be short term, as biofilm development is fairly rapid.
From the suite of pollutants monitored, there would appear to be little concern for environmental
health when carrying out these procedures as EDTA extraction concentrations, reflecting potential
bioavailability, were low. It was also found that the loose material associated with attrition of the
aggregate layers may provide a secondary site for the binding of any dissolved metals percolating
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down through the structure, particularly Ni. This may have impacts when considering disposal
or recycling of the aggregate after refurbishment which may require additional testing in order to
ascertain final destination of the material. Microbial analysis suggests that the aggregate is also the site
where high numbers of bacteria are found and which may play an important and beneficial role in the
breakdown of hydrocarbons and further trapping of PAPs.

Acknowledgments: Tarmac Limited, UK, supplied the test rig for this research. Coventry City Council provided
access to their central street cleansing depot, CV1 and provided the road sediment.

Author Contributions: All authors designed and carried out the experiments. Ernest O. Nnadi and Jamie Beddow
analysed the results, Susanne M. Charlesworth and Jamie Beddow wrote the paper and all authors reviewed paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Charlesworth, S.M.; Harker, E.; Rickard, S. Sustainable drainage systems (SUDS): A soft option for hard
drainage questions? Geography 2003, 88, 99–107.

2. Scholz, M.; Grabowiecki, P. Review of permeable pavement systems. Build. Environ. 2007, 42, 3830–3836.
[CrossRef]

3. Newman, A.P.; Pratt, C.J.; Coupe, S.J.; Cresswell, N. Oil bio-degradation in permeable pavements by
microbial communities. Water Sci. Technol. 2002, 45, 51–56. [PubMed]

4. Bean, E.Z.; Hunt, W.F.; Bidelspach, D.A. Study on the Surface Infiltration Rate of Permeable Pavements.
In Proceedings of the American Society of Civil Engineers and EWRI 2004 World Water and Environmental
Resources Congress, Salt Lake City, UT, USA, 27 June–1 July 2004.

5. Elvick, R.; Hoye, A.; Vaa, T.; Sorenson, M. The Handbook of Road Safety Measures, 2nd ed.; Emerald Group
Publishing Ltd.: Bingley, UK, 2009; p. 1140.

6. Pratt, C.J.; Newman, A.P.; Bond, P.C. Mineral oil bio-degradation within a permeable pavement: Long term
observations. Water Sci. Technol. 1999, 39, 103–109. [CrossRef]

7. Pratt, C.J.; Mantle, J.D.G.; Schofield, P.A. Urban stormwater reduction and quality improvement through the
use of permeable pavements. Water Sci. Technol. 1989, 21, 769–778.

8. Yong, C.F.; Deletic, A.; Fletcher, T.D.; Grace, M.R. The clogging behaviour and treatment efficiency of a range
of porous pavements. In Proceedings of the 11th International Conference on Urban Drainage, Edinburgh,
Scotland, UK, 31 August–5 September 2008.

9. Charlesworth, S.M.; Lashford, C.; Mbanaso, F. A Review of Current Knowledge: Hard Stainable
Infrastructure. Available online: http://www.fwr.org/environw/hardsuds.pdf (accessed on 19 June 2017).

10. Scholz, M.; Charlesworth, S.; Coupe, S. Drainage benefits of porous, permeable and pervious paving. In Water
Resources in the Built Environment: Management Issues and Solutions; Booth, C., Charlesworth, S.M., Eds.;
Wiley Blackwell: Hoboken, NJ, USA, 2014.

11. Xavier, J.B.; Picioreanu, C.; Rani, S.A.; van Loosdrecht, M.C.M.; Stewart, P.S. Biofilm control strategies based
on enzymatic disruption of the extracellular polymeric substance matrix—A modeling study. J. Microbiol.
2005, 151, 3817–3832. [CrossRef] [PubMed]

12. Flemming, H.C.; Wingender, J. The biofilm matrix. Nat. Rev. Microbiol. 2010, 8, 623–633. [CrossRef] [PubMed]
13. Beveridge, T.J.; Makin, S.A.; Kadurugamuwa, J.L.; Li, Z. Interactions between biofilms and the environment.

FEMS Microbiol. Rev. 1997, 20, 291–303. [CrossRef] [PubMed]
14. Flemming, H.-C.; Leis, A. Sorption properties of biofilms. In Encyclopedia of Environmental Microbiology;

Bitton, G., Ed.; Wiley-Interscience: New York, NY, USA, 2002; Volume 5, pp. 2958–2967.
15. Späth, R.; Flemming, H.C.; Wuertz, S. Sorption properties of biofilms. Water Sci. Technol. 1998, 37, 207–210.

[CrossRef]
16. Ellis, J.B.; Chatfield, P.R. Diffuse urban oil pollution in the UK. Urban Water J. 2006, 3, 165–173. [CrossRef]
17. Pitt, R.; Williamson, D.; Voorhees, J.; Clark, S. Review of historical street dust and dirt accumulation and

washoff. In Effective Modeling of Urban Water Systems, Monograph 13; James, W., Irvine, K.N., McBean, E.A.,
Pitt, R.D., Eds.; CHI: Guelph, ON, Canada, 2004.

18. Wilson, S.; Newman, A.P.; Puehmeier, T.; Shuttleworth, A. Performance of an oil interceptor incorporated in
to a pervious pavement. Eng. Sustain. 2003, 156, 51–58. [CrossRef]

http://dx.doi.org/10.1016/j.buildenv.2006.11.016
http://www.ncbi.nlm.nih.gov/pubmed/11989892
http://dx.doi.org/10.1016/S0273-1223(99)00013-X
http://www.fwr.org/environw/hardsuds.pdf
http://dx.doi.org/10.1099/mic.0.28165-0
http://www.ncbi.nlm.nih.gov/pubmed/16339929
http://dx.doi.org/10.1038/nrmicro2415
http://www.ncbi.nlm.nih.gov/pubmed/20676145
http://dx.doi.org/10.1111/j.1574-6976.1997.tb00315.x
http://www.ncbi.nlm.nih.gov/pubmed/9299708
http://dx.doi.org/10.1016/S0273-1223(98)00107-3
http://dx.doi.org/10.1080/15730620600961486
http://dx.doi.org/10.1680/ensu.2003.156.1.51


Int. J. Environ. Res. Public Health 2017, 14, 666 13 of 13

19. Mbanaso, F.U.; Charlesworth, S.M.; Coupe, S.J.; Nnadi, E.O.; Ifelebuegu, A.O. Potential microbial toxicity
and non-target impact of different concentrations of glyphosate-containing herbicide in a model pervious
paving system. Chemosphere 2014, 100, 34–41. [CrossRef] [PubMed]

20. Macklin, M. Metal pollution of soils and sediments: A geographic perspective. In Managing the Human
Impacts on the Natural Environment: Patterns and Processes; Newson, M., Ed.; Belhaven Press: London, UK,
1992; pp. 172–195.

21. ICRCL 59/83 Guidance on the Assessment and Redevelopment of Contaminated Land. Available online:
http://www.eugris.info/displayresource.aspx?r=3621 (accessed on 19 June 2017).

22. Report CLR7: Assessment of Risks to Human Health from Land Contamination: An Overview of the
Development of Guideline Values and Related Research. Available online: http://www.eugris.info/
displayresource.aspx?r=3747 (accessed on 19 June 2017).

23. Ure, A.M. Single extraction schemes for soil analysis and related applications. Sci. Total Environ. 1996, 178,
3–10. [CrossRef]

24. Madrid, L.; Dıaz-Barrientos, E.; Madrid, F. Distribution of heavy metal contents of urban soils in parks of
Seville. Chemosphere 2002, 49, 1301–1308. [CrossRef]

25. Charlesworth, S.M.; Everett, M.; McCarthy, R.; Ordóñez, A.; De Miguel, E. A comparative study of heavy
metal concentration and distribution in deposited street dusts in a large and a small urban area: Birmingham
and Coventry, West Midlands, UK. Environ. Int. 2003, 29, 563–573. [CrossRef]

26. WHO. Guidelines for Drinking-Water Quality. Available online: http://whqlibdoc.who.int/publications/
2011/9789241548151_eng.pdf?ua=1 (accessed on 2 April 2017).

27. Barrett, M.E.; Shaw, C.B. Benefits of porous asphalt overlay on storm water quality. Transp. Res. Rec. 2007,
2025, 127–134. [CrossRef]

28. Legret, M.; Colandini, V.; le Marc, C. Effects of porous pavement with reservoir structure on the quality of
runoff water and soil. Sci. Total Environ. 1996, 189–190, 335–340. [CrossRef]

29. Shackel, B. The design, construction and evaluation of permeable pavements in Australia. In Proceedings of
the 24th ARRB Conference, Melbourne, Australia, 12–15 October 2010.

30. Heal, K.V.; McLean, N.; D’Arcy, B.J. SUDs and sustainability. In Proceedings of the 26th Meeting of
the Standing Conference on Stormwater Source Control, Dunfermline, Scotland, UK, 7 September 2004;
pp. 47–56.

31. Shirke, N.A.; Shuler, S. Cleaning porous pavements using a reverse flush process. J. Transp. Eng. 2009.
[CrossRef]

32. Gerrits, C.; James, W. Restoration of infiltration capacity of permeable pavers. In Proceedings of the Global
Solutions for Urban Drainage: The Ninth International Conference on Urban Drainage (9ICUD), Portland,
OR, USA, 8–13 September 2002; Eric, W.S., Wayne, C.H., Eds.; American Society of Civil Engineers: Reston,
VA, USA, 2002.

33. Dietz, M.E. Low impact development practices: A review of current research and recommendations for
future directions. Water Air Soil Pollut. 2007, 186, 351–363. [CrossRef]

34. Berger, J.; Denby, B. A generalised model for traffic induced road dust emissions. Model description and
evaluation. Atmos. Environ. 2011, 45, 3692–3703. [CrossRef]

35. Nicholson, K.W.; Branson, J.R.; Giess, P.; Cannell, R.J. The effects of vehicle activity on particle resuspension.
J. Aerosol Sci. 1989, 20, 1425–1428. [CrossRef]

36. Council Decision 2003/33/EC of 19 December 2002 Establishing Criteria and Procedures for the Acceptance
of Waste at Landfills Pursuant to Article 16 of and Annex II to Directive 1991/31/EC. Available online:
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2003:011:0027:0049:EN:PDF (accessed on
19 June 2017).

37. EA (Environment Agency). Waste Acceptance at Landfills; Environment Agency: Bristol, UK, 2010.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.chemosphere.2013.12.091
http://www.ncbi.nlm.nih.gov/pubmed/24462083
http://www.eugris.info/displayresource.aspx?r=3621
http://www.eugris.info/displayresource.aspx?r=3747
http://www.eugris.info/displayresource.aspx?r=3747
http://dx.doi.org/10.1016/0048-9697(95)04791-3
http://dx.doi.org/10.1016/S0045-6535(02)00530-1
http://dx.doi.org/10.1016/S0160-4120(03)00015-1
http://whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf?ua=1
http://whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf?ua=1
http://dx.doi.org/10.3141/2025-13
http://dx.doi.org/10.1016/0048-9697(96)05228-X
http://dx.doi.org/10.1061/(ASCE)0733-947X(2009)135:11(832)
http://dx.doi.org/10.1007/s11270-007-9484-z
http://dx.doi.org/10.1016/j.atmosenv.2011.04.021
http://dx.doi.org/10.1016/0021-8502(89)90853-7
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2003:011:0027:0049:EN:PDF
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Monthly Monitoring to Assess Pollutant Treatment 
	Coring Exercise Methodology 
	Analytical Methodology 

	Results and Discussion 
	Heavy Metals in RS and Oil 
	Long Term Monitoring of Effluent Quality 
	Oil and Grease Determination 
	Total Suspended Solids 
	Metals in the Artificial Rainwater and Effluents 

	Coring Exercise-Analysis 
	Oil Analysis 
	Microbiology 
	Heavy Metals 


	Potential for Impacts on Environmental Health 
	Potential Environmental Impacts 
	Maintenance, Refurbishment, Disposal and Particulate Resuspension 

	Conclusions 

