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ABSTRACT 
Permeable pavement systems (PPS) are part of the stormwater management technologies known as 
Sustainable Urban Drainage Systems (SUDS). The main objective of this is to analyse its buffering 
capacity (quantity and quality of filtered water) under extreme rainfall events. To this end, two different 
pavement cross-sections, complete configuration (C1) and simple configuration (C2), have been tested 
at laboratory scale for the 25-year return period 10-min intensity rainfall in Valencia (Spain). Four 
different pollutant build-up levels have been studied (at one, three, six and 12 months). For all the 
simulated rainfall events, the quantity (hydrographs and drained volume) and quality (DQO, TSS, TN 
and TP concentrations) of filtered water were characterized. On the one hand, configuration C1 reduced 
more than C2 the peak flow of filtered water for the same dirt and dust build-up. Moreover, peaks are 
wider in time, so the filtered water is better distributed. Regarding the influence of pollution build-up 
level, it can be observed that higher dust and dirt build-up gave rise to lower flow rates. In general, the 
larger the quantity of pollutant build-up accumulated on the pavement surface, the larger the volume of 
water was retained because it absorbed part of the rain, thus smoothing the peak flow of filtered water. 
On the other hand, the pollutant mass leached from the pavement C1 is lower than C2. When the amount 
of dust and dirt deposited was lower, the rainfall was able to leach more pollutant with respect to the 
total mass deposited. The results show the importance of an adequate cleaning program with a 
frequency no lower than once a month and a better response, in terms of water pollution retention, of 
the complete configuration (C1) during times of heavy rainfall. 
Keywords:  porous pavement, extreme rainfall intensity, pollutant build-up, infiltrated water quality, 
laboratory experience.	

1  INTRODUCTION 
Since the beginning of urban development, the water cycle had been altered. When it rains 
on a natural landscape, water infiltrates into the soil, evaporates, is taken by plants 
(evapotranspiration) and sometimes finds a way into rivers. But when it rains in an urban 
area, in which permeable surfaces are so scarce, a great part of rainwater turns into surface 
water runoff, which can cause flooding, pollution and erosion problems. Sustainable Urban 
Drainage Systems (SUDS) are an opportunity to prevent urban soil sealing. They can take 
many forms, but the main idea is to manage and use rainwater close to where it falls, i.e. at 
source. Therefore, the pillars of SUDS design are four: control the quantity of runoff, manage 
the quality of runoff to prevent pollution, create and sustain better places for people and create 
and sustain better places for nature [1]. 
     Permeable Pavement Systems (PPS) are one specific type of SUDS. A large number of 
studies have shown the hydraulic benefits of these systems, including: reduction of surface 
urban runoff and peak flow attenuation, reduction of combined sewer overflows, 
groundwater recharge [2] and mitigation of urban heat island effect [3]. Nevertheless, there 
are few research about the second pillar of SUDS design (water quality), although the number 
has been growing in recent years [4]–[6]. 
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     Studying the response of SUDS to high rainfall intensity events is important to 
demonstrate their ability to face future challenges associated with climate change, as the 
Intergovernmental Panel on Climate Change expects that the extreme precipitation events 
will become more intense and frequent [7]. It has been claimed and demonstrated that 
incorporating SUDS into urban planning development becomes necessary [8], and other 
authors also consider that urban green assemblages (equivalent definition for SUDS) has the 
potential to create more resilient cities with the capacity to respond to a broader scope of 
climate change and environmental issues [9]. 
     The main objective of this research is to analyse the buffering capacity of permeable 
pavements, in terms of quantity and quality of filtered water under extreme rainfall events. 
The aim will be achieved quantifying the hydraulic and pollutant retention capacity of the 
PPS performed in laboratory under different dust and dirt build-up levels. Moreover, another 
goal of the study is to define the minimum cleaning frequency for PPS according to  
their configuration. 

2  MATERIALS AND METHODS 

2.1  Materials 

The experimental setup designed to achieve the objectives of the study consists of a battery 
of laboratory scale infiltrometers, as shown in Fig. 1(a). Two configurations of pavement 
layers were tested: full configuration (C1) and simple configuration (C2). Both sections are 
also illustrated in Fig. 1(b). Configuration C2 has the same layers as C1 except the bottom 
layer of washed limestone aggregate 4–40 mm size. Both configurations were tested to 
understand the role of the gravel layer. When the traffic load is not high (e.g. on sidewalks) 
the bottom gravel layer is dispensable, because less structural strength is required. The 
concrete block characteristics, according to the information provided by the manufacturer, 
can be found in Hernández-Crespo et al. [10]. 
     The rainfall simulator is based on [11] and is composed of a water storage tank, a pump 
and a grid of a drip irrigation pipes consisting of 7 rows with 13 drippers per row evenly 
distributed and placed 50 cm above the pavement surface (see Fig. 1(a)). A rain gauge is 
positioned below each permeable pavement to measure the infiltrated water flow, which  
is then collected and kept in a refrigerator until chemical analysis is performed, in less than 
24 hours. 
     Deionized water was used (Electrical Conductivity: 10 µS/cm, pH: 7.1) to simulate 
rainwater. The material used to simulate pollution build-up is real dust and dirt deposited on 
urban roads. It was collected by the road cleaning services of the university (Universitat 
Politècnica de València – UPV), by a mechanical sweeper in dry conditions. The 
characteristics of this dust are collected in Table 1 and more detailed information is available 
in Hernández-Crespo et al. [10]. 

2.2  Methods 

Rainfall simulations which reproduce the event with a return period of once in 25 years in 
Valencia (Spain) were performed. In particular, this rainfall intensity corresponded with  
22 mm in 10 min (132 mm/h). A plastic mesh was included in the setup installation, between 
the rain simulator and the chamber that contains the paver profile, according to Naves et al. 
[12] to break rainfall drops reducing its size and improving its spatial distribution.  
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(a) 

 

 
(b) 

Figure 1:    (a) Scheme of experimental setup; and (b) Cross-section configuration C1 (left) 
and configuration C2 (right). 

Table 1:   Physical-chemical characteristics of the dust and dirt used in the tests. Results are 
expressed on a dry weight (dw) basis. 

Physico-chemical variable Average value 
Moisture (% dw) 2.02 
Organic matter (% dw) 8.23 
Organic carbon (% dw) 1.83 
Total nitrogen (mg/kg dw) 1351.0 
Total Phosphorus (mg/kg dw) 302.5 
Electrical conductivity1:5 (µS/cm) 890 
pH1:5 8.0 

Particle size distribution (%dw) 
Gravel (>2 mm) 13.2 
Sand (0.063–2 mm) 85.0 
Silt and clay (<0.063 mm) 1.8 

 
     The influence of pollution build-up was studied by dry sprinkling sediments on the 
pavement surface. The applied deposition rate (5 g/m2/d) was selected according to the 
information provided by the cleaning services (mass collected, surface swept and cleaning 
frequency) and checked against scientific references [13], [14]. Four different pollutant 
 build-up levels effects have been studied: one month (140 g/m2), three months (420 g/m2), 
6 months (840 g/m2) and 1 year (1825 g/m2).  
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     Only three infiltrometers were available for testing, one with configuration C1 and two 
with configuration C2 (Replica 1 and Replica 2). In general, the methodology followed for 
the trials was applying progressively the dust (1, 3, 6 and 12 months) and simulating the 
rainfall in each case. Three weeks have passed between tests, on the same infiltrometer, to 
ensure the same initial moisture conditions. There was an exception for configuration C2, in 
which 1 month and 6 month of pollutant build-up level were performed and after that, the 
surface was cleaned with a vacuum cleaner and a brush, and the assays of 3 and 12 months 
of build-up levels were performed to complete the data series. 
     The infiltrated water was collected and kept in the refrigerator until analysis within 
twenty-four hours. The water samples were analysed for the following parameters: Total 
Nitrogen (TN) (Spectroquant® test: [15] photometry), Total Phosphorus (TP) (Spectroquant® 
test: digestion [16]), Chemical Oxygen Demand – COD (Spectroquant® test: [17]), Total and 
Volatile Suspended Solids [18], [19] and turbidity with a TN100 Eutech turbidity-meter. 
WTW-Multi 340i probes were used to measure: temperature, dissolved oxygen (CellOx® 
325), conductivity (TetraCon®) and pH (SenTix®41). 

3  RESULTS 

3.1  Influence of pollution build-up and rainfall intensity on infiltrated water quantity 

The hydrographs of infiltrated water obtained in the different tests performed are shown in 
Fig. 2. Additionally, drained volumes are represented through the cumulative volume curves. 
Fig. 2(a) collects the results for 1-month pollutant build-up, (b) for 3 months, (c) for 6 months 
and (d) for 12 months. For 1 and 6 months of dust and dirt accumulation, the maximum flow 
rates and the lower lag times were reached for simple configuration (Fig. 2(a) and (c)). Lag 
time is defined as the time elapsed between the beginning of the rainfall and the beginning 
of the outflow from permeable pavement, as defined in Rodriguez-Hernandez et al. [20]. For 
3- and 12-month build-up, these variables did not show a clear pattern. 
     For configuration C1, the larger the quantity of pollutant accumulated on the pavement 
surface, the lower flow rates and the longer lag time. This happened during the first three 
build-up simulations (1, 3 and 6 months of dirt and dust accumulated) where the flow rate 
values were 1.36, 1.34 and 1.33 l/m2/min, respectively, and the lag times increased from 7 to 
9 (Fig. 2(a)–(c)). It seems that dust and dirt accumulated on the pavement surface absorbed 
part of the rain, thus smoothing the peak flow of filtered water and delaying the hydrographs. 
For the fourth test (12 months), peak flow increased (until 1.75 l/m2/min) and lag time was  
5 minutes; thus giving a peak flow higher than the assay performed under 1-month build-up 
and a lower lag time (Fig. 2(d)). Too much dust (1825 g/m2) possibly clogged the pores of 
the pavement, and rainwater could have found preferential paths, short-circuiting and, thus, 
reducing its buffering capacity. In this assay, runoff was formed, proving some clogging. 
     For both replicas performed on simple configuration (C2), it can be also observed, for  
1 and 6 months, a higher quantity of build-up produces a reduction of peak flows and an 
increase of lag time (Fig. 2(a) and (c)). However, 3 and 12-months tests (Fig. 2(b) and (d)) 
produced lower peak flows (1.2 l/m2/min and 0.7 l/m2/min, respectively) and significantly 
higher lag times (6 and 7 minutes, respectively). 
     As it has been stated in previous section, infiltrometers with configurations C2 were tested 
with one and six months of dust and dirt build-up and then were cleaned with a domestic 
vacuum cleaner and a brush. After that, three- and 12-months tests were performed. When 
the cleaning works finished, it was observed that some dirty remained between the joints of 
the paving blocks. This situation might have caused a delay in rain infiltration, leading to the  
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Figure 2:    Hydrographs of infiltrated water under different pollution build-up levels for the 
tested configurations C1 and C2. (a) 1 month; (b) 3 months; (c) 6 months; and 
(d) 12 months. Cumulative volume curves (C1 DV and C2 DV average) are 
displayed on the secondary axis and numerical data indicate the total drained 
volume (average value for configuration C2). 
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Figure 3:    Runoff volume in millilitres for 1, 3, 6 and 12 months of pollutant build-up and 
both tested configuration (C1 and C2). The probability of runoff occurrence, 
according to the number of tests carried out, are displayed on the secondary axis.  

runoff production (140.5 ml for three months of build-up and 2516 ml for one year). Most 
researchers in the field claim pressure/power washing with water and vacuum sweeping (or 
a combination of these) are the most recommended methods to rehabilitate clogged 
permeable concrete [21], [22]. 
     In terms of total drained or retained volume, permeable pavements with both 
configurations were always able to retain a significant part of the total rainfall volume 
applied, at least 22% (one-month test – C2). In short, retention varies between 24%–34% for 
complete configuration and between 22%–33% in the simple one (C2). 
     About runoff generation, configuration C2 produced a runoff volume that increased as the 
pollution build-up level did (Fig. 3). In contrast, configuration C1 only produced runoff for 
1 year of build-up level (263 ml). Right vertical axis in Fig. 3 shows the probability of runoff 
occurrence observed in the performed tests. For one month of dust and dirt accumulation, 
runoff does not occur. Whereas, for three and six months only one of the replicas performed 
in the simple configuration (C2) produced it. Finally, one-year pollutant build-up produced 
runoff volume in all the tests. In Drake and Bradford [23] recommended frequency of 
maintenance ranges from at least once per year and [24], [25] to two to four times per year, 
depending on the site and weather conditions [26]. Taking into account both configuration, 
the results show that it is necessary to clean the PPS with a frequency no lower than once a 
month to maintain an adequate permeability rate and its capability to prevent surface runoff. 
It could be a good idea, a basic monthly cleaning with mechanical sweeper, just like in any 
other area of the city. 

3.2  Influence of pollution build-up and rainfall intensity on the quality of infiltrated water 

This section presents the results of the water quality, for C1 and C2 configurations. Fig. 4 
shows pollutant concentrations for filtered water through the pavements and the runoff 
generated if it is the case. 
     Regarding the quality of filtered water, configuration C1 reached lower concentrations of 
COD, TN and TP than configuration C2 (Fig. 4(a), (c) and (d) respectively). COD increased 
progressively with pollutant build-up, reaching concentrations between 77 mg/l 
(Configuration C1) and 174 mg/l (Configuration C2) for one year of dust accumulation (value 
above 125 mg/l; discharge limit of urban wastewater treatment plants in Spain). This rise is 
more pronounced for configuration C2 (Fig. 4(a)). 
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(a) COD                                                         (b) TSS 

 
(c) TN                                                           (d) TP 

Figure 4:    (a) Chemical oxygen demand (COD); (b) Total Suspended Solids (TSS);  
(c) Total Nitrogen (TN); and (d) Total Phosphorus (TP) concentrations in the 
different assays performed (1, 3, 6 and 12 months of pollutant build-up in 
configuration C1 and C2). Vertical left axis refers to infiltrated water 
concentrations and vertical right axis to runoff concentrations. The standard 
deviation is only shown for infiltrated water. 

     Total Nitrogen and Total Phosphorus concentrations in complete configuration tests have 
a tendency to increase more in the first tests (the difference between 1 and 3 months of  
build-up levels is higher) and to steady with dust accumulation (results for 6 and 12 months 
are quite similar). By contrast, concentrations of these pollutants in simple configuration 
increase progressively with build-up (Fig. 4(c) and (d)). 
     The behaviour of TSS concentrations (Fig. 4(b)) is different for both configurations. C2 
TSS concentrations increase gradually with deposition. The larger the quantity of pollutant 
build-up, the larger the concentration of infiltrated water become. Conversely, there is not an 
important difference among TSS concentration in the water drained by pavements with 
complete configuration for the different levels of dirty accumulation. Furthermore, it should 
be highlighted that the amount of TSS leached through the PPS is low in comparison with 
the amount deposited on the surface, as it is discussed below. 
     About runoff, as it is commented in the previous section, configuration C2 produced for 
3, 6 and 12 months of pollutant build-up, and configuration C1 only generated for 1-year 
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build-up level. More pollutant accumulation produces higher runoff volumes. For 
configuration C2, three-months runoff volume was more concentrated than six-months one. 
One-year tests produced the higher runoff volumes (Fig. 3) and, especially for configuration 
C2, very high pollutant concentrations (268 mgO2/l of COD, 436.8 mgSS/l of TSS,  
1.98 mgN/l of TN and 0.955 mgP/l of TP). 
     So far, the results obtained have been analysed for the concentration of pollutants, but it 
is also important to analyse the results in terms of released mass load. Fig. 5 shows the 
percentage of mass leached within the infiltrated water with respect to the total mass present  
 

 

 

 

 

Figure 5:    Evolution of mass of pollutant released with respect to the total mass present in 
the dust and dirt deposited on the pavement surface (%) with pollutant build-up 
level. Dots represent the data (average data for configuration C2) and dotted 
curves a logarithmic adjustment. On the right are the equations of the adjustment 
for each configuration (C1 and C2) and the coefficient of determination (R2). 
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in the dust and dirt accumulated on the pavement surface. It is important to carry out the 
analysis in terms of mass to quantify the pollutant retention capacity of the different PPS 
configurations. This analysis reaffirms the higher retention capacity of configuration C1 
(especially for lower values of pollution build-up) considering the effect of volume and 
concentration together.  
     The percentage of TSS leached is the lower one, compared with the rest of the variables 
studied, and the differences between build-up levels are also very low. Both configurations 
have the greatest retention capacity for the TSS, for all the build-up levels tested. The quantity 
of solids released is so small for both configurations, thus the difference obtained can be 
considered negligible. 
     For all the variables, this percentage of mass leached within the filtered water, can be 
adjusted to a logarithmic model. That means the mass of pollutant leached trends to reach a 
constant value with a certain mass of dust and dirt deposited on the pavement surface. This 
information is interesting and highlight the potential of permeable pavements despite its lack 
of maintenance. However, as it was stayed above, it is highly recommendable to perform an 
adequate cleaning programme, to prevent the production of runoff and its potential discharge 
to aquatic environment. 

4  CONCLUSIONS 
Results have shown that PPS have an important improvement potential compared with 
conventional pavements. These systems have the capacity to reduce the peak flow and the 
volume of drained water, temporarily dampening the rain hydrograph. Moreover, they can 
reduce or even completely avoid the production of runoff in the extreme rainfall events tested 
and can decrease the pollutant concentrations respect to the surface runoff. However, PPS 
need to be maintained correctly to perform these advantages and this maintenance must be 
more frequent for simple configurations.  
     During extreme events, complete configuration has presented higher buffering capacity 
of the rainfall events than simple configuration. Peak flows, drained volumes and pollutant 
concentrations of infiltrated water were higher for configuration C2, impacting more on 
receiving environment. Besides, the runoff occurrence probability is higher for simple 
configuration. Only when its surface has not been cleaned in a year, complete configuration 
produces runoff, which volume will be probably less than 1.2 l/m2. Elseways, simple 
configuration produces runoff for pollution build-up levels higher than one month. 
     Overall, both configurations could be used in areas where heavy rainfalls occur. 
Nevertheless, the benefits of complete configuration could make it useful than simple 
configuration, although its higher structural strength is not required. A cost-benefit analysis 
should be carried out before making the final decision. For both configurations, it would be 
advisable to clean the surface of the PPS once a month to avoid surface runoff production 
and less leachability of pollutants. 
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