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A B S T R A C T   

Sustainable urban drainage systems (SUDS) are common solution to address flow discharges, runoff volumes and 
pollutant concentrations caused by urban expansion and climate change trend. Among them, permeable pave
ments (PP) effectively manage and treat stormwater. The clogging process of PP has been addressed in previous 
studies but there is still room for improvement the knowledge about how it affects to their performance in terms 
of hydrological behaviour and pollutant removal and how it depends on sediment properties. The present study 
simulates and analyses the behaviour of a permeable asphalt through 47 sediment loading steps tested for six 
different sediment classes under laboratory conditions. The experiments were performed using permeable 
asphalt slabs in two laboratory rainfall simulators, measuring reductions in permeability, filtered and runoff 
flows, and water quality variations in effluents according to sediment loads and rainfall events. The results 
showed significant reductions of permeability (22–99 %) for sediment surface loads from 1 kg/m2 onwards, 
except for very fine sediments (<125 μm) (1 %). Permeability recovery after vacuum cleaning varied between 8 
% and 100 % of original permeability. Sediment particle size distribution, organic matter content and rain events 
sequence were key variables influencing the permeability loss and its recovery, and quality of filtrated water. The 
hydraulic efficiency was high, filtrating almost 100 % of the applied rainfall, whenever the sediment surface load 
was below 4 kg/m2, above which surface runoff was produced. The efficiency of the slab for pollutant retention 
was 96 % for COD, 76 % for TN, 79 % for TP, and 98 % for TSS.   

1. Introduction 

Sustainable urban drainage systems (SUDS) are becoming a common 
solution to address the increase in flow discharges, runoff volumes and 
pollutants concentrations caused by urban expansion [44]. Among 
them, the use of permeable pavements (PP) is nowadays wide-spreading 
due to their demonstrated effectiveness in managing and treating 
stormwater at source. Porous asphalt is a common material that per
forms the surface layer of PP structures, which is successfully tested to 
implement this type of SUDS [39]. Even though in many countries SUDS 
are more and more being integrated into the usual urban drainage 
scheme [20]. However, technical challenges related to clogging and 
water quality aspects need to be further studied in order to achieve a 
successful city-wide implementation of PP and SUDS in general, 

ensuring a high social acceptance [3,19]. 
Clogging is the process by which PP lose its capacity for rainwater 

infiltration, due to the interception and accumulation of solid particles 
within the pavement layer. Solid particles can be sediments eroded from 
surrounding areas or from the pavement itself, debris from road surfaces 
or from other areas and carried by vehicles, organic matter from vege
tation, etc. [27]. In addition, some fluids, such as hydrocarbons and oils, 
or biofilm growth, can accelerate the clogging process. Furthermore, 
clogged PP deteriorate at a faster rate than those remaining unclogged 
[21]. Different methods can be used for clogging evaluation, including 
the measurement of permeability with standard permeameters [40], the 
measurement of porosity in core samples [26], and full-scale infiltration 
methods [4]. The previous methods are usually employed in full-scale 
PP, whereas at lab-scale, the use of physical models with rainfall 
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(A. Goya-Heredia), joaquin.suarez@udc.es (J. Suárez), jose.anta@udc.es (J. Anta), igando@hma.upv.es (I. Andrés-Doménech).  
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simulators and road-deposited sediments dosage is a well-established 
practice to assess clogging processes and their influence on hydraulic 
efficiency and water quality of filtrated water [25,28]. 

The novelty of this article is the strengthened role of real sediment 
used under laboratory conditions. Previous studies focusing on the water 
quality of filtrated flows, usually introduced pollutants through the 
application of synthetic rainwater or runoff on the PP [22,25,48]. 
However, in many cases, the accumulation of pollutants occurs directly 
on the own pavement surface and not through runoff from impervious 
pavements. In this case, the application of real sediments collected from 
urban areas and non-polluted rainwater, simulates a more realistic 
scenario to improve knowledge about the influence of rainfall intensity 
on pollutants mobilisation [17]. In this sense, it is interesting to check 
potential different behaviours of filtrated water considering sediments 
collected from different urban areas which can present different prop
erties (such as particle size distribution, organic matter content or 
pollutant concentration), and accordingly, to suggest appropriate 
cleaning strategies. Most studies generally use synthetic runoff or pre
pared sediments with clay, sand and mixtures of them [41], while very 
few studies use real samples of sediment or runoff, or even different 
gradation openness of the pavement to evaluate clogging in PP [1,41,6]. 
The present study aims at covering this gap of knowledge. 

Therefore, the objective of this research is to improve the knowledge 
about how porous asphalt behaves as it becomes clogged with different 
particle size distributions, with a special emphasis on real sediments. 
Under a holistic approach, the research looks at the hydraulic perfor
mance but also at the filtrated water quality and runoff when it may 
occur, under synthetic rainfall laboratory-controlled conditions. The 
hypotheses set to develop the research are: experimental setups built in 
different universities can be used in a coordinate way to obtain com
plementary information; sediments taken from different urban areas 
have different properties and can affect differently to the hydraulic and 
water quality performance of porous asphalt; and, the study of filtrated 
water quality in clogging experiments can provide decisive information 
for recommendations on cleaning and maintenance frequencies. Section 

2 describes the experimental setup and the procedure followed during 
the tests. The tests carried out at the Universidade da Coruña (UDC) 
focus on analysing the influence of granulometry on the clogging of the 
permeable pavement, while the experiments carried out at Universitat 
Politècnica de València (UPV) aim to evaluate in detail the behaviour of 
the porous asphalt in terms of pollutant reduction for different degrees 
of clogging. Section 3 presents and discusses results, focusing on the 
permeability evolution of porous asphalt and its reduction by clogging; 
the hydraulic efficiency of the pavements in terms of volume and flow 
rates managed; the water quality of filtrated water; and, finally, the mass 
balance analysis of sediment masses within the different flow 
components. 

2. Materials and methods 

The experimental setup is introduced in Section 2.1, first by 
describing the rainfall simulators in Section 2.1.1. The porous asphalt 
slabs and the variable head permeameter are described in Sections 2.1.2 
and 2.1.3. Then, the characteristics of the different sediment classes 
distributed over the asphalt slabs are presented in Section 2.1.4. Finally, 
the procedure followed during the tests is explained in detail in Section 
2.2. 

2.1. Experimental setup 

2.1.1. Rainfall simulators 
Two rainfall simulators have been used to assess the hydrological 

performance of the permeable pavement. First, a tailored rainfall 
simulator of 1 m2 (Fig. 1a) was built in the hydraulics laboratory of 
CITEEC at Universidade da Coruña (UDC). It consists of a drippers-based 
rainfall simulator that can generate uniform and realistic rainfalls as 
described in Naves [34,35]. A rainfall intensity of 80 mm/h was simu
lated in this work, with an associated value of the Christiansen’s uni
formity coefficient of 93.5 %. Then, the permeable pavement is installed 
below the drippers over an impervious surface with a 2 % slope [44]. 

Fig. 1. General views of the UDC (a) and UPV experimental setup (d). Detail of the asphalt slab installed in the test area of each rainfall simulator and including the 
runoff collection system (b and c, respectively). 
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The rainwater that is filtered through the system is collected in a circular 
tank at the lateral of the experimental bench through a collecting funnel 
for online measuring of water discharge. In the same way, as the pave
ment gets clogged by sediment, runoff is generated and conducted to a 
second tank (Fig. 1b). Both filtered and runoff flow discharges are 
estimated from the level variation in the tanks using SN-SR04T ultra
sonic probes previously calibrated. 

A second rainfall simulator is placed at Universitat Politècnica de 
Valéncia (UPV). This facility uses the same methodology to simulate rain 
over a surface of 0.25 m2, and the filtrated water is collected vertically 
below the pavement with a funnel and weighted in a precision balance 
(Fig. 1d). The surface runoff generated when the asphalt starts clogging, 
is collected laterally and monitored in an additional tank in the same 
way that the first facility at UDC (Fig. 1c). A detailed description of this 
rainfall simulator can be found in Fernández-Gonzalvo [17]. The tests 
carried out at UDC focus on analysing the influence of sediment particle 
size distribution on the clogging of permeable pavement, while the ex
periments carried out at UPV aim to evaluate in detail the behaviour of 
pavements in terms of pollutant reduction for different degrees of 
clogging. 

2.1.2. Porous asphalt 
The permeable pavement used in this investigation is a Spanish PA- 

16 porous asphalt use (Fig. 1b). Pavement slabs with 22.6 % void-ratio, 
4.03 % of bitumen, and dimensions of 0.44 m × 0.40 m × 0.06 m in case 
of tests performed at UDC and 0.49 m × 0.49 m × 0.04 m for UPV tests. 
This pavement has been used because it is standardized in the Spanish 
national road design instructions [33]. The slabs were installed in the 
rainfall simulators with the perimeter completely sealed to force rain 
and sediment loads to pass through the pavement or be drained laterally 
with the runoff flow generated once the slab becomes clogged. At UDC 
tests, a two-centimetre-height slot has been left along the bottom part of 
one side of the slab to allow lateral drainage of the filtered flow over the 
impervious base into the corresponding tank. Above this open boundary 
condition, the slab was kept sealed to force rainfall vertical infiltration in 
the vicinity of that side. A new asphalt slab was used for each of the three 
tests carried out at UDC where the influence of particle size distribution 
on the clogging process was studied. After testing the possibility of 
recovering the initial conditions of the slab by washing it thoroughly 
between tests, an asphalt slab was used for the remaining three tests 
carried out at UPV to evaluate the pollutant reduction capacity for 
different levels of clogging and different sediment classes. 

2.1.3. Variable head permeameter 
A variable head permeameter has been used to measure the perme

ability of the porous asphalt for different grades of clogging during the 
tests following the Spanish standard NLT-327/00 [8], similar to EN 
12697-40 [16]. This standardized variable head permeameter estimates 
permeability in one point of the surface from the time it takes the water 
level in a vertical cylinder to descend between two marks as the pave
ment drains. A single permeability measurement was made instead of 
the two indicated by the standard because it has been observed that the 
pulse of water generated by the permeameter can partially flush the 
sediment trapped in the PP, disturbing the second measurement. The 
procedure indicated in the standard is motivated to moisten dry pave
ments in field measurements. In our tests, measurements were per
formed 30 min after the end of the rain event once the slab has 
completely drained water, but the pavement is still wet. Three points 
separated 75 mm between them were marked on the centre of the 
asphalt slabs to be used as control points to monitor the variations on 
permeability produced by the different sediment loads and sediment 
classes distributed during the tests. 

2.1.4. Sediment classes 
Three sediment classes have been used first to investigate the influ

ence of particle size distribution on the long-term hydraulic performance 

of the porous asphalt as it progressively clogs. These sediments were 
obtained from road dust collected from parking lots in the UDC campus. 
The sediment was first calcined at 550 ◦C and prepared to be classified 
into three different sediment classes: fine (UDC-1), coarse (UDC-2), and 
realistic (UDC-3). The calcination aims to remove organic matter 
reducing the uncertainty that cohesivity may introduce in the process 
and focusing this part of the research in the influence of particle size 
distribution on the clogging process. UDC-1 (63–125 μm) and UDC-2 
(250–500 μm) have a uniform particle size distribution with a mean 
diameter d50 of 104 μm and 391 μm, respectively. UDC-3 represents a 
realistic graded road deposit sediment with a d50 of 282 μm. This third 
sediment class was created by sieving the road dust using blind, 63, 125, 
250 and 500 μm sieves and composing it in a proportion of 10 %, 15 %, 
25 % and 30 % following the particles size distribution found in Deletic 
and Orr [11], Vaze and Chiew [42], Viklander [43], and Zafra [46]. In 
this process, the coarser fraction retained in the sieve of 1 mm was not 
considered since it was preliminary observed that these particles cannot 
be introduced into the pavement due to the pore size of the asphalt and 
thus, they do not contribute to the clogging process of slabs [32]. Fig. 2a 
shows the particle size distribution of these three sediment classes 
measured using a laser coulter counter (Beckam-Coulter LS 13 320) and 
compared to literature values. 

Three additional sediment classes have been tested at UPV facility to 
assess in detail variations in pollutant removal efficiency as pavement 
gets clogged. First, as the content of organic matter has been removed in 
the previous sediment classes and considering that cohesivity may play 
an important role in both the water quality of the effluents and the 
clogging of permeable pavements, the realistic graded sediment class 
(UDC-3) was replicated without calcinating (UDC-4). The behaviour of 
this material was then compared with two additional sources of sedi
ments collected from the UPV campus and from a residential area in the 
Benicalap district of València (BEN). Sediments UPV and BEN were 
collected by mechanical vacuum-sweepers [45] and sieved to a size of 5 
mm. In this case, particles larger than 1 mm have been considered 
because, although they do not contribute to the clogging process due to 
the maximum pore size of the pavement, they may be of interest because 
they can contain contaminants that are washed during rain events 
[7,14,15,24]. Fig. 2b shows the particle size distribution of the three 
sediment classes tested in this part of the research at UPV. Note that the 
maximum size of 1 mm has been maintained for UDC-4 sediment to 
compare with previous tests analysing the influence of cohesivity on the 
clogging process. UPV and BEN sediments presented a lower content of 
fine material despite being collected with an effective technique for the 
finest fraction [23], probably since these sediments were sieved at 5 mm. 
Table 1 includes a summary of all sediment classes used in this work 
indicating the rainfall simulator where the sediment class was used and 
its main characteristics. The influence of sediment characteristics on the 
results is analysed in next section. 

2.2. Experimental and analytical procedures 

A total of 45 sediment load steps have been tested for 6 different 
sediment classes evaluating the variations of permeability and changes 
in the quantity and quality of drained hydrographs as the pavement 
becomes gradually clogged. Every load step represents the accumulation 
of sediment in time with no cleaning or maintenance. For each sediment 
class, the porous asphalt slabs are loaded by means of cyclical build-up 
and rainfall events. Deionised water (electrical conductivity [EC] of 10 
μS/cm and pH of 7.1) is used to simulate rainwater. In each step of this 
procedure, a certain amount of the sediment tested was distributed 
homogeneously over the slab surface and a constant 80 mm/h and 30 
minute rainfall was simulated, waiting 24 h until the next step of load to 
allow the system to dry. The rainfall intensity used was chosen as the 
highest and most unfavourable in terms of clogging that the rainfall 
simulator is able to generate [17,18,24], with a duration enough to 
achieve a steady flow regime and to ensure that the material is able to 
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penetrate the pavement as far as possible. Filtered and runoff drained 
flows were online monitored during the simulated rain events. The 
permeability of the slab was measured 30 min after the end of the rain at 
certain load steps using the variable head permeameter. The measure
ment was made at the three control points marked on the asphalt 
without any sediment load (blank), after 1 kg/m2 cumulative load and 
with the maximum load tests to consider the heterogeneities of the slab. 
For the rest of measurements, only one of the three control points has 
been used each time alternatively so that the flush flow generated by the 
permeameter has the minimum effect on the slab clogging and thus on 
subsequent measurements. When the proposed maximum load stab
lished for each sediment class has been reached, the surface of the 
pavement was cleaned using an 1600 W industrial vacuum cleaner 
(UDC) and 110 W handheld vacuum cleaner (UPV) until it was observed 
that no more particles were able to enter the device. Then, an additional 
rain event was simulated the following day, measuring permeability and 

drained flow rates again to assess the potential recovery of initial con
ditions. Table 2 summarizes the load steps tested for each sediment class 
indicating the cumulative sediment load distributed on the slab from the 
start of each test and the steps where permeability measurements and 
vacuuming were made. At the end of each battery of experiments, a mass 
balance was carried out by weighting the sediment load vacuumed from 
the surface of the slab and quantifying the mass of sediment dragged into 
the filtration and surface runoff tanks. 

Beyond this general procedure, in the tests using the realistic 
continuous granulometry within the analysis of the influence of particle 
size on the clogging process (sediment class UDC-3), the particle size 
distribution of the sediment collected at the end of the experiments for 
the mass balance was analysed by a laser coulter particle size analyser 
(Beckam-Coulter LS 13 320) to be compared with the sediment initially 
distributed and to assess the behaviour of the different particle sizes 
through the permeable pavement tested. In the case of the experiments 
that aimed at analysing in detail the quality of the effluents for different 
degrees of clogging (UDC-4, UPV and BEN), the drained mean concen
tration of different water quality variables was analysed. These variables 
were chemical oxygen demand (COD), biological oxygen demand at 5 
days (BOD5), total and volatile suspended solids (TSS and VSS), 
ammonium, nitrites, nitrates, total nitrogen (TN), phosphates, total 
phosphorus (TP), aluminium (Al), turbidity, hydrogen potential (pH), 
electric conductivity (EC), dissolved oxygen (DO), saturation percentage 
(%sat DO) and temperature. For sediments, humidity, apparent and real 
density, organic matter (loss-on-ignition (LOI) and oxidable carbon), 
total nitrogen (TN) and total phosphorus (TP) were also analysed. The 
standardized methods used for these physicochemical analyses are listed 
in Table S1 (Supplementary material). 

Fig. 2. Particle size distribution of the six sediment classes analysed compared to reference values found in the literature [2,11,42,46]. The left graph (a) includes the 
sediment classes used to analyse in detail the effect of particle size on the clogging process (UDC-1, UDC-2 and UDC-3), which are limited to a maximum size of 1 mm. 
The remaining sediment classes (UDC-4, UPV and BEN) are shown on the right graph (b). Only the fraction <1 mm of the literature references has been considered in 
the left graph to be compared. 

Table 1 
Summary of sediments characteristics. Note: d.w.: dry weight; NA: not analysed; 
LOI: loss-on-ignition; Org. C: organic carbon; TN: total nitrogen; TP: total 
phosphorus.  

Sediment 
class 

d50 

(μm) 
dmin-dmax 

(μm) 
Real 
density 
(kg/m3) 

LOI 
(% d. 
w.) 

Org. 
C (% 
d.w.) 

TN 
(g/ 
kg d. 
w.) 

TP 
(g/kg 
d.w.) 

UDC-1  104 63–125 2931 ± 5 0 NA NA NA 
UDC-2  391 250–500 2652 ± 4 0 NA NA NA 
UDC-3  282 0–1000 2929 ± 4 0 NA NA NA 
UDC-4  282 0–1000 NA 4.7 2.2 ±

0.3 
0.2 0.05 

UPV  300 0–5000 NA 8.2 2.4 ±
0.4 

0.9 0.30 

BEN  1125 0–5000 NA 33.2 4.9 ±
0.5 

1.3 0.20  
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3. Results and discussion 

3.1. Permeability of porous asphalt and reduction by clogging 

Permeability was measured by the variable head permeameter in the 
sediment load steps indicated in Table 2. The results obtained for the 
initial permeability, 23,559 ± 5034 mm/h (Fig. 3), fall around the upper 
limit of the range reported for porous asphalt in a recent review study 
(300–30,000 mm/h) [38]. As sediment load was increased on the system 
surface, the permeability was exponentially reduced for the different 
sediment classes, as showed in Fig. 3. Similar decreasing patterns have 
been observed by other studies, in which the decrease has been related 
with pavement age [38] or with the number of cycles of clogging assays 
[28]. 

Despite this significant reduction of permeability, it remained above 
the simulated rainfall intensity (80 mm/h) even after the maximum 
surface sediment dosing, when sediments UDC-4, UPV and BEN were 
used. Concretely it remained at 583 ± 567, 286 ± 56 and 860 ± 527 
mm/h for UDC-4, UPV and BEN respectively. This may be the reason 
why no runoff was generated in the experiments with UPV and BEN 
sediments, as explained in the next section. 

Focusing on the experiments performed to assess in detail the effect 
of particle size distribution (UDC-1, UDC-2 and UDC-3), a different 
behaviour was obtained for the granulometries tested, with the finest 
granulometry (UDC-1) being the one that least clogged the slabs, while 
the real granulometry (UDC-3) was the most unfavourable for a cumu
lative sediment load of 1 kg/m2. We can also observe that finer sediment 
(UDC-1) was much less harmful to the pavement than the coarser one 
(UDC-2) and the realistic one (UDC-3), as the former can restore 

permeability to almost 100 % of the original (Fig. 3). The fine material 
was able to pass through the asphalt slab, percolating with the rain
water, while the larger grain size material was trapped, causing a greater 
loss of permeability. Nevertheless, not only sediment diameter affects to 
clogging process of PP. The tests also shown the importance of using 
graded sediments instead of uniform particle size distribution. Thus, 
uniform UDC-2 distribution has a d50 of 391 μm while graded UDC-3 
sediments of about 282 μm, but the percentage of clogging is much 
higher for the realistic sediment (78 % vs. 53 %). It is possible that the 
latter material had a grain size similar to that of pore size of the porous 
asphalt, resulting in a higher potential for clogging. A literature review 
concluded that findings from clogging studies are not always consistent 
with each other, since differences in the clogging material used, pore 
structure of the pavement, exposure conditions and other variables can 
influence the results [27]. Neupert [36] highlighted that using small 
diameter sediments (d50 ~ 63 μm) to analyse permeable pavement 
performance as in some German standardized procedures, may lead to 
underestimation of the actual road sediment deposits load. In our work it 
is shown that the reduction in permeability is also underestimated. 

The effect of organic matter can be observed by comparing the ex
periments performed with UDC-3 and UDC-4. It can be observed that 
UDC-4 caused a larger loss of permeability, which could be related to the 
higher content of organic matter (UDC-4). 

After different sediment loading steps, the porous asphalt was 
vacuum-cleaned, and the recovery of permeability was checked (Fig. 3). 
The experimental batteries with UDC-1 and UDC-2 recovered the most 
permeability after vacuum cleaning, followed by UDC-4 and BEN, while 
the battery with UDC-3 recovered the least permeability, both in abso
lute and relative terms. UDC-1 and UDC-2 were subjected to four rainfall 

Table 2 
Cumulative sediment load tested in each step of each battery of experiments.  

Sediment class Cumulative sediment load (kg/m2) 

D0 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 

UDC-1  0a  0.1  0.3  0.6  1.0a,b Va – – – – – – – – 
UDC-2  0a  0.1  0.3  0.6  1.0a,b Va – – – – – – – – 
UDC-3  0a  0.1  0.3  0.6  1.0a 1.5 2.0a 2.5 3.0a 3.5 4.0a,b Va 4.5 5.0 
UDC-4  0a  0.1  0.4  1.0  2.0a 3.5 5.5a,b – – – – – – – 
UPV  0a  0.1  0.4  1.0  2.0a 3.5 5.5a,b – – – – – – – 
BEN  0a  0.1  0.4  1.0  2.0a 3.5 5.5a,b – – – – – – – 

V new rain event after vacuuming the surface at the end of the previous day. 
a Variable head permeameter measurement. 
b Vacuuming of the surface at the end of the test. 

Fig. 3. Reduction of permeability observed for different sediment loading steps over the porous asphalt for each sediment class tested. The results are presented in 
mm/h (left) and in relative terms with respect to the initial permeability (right). 
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events, UDC-4 and BEN to six and UDC-3 to eleven (Table 2). From these 
results, one can deduce that, for similar sediment loads, the number of 
rainfall events has a negative influence on the potential permeability 
recovery. Therefore, the frequency of rainfall events should also be 
considered when establishing maintenance protocols. 

3.2. Flow rates drained 

The hydraulic efficiency, measured as the percentage of rainfall 
volume that is infiltrated through the porous asphalt, was very high for 
loading steps up to 1 or 4 kg/m2 when sediments UDC-1, UDC-2 and 
UDC-3 were used, with a negligible runoff flow (Fig. 4). It was 100 % for 
all the sediment loads when UPV and BEN sediments were used. The 
filtration flow rate was very similar among the different experiments for 
sediment loadings below 4 kg/m2, almost equal to the applied rainfall 
(80 mm/h), despite the loss of permeability shown in the previous sec
tion. This can be explained by the fact that the permeability, despite the 
reduction, was still higher than the applied rainfall intensity, as well as 
the possible existence of unclogged areas and the occurrence of prefer
ential flows through them. 

UDC-3 total clogged for 5.0 kg/m2 as seen in Fig. 4. The effect of 
clogging was noted from a cumulative load of 4.5 kg/m2, when rain
water can no longer be drained completely through the slabs and gen
erates runoff. The runoff generated was collected, increasing runoff 
discharge and decreasing filtered discharge. Initial measured runoff 
showed in Fig. 4 was due to splashing of raindrops on the lateral runoff 
collection funnel, so the runoff caused by clogging for 4.5 kg/m2 was 
0.0027 L/s, which was increased up to 0.0039 L/s for 5.0 kg/m2 of 

cumulative load as more percentage of the surface slab becomes clog
ged. However, looking at the third test (UDC-3), where the realistic 
granulometry was distributed, we observed a reduction of the filtered 
flow and an increase of runoff at roughly 3.5 kg/m2 of accumulated load. 
This indicates that some parts of the slabs are starting to clog at a 
sediment load between 3.5 and 4.0 kg/m2. 

The tests performed with UDC-4, which is the same sediment as UDC- 
3 but not calcined, presented a filtration rate lower than those per
formed with UDC-3. This decrease of infiltration rate, as in the case of 
loss of permeability, could be related to the presence of organic matter, 
which confers cohesivity to the sediment. The runoff generated at a 
cumulative load of 2 kg/m2 is very similar in both cases, varying be
tween 1 and 2 mm/h, and total volumes between 0.10 L/m2 (UDC-3) 
and 0.32 L/m2 (UDC-4) (3 % of the rainfall depth). At the top sediment 
load tested (5.5 kg/m2), the runoff flow was significantly higher (54 
mm/h for UDC-4) as well as its volume (24.4 L/m2; 61 % of the rainfall 
depth applied). 

In contrast, UPV and BEN sediments did not generate runoff for any 
of the sediment loading steps. These sediments have a less proportion of 
fine material, so they hardly led to physical clogging. Instead, UPV and 
BEN have a higher potential to induce clogging due to biofilm growth, 
also known as bioclogging [37], as they have a larger content of organic 
matter and nutrients, or even, chemical clogging, as they have more 
substances able to react and precipitate with others. Probably, a longer 
period would have been necessary to detect this clogging mechanism. 

As shown in Fig. 4, the vacuuming of the pavement surface produces 
a moderate recovery (25 %) of the filtration capacity for the realistic 
granulometry (UDC-3), which is in line with the low recovery of 

Fig. 4. Mean of the filtered (left column graphs) and runoff (right column graphs) flow rates drained for each sediment class and different grades of clogging when 
the hydrograph reached stationary condition between 900 and 1500 s from the beginning of the experiment. Standard deviation represented with error bars. 
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permeability for this sediment and within the range reported in litera
ture [27]. These authors concluded that the recovery rate depends on 
several factors, such as porosity, pore size and connectivity of the porous 
pavement, and on the properties of the sediments that clog the pave
ment, mainly on its grain size. 

3.3. Water quality of filtrate and surface runoff flows 

Water quality (WQ) of the filtrate and runoff flows was analysed for 
the experiments using real sediments (UDC-4, UPV and BEN) (Fig. 5). 

In general, all the WQ variables increased as the cumulative sedi
ment load increased. For all variables except TSS, UDC-4 was the sedi
ment that contributed the least pollutant load to the filtered water, 
followed by UPV; BEN was the sediment that leached more nutrients and 
organic matter. These results are related to the higher content of organic 
matter and nutrients of BEN sediments (Table 1). However, UDC-4 
added more TSS to the filtered water, because of its higher proportion 
of fine material (Table 1). After 1 kg/m2 of cumulative sediment load, 
COD, TSS and TP reached concentrations higher than the discharge 
limits for treated wastewater [12] for at least one kind of sediment. 
Other WQ indicators to consider are those included in the regulation on 
the protection of groundwater against pollution and deterioration [13], 
which establishes quality standards for nitrates and pesticides, and call 
upon the European Union Member States to establish threshold values 
for additional WQ variables. Among all these variables, the ones ana
lysed in the present study and their indicator value are nitrates (11.3 mg 
N/L), ammonium (1.91 mg N/L) and phosphates (0.52 mg P/L) [9]. The 
concentration of filtered water is below the nitrate standard and the 
ammonium threshold for any of the sediment classes and their cumu
lative loads, even total nitrogen is below the standard. Although a low 
risk of nitrate pollution can be considered, measures such as water 
detention inside the PP are recommended to favour denitrification, and 
thus, to reduce pollution risk [10]. However, phosphates exceed the 
threshold from a cumulative sediment load of 1 kg/m2. When the 
sediment characteristics are similar to those used in this study and 
considering all these indicator values, a maximum allowable sediment 
load on permeable pavements of 1 kg/m2 could be established to avoid 
negative impacts on the receiving waters. According to previous studies 
[17,24], this could be equivalent to a period of around six months of 
pollutant build-up in urban road surfaces. Therefore, the obtained re
sults are in line with the recommendations given in previous studies for 
establishing a monthly cleaning frequency for the routine maintenance 
tasks [18], which is more frequent than maintenance usually recom
mended in other studies (1 to 4 times per year, [27]). 

If the total content of organic matter and nutrients in the sediments 
deposited on the pavement surface is considered, the relative release of 
these substances are, on average, 4 % for COD (estimated from organic 
carbon in Table 1), 23 % for TN and 21 % for TP. This release percentage 
decreased as the sediment load increased, likely because rainwater is not 
able to mobilise all the pollutant mass accumulated on the pavement 
surface when the sediment load is large (Table 3). Previous studies also 
pointed out this trend [18]. Complementary, the relative proportion 
retained on the surface or inside the porous asphalt may be considered as 
an indicator of the PP performance, which gives, on average, 96 % for 
COD, 76 % for TN and 79 % for TP. The efficiency obtained is among the 
highest values reported in the literature. For instance, Liu [30] reported 
mean load reductions around 59 % for TP and 43 % for TN by permeable 
bricks and 43 % (TP) and 52 % (TN) for porous concretes. Kamali [25] 
and Mahmoud [31] obtained removal performances of 100 % and 77 % 
respectively for TSS, and Braswell [5] found load reductions of 95 % for 
TSS and TP, and 70 % for TN. 

The leaching capacity of organic matter and nutrients increased with 
sediment concentrations. Concretely, BEN sediments leached more 
organic matter and nutrients than UPV and UDC-4 sediments (Table 3). 
It is also remarkable that leachability decreases with the cumulative 
sediment mass deposited on the surface, as commented previously. The 

values obtained in this study are in the same order of magnitude that 
those obtained in previous studies [34]. These results are useful to assess 
the pollution potential of each sediment class. It is important to 
emphasize that physical characteristics of PP such as roughness and 
porosity allow pollutant retention so that they can be easily removed 
later, and do not reach the environment. By contrast, accumulated 
pollution on impervious surfaces, with a low void-ratio, is likely to be 
washed during rain events. In consequence, less quantity of contami
nants can be removed, and end up affecting the environment. 

3.4. Fate of sediments at the end of the tests 

Finally, the mass balance shows how much and what type of sedi
ment has been retained for each test in the surface, dragged to the runoff 
tank or filtered through the asphalt slab (Table 4). Overall, a 98 % of the 
sediments remains accumulated over the surface and inside the porous 
asphalt, meanwhile just roughly a 2 % is mobilised by surface runoff or 
filtrated water.. This result demonstrates that physical interception is a 
major mechanism for solid removal, which coincides with previous 
studies [24,29]. The sediment with finer granulometry (UDC-1) was 
mainly retained inside the porous asphalt, while coarser sediments (UPV 
and BEN) remained mainly on the surface. Sediment UDC-2, which is 
slightly coarser than sediment UDC-1, was retained on the surface to a 
greater extent than sediment UDC-1. Sediment UDC-2 clogged the upper 
pores of the asphalt largely and therefore did not allow more sediment to 
pass through it. This result is consistent with the fact that sediment 
caused a greater loss of permeability of the asphalt slab (Fig. 3) and with 
the conclusions reached by other studies [28,47]. 

Sediment UDC-4 was retained on the surface in higher proportion 
than UDC-3. This fact that can be explained by the higher organic matter 
content of UDC-4, which could have become more cohesive on the 
surface, trapping more fine particles. Additionally, UDC-4 received less 
rain events than UDC-3, thus having less probability of penetrating in
side the porous asphalt. 

Fig. 6 shows the particle size distribution of the sediments collected 
from the surface, from the runoff or filtered through the pavement at the 
end of the tests for sediment class UDC-3, which is the one with a 
realistic inorganic granulometry. Comparing initially distributed gran
ulometry and particle size distribution of sediment present at filtered 
flow, it can be seen that only the finest material was able to pass through 
the slab (approximately d50 75 μm), with coarsest sediments (approxi
mately d50 300–400 μm) being retained on the pavement surface. It can 
also be seen that sediment washed into the runoff tank, either by 
saltation by raindrops or when runoff is generated, is similar to that on 
the surface. This is in line with and reinforces the conclusions drawn 
from the mass balance and stated previously. 

4. Conclusions 

Porous asphalt is one feasible solution for continuous surfaces of 
permeable pavements. Although it has been widely used, there is still a 
lack of knowledge on mechanisms influencing the clogging process and 
how this problem affects the water quality of filtrated water. This 
research developed in two different laboratories an experimental strat
egy to analyse the influence of sediment particle size distribution on the 
clogging of the permeable pavement and, to evaluate in detail the 
behaviour of the porous asphalt in terms of pollutant reduction for 
different degrees of clogging. From the tests carried out and the results 
obtained, the following conclusions can be drawn:  

• The use of two different facilities managed by two independent 
teams demonstrates the transferability of the methodology proposed 
in this study, the comparability of the results obtained and the pos
sibility to obtain complementary results.  

• Testing different sediment materials provide valuable information to 
evaluate the clogging process, the water quality of filtrated water 
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Fig. 5. Water quality results of filtrated water under increasing sediment load using different sediments (UDC-4, UPV and BEN).  
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and, consequently, establish recommendations for PP cleaning 
maintenance protocols. Therefore, when a PP is designed, it is highly 
recommended to characterize the potential for sediment production 
within the catchment and to propose cleaning and maintenance 
frequencies adapted to local conditions. In addition, the quality of 
filtrated water should be analysed whenever possible, as it can 
determine the frequency of sediments cleaning needed to avoid 
negative impacts on the receiving waters.  

• Fine sediments with a maximum diameter lower than 125 μm cause a 
lower permeability loss than sediments with a wider minimum- 
maximum diameter range (250–500 or 0–1000 μm), so standard
ized methods for assessing clogging potential should consider this 
fact. The number of rainfall events (or clogging cycles) influences 
negatively on permeability recovery by vacuum cleaning, thus the 
rainfall frequency is an important variable to consider when cleaning 
methods are going to be tested and proposed. 

• The porous asphalt tested in this study has shown an elevated hy
draulic efficiency and high capacity to retain sediments and pollut
ants, thus installing this kind of infrastructures in urban areas makes 
a significant contribution to the environment and the sustainability 
of urban drainage. 

It must be considered that the sediments used in the experiments 
were collected from parking lots and residential sites. Nevertheless, a 
wider range of land uses can be identified within the urban environment, 
such as commercial or industrial among others. According to the site and 
the urban activities that take place, pollutant composition and concen
tration can vary significantly. For this reason, it is suggested to widen 
consider additional types of sediments generated at more diverse sites to 
complete this experience. It might be suggested that future research 
lines focus on the development of site-based maintenance and cleaning 
procedures of permeable pavements, according to the direct influence of 
the sediment characteristics and the rainfall conditions on the clogging 
process. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jwpe.2023.103658. 
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Table 3 
Organic matter and nutrients released from the sediment deposited on the surface of porous asphalt to the filtrated water, expressed as percentage (%) relative to the 
accumulated mass on the surface, and leaching capacity expressed as mg per kg of sediment and L of rainwater applied (mg/kg/L). Note: (*) indicates nutrients released 
by the surface runoff; NA: not available.  

Sediment class Sediment loading (kg/m2) COD (% released) COD (mg/kg/L) TN (% released) TN (mg/kg/L) TP (% released) TP (mg/kg/L) 

UDC-4 0.1 7.6 % 439.9 58 %  13.0 65 %  3.1 
0.4 2.0 % 113.2 22 %  4.9 19 %  0.2 
1.0 2.3 % 130.7 15 %  3.4 16 %  0.4 
2.0 1.3 % 73.7 11 %  2.4 13 %  0.2 
3.5 0.8 % 44.1 9 %  2.1 12 %  0.2 
5.5 0.2 % 9.6 7 %  1.5 8 %  0.1 
5.5 (*) NA NA 4 %  1.0 11 %  0.6 

UPV 0.1 14.1 % 893.4 64 %  58.2 18 %  2.4 
0.4 5.1 % 322.4 25 %  22.5 12 %  1.6 
1.0 3.8 % 243.6 16 %  15.0 13 %  1.6 
2.0 2.1 % 132.7 14 %  12.9 14 %  1.6 
3.5 1.1 % 67.1 13 %  11.8 15 %  1.4 
5.5 0.7 % 46.6 13 %  11.8 15 %  1.0 

BEN 0.1 9.7 % 1264.9 32 %  42.8 53 %  14.4 
0.4 4.4 % 570.4 24 %  32.0 27 %  4.5 
1.0 2.8 % 371.7 30 %  40.1 21 %  3.1 
2.0 2.4 % 313.6 26 %  35.5 19 %  2.9 
3.5 2.3 % 297.4 23 %  31.0 18 %  2.0 
5.5 1.6 % 213.1 19 %  25.0 15 %  1.3  

Table 4 
Fate of sediments at the end of the tests for each battery of experiments. Sedi
ment applied on the surface and contained in runoff and filtered flows are 
measured data. The sediment load retained in the asphalt slab is estimated 
through a mass balance from the total mass distributed over the pavement and 
the previous values.  

Sediment class Sediment mass (%) 

Surface Runoff Retained Filtered 

UDC-1  0.1  1.6  97.8  0.5 
UDC-2  20.7  0.8  75.9  2.6 
UDC-3  12.8  2.3  84.7  0.2 
UDC-4  31.6  0.5  67.5  0.3 
UPV  80.7  0.0  19.0  0.3 
BEN  92.9  0.0  7.0  0.1  

Fig. 6. Particle size distribution of sediment collected at the end of the ex
periments in the different parts of the rainfall simulator compared to the 
sediment initially distributed. 
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