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Abstract 
Porous asphalt is used in Permeable Pavement Systems (PPS), but it is sensitive to 

surface clogging leading to a loss in its infiltration capacity. Test methods based on the 

use of permeable pavement models, manufactured in laboratory and assessed under 

different clogging conditions, slope, rain and runoff, have been widely applied to the 

study of permeable pavements with concrete blocks but not to the study of porous 

bituminous mixtures. The Cantabrian Fixed (CF) Infiltrometer has been used for the 

study of porous asphalt with void percentages between 20% and 33%. Three clogging 

scenarios were studied: newly placed surface, surface with an average maintenance 

level and clogged surface. Each clogging scenario was tested with 5 different slopes: 

0%, 2%, 5%, 8% and 10% and three repetitions. The direct rainfall simulation was 

produced by five lines of bubblers over the 0.25m
2
 piece and the runoff was simulated 

by one perforated pipe over a plastic ramp at the beginning of the surface. From the 

analysis of the results, it was concluded that a suitable design of a porous bituminous 

mixture, with a void percentage that increases with depth, along with surface brushing 

are enough to ensure and maintain a good infiltration capacity. Finally, an empirical 

conservative model for estimating the porous asphalt infiltration capacity based on the 

length, the clogging scenario, and the surface slope, is proposed. 
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 Introduction 

Porous asphalt can be used in Sustainable Drainage Systems (SUDS) or Low Impact 

Development (LID) as a surface for a Permeable Pavement System (PPS) to mitigate 

conventional large design storm flows (Pratt et al. 2002, Scholz and Grabowiecki 2007, 

Fassman and Blackbourn 2010). This was demonstrated in the United States for porous 

asphalt years ago (Grover et al. 1972) and also more recently for different types of 

permeable pavements that provide significant surface runoff and peak flow rate 

reductions compared with standard asphalt (Collins et al. 2008). But like other porous 

surfaces, porous asphalt usually undergoes clogging or blockage problems (Scholz and 

Grabowiecki 2007; Haselbach 2010; Fassman and Blackbourn 2010).  

The clogging of pavements, with the consequent reduction of infiltration rates, may 

occur with more probability in the surface layer and in the separation geotextile (Legret 

et al. 1996; Rommel et al. 2001). Therefore, studies that assure a suitable infiltration 

capacity of these two layers throughout the operational life of the pavement are 

necessary.  

Steady-state flow through porous media is governed by the Navier-Stokes equations, 

but it is a reasonable approximation to consider that the flow through porous concrete 

and asphalt pavements is laminar and so it is possible to apply Darcy’s law (Sansalone 

et al. 2008; Charbeneu et al. 2010). 

Suitable designs of permeable pavements have a permeability of the pavement layers 

that increases with depth (Pratt et al. 2002; Haselbach 2010). With this design, when the 
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water passes the surface, there is no obstacle preventing quick infiltration. Moreover, 

the surface layer acts like a sieve, preventing silt entering the porous pavement and 

facilitating the cleaning work. This was proved by Haselbach (2010) for pervious 

concrete, analysing the effect of clay suspensions in cores taken from three field 

placements. 

However, in the past, the porous asphalt designs were as permeable as possible; that is 

to say, with the highest possible void percentages in order to slow down clogging 

(Membrillo Medrano 1994). In fact, the larger void percentage meant increasing the size 

and penetration of the sediments in the mixture, so that clogging became deeper and 

more difficult to clean. After many problems with surface blockage, modern porous 

asphalt is designed in two layers with different void percentages. Bendtsen et al. (2005) 

test three combinations of two layers of porous asphalt with void percentages that 

increase with depth in order to find a solution for the clogging problem that limits the 

useful lifetime of this permeable surface to two years in Denmark.  

In France, Legret (2001) analyses the clogging mechanisms in porous asphalt, stating an 

operational life of three years without maintenance. The particles that clog surfaces are 

mainly sands located in the first two centimetres of the permeable surface. One of the 

contributions of the study is the division into two kinds of particles that block porous 

surfaces: primary cloggers (mineral particles) and secondary cloggers (finer particles 

that can be affected by water). The repeated wet-dry cycles make secondary cloggers act 

as binders for the primary ones, increasing cohesion in sediments and making cleaning 

difficult. This leads to the reduction of permeability over time without brushing (Legret 

2001). In the United States, laboratory and field results indicate that rejuvenation 

methods such as vacuum sweeping, or pressure washing, can substantially restore the 

performance of pervious concrete pavements (Chopra et al. 2010).  
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In Sweden, Hogland et al. (1987) verified that the risk of clogging and blockage of the 

PPS is higher in the presence of construction work around the site. In this sense, 

Schlüter and Jefferies (2005) state that runoff coming from construction sites has the 

greatest effect on the operational life of infiltration systems because of the amount of 

sediments that it drags. Surface infiltration measurement carried out by Fassman and 

Blackbourn (2010) at four sites in New Zealand confirmed that surrounding land uses 

have more influence on permeable pavement blockage than traffic load. Consequently, a 

scenario with sediments from construction work containing primary and secondary 

cloggers under wet-dry cycles is the worst possible scenario for porous asphalts such as 

PPS. 

Shackel (1997) studied the infiltration capacity of permeable paving stone surfaces and 

the structural strength of the subbase using a line of sprinklers as a rainfall simulator, 

controlling the intensity through a valve and a flow meter. Later, the studies carried out 

in Coventry University (Davies et al. 2002) and in the University of South Australia 

(Rommel et al. 2001) continued with this, testing permeable pavements (paving stones, 

bed layer and geotextile) under conditions of rain and clogging in laboratory conditions. 

Mainly based in Davies et al. (2002), the Cantabrian Fixed Infiltrometer (CF 

Infiltrometer) was developed in Spain (Rodríguez et al. 2005 and Castro et al. 2007). 

The runoff resistance test carried out with the CF Infiltrometer consists in applying 

increasing runoffs to a permeable surface, varying the slope to quantify how the 

drainage path varies with the slope and the input runoff volume (González-Angullo et 

al. 2008).  

Valavala et al. (2006) tested paving stones made with porous concrete with void 

percentages between 16 and 27%, varying the surface slope between 2 and 10% and the 

type of sand where the paving stones are laid. Three main conclusions were obtained by 
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this study: runoff increases as the slope increases, the base permeability may become 

limiting, and a new pavement of this type hardly produces runoff.   

With porous asphalt, apart from some field studies carried out by Fernández-Barrera et 

al. (2008), there are some laboratory studies about clogging effects on permeability 

(Pérez Jiménez et al. 1985; Pérez Jiménez and Calzada Pérez 1990; Tan et al. 2002). 

These laboratory studies use different types of permeameters, but not rain or runoff 

simulation.  

This paper presents the laboratory study of the infiltration capacity of porous asphalt 

using the CF Infiltrometer and a methodology based on the one developed by Rodríguez 

et al. (2005) and improved by Castro et al. (2007) and Gónzalez-Angullo et al. (2008) 

for the study of permeable surfaces.  

The objectives of this study are to obtain graphs that show the infiltration capacity of 

the porous asphalt with different gradients, for different clogging scenarios, and to 

propose a regression equation that explains the infiltration capacity of PPS with porous 

asphalt.  

 

Methodology  

CF Infiltrometer 

The tests were carried out in the Roads Laboratory of the Civil Engineering School in 

Santander, using the CF Infiltrometer and the test methodology described below. The 

CF Infiltrometer (Figure 1) is based on the infiltrometer used by Davies et al. (2002) to 

measure the infiltration of surface runoff through permeable pavements built with 

concrete blocks. With the CF Infiltrometer it is possible to test the infiltration capacity 
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square test pieces of permeable pavements of 50cm side with 5 variables: type of 

surface, surface slope, clogging scenario, rainfall on the surface and runoff inflow.  

Thanks to the six chambers located in the lower part of the equipment (Figure 1), it is 

possible to measure the quantity of water infiltrated every 10cm of the surface and the 

final surface runoff after a length of 50cm of permeable surface. 

Test Pieces 

Each PPS model (geotextile, granular base and porous asphalt surface) was placed in a 

square wooden frame, the perimeter was sealed and the clogging scenario was simulated 

(Figure 2). The bottom geotextile chosen for these tests was a non woven needle-

punched geotextile made of polyester, with 150g/m2 and a permeability rate to water 

flow of 110 l/m2s. The geotextile was laid on a mesh, within the square frame. The 

geotextile piece was 600mm long and wide, so that the extra 50mm went up the edges 

of the wooden frame (Figure 2a). Then, the granular base was hand compacted and 

levelled on the geotextile with a height of 50mm (Figure 2b). The chosen aggregate was 

crushed limestone grit between 4mm and 8mm. Next, one square slab of porous asphalt 

was placed on the granular base (Figure 2c). 

Six square slabs of porous asphalt with 50cm side and 10cm height were prepared for 

this study. They were compacted in laboratory after a second warming of the 

bituminous mixture fabricated in a hot mix asphalt plant. The porous asphalt was made 

with modified bitumen BM 3b (PG-3 2007) and ophite aggregates adjusted to the open-

graded PA-12 (PG-3 2007) particle size (Table 1).  

Table 2 shows the characteristics of the porous asphalt test pieces. It may be seen how 

the calculated voids in the mixture vary from 27.8% to 32.9%.  
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The time results of the surface tests with the LCS Permeameter are shown in Table 2 

with the associated void percentages in the mixture according to the equation 

recommended by the Spanish Ministry of Public Works and Urbanism (MOPU 1987) 

and employed by Fernández-Barrera et al. (2008):  

Ln H = 4.071 – 0.305 Ln T     (1) 

where H is the voids in mixture % and T is the time result of the LCS Permeameter. The 

experimental voids in mixture vary from 20.17% to 30.03%, a larger variarion than in 

the calculated voids in mixture. 

Comparing the calculated and experimental voids in mixture (Table 2), it may be seen 

that the test pieces 1, 2 and 3 show higher calculated values than those obtained from 

the infiltration time with the LCS Permeameter. The calculated void percentage 

corresponds to the whole test piece while the experimental void percentage corresponds 

mainly to the surface. The manufacturing procedure in a 10cm high layer causes 

segregation in the test pieces that makes permeability slightly decrease from the upper 

face to the lower face. On the one hand, test pieces 1, 2 and 3 were turned over before 

the measurement with the LCS Permeameter and later with the CF Infiltrometer in order 

to obtain an increasing permeability with depth (better conditions under clogging). On 

the other hand, test pieces 4, 5 and 6 were tested with the LCS Permeameter and later 

with the CF Infiltrometer without turning them over in order to conserve the decreasing 

permeability with depth (worse conditions under clogging).  

Clogging Scenarios 

The sediment used to simulate the clogging conditions was crushed construction waste: 

bricks, glass, metal, wood, etc (Figure 2d). This sediment included organic matter 

smaller than 2mm (3% according to the potassium dichromate method or 5% according 
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to loss on ignition). The size distribution of sediment particles was similar to that used 

by Davies et al. (2002), Castro et al. (2007) and González-Angullo et al. (2008), 

containing primary and secondary cloggers.  

Three clogging scenarios were evaluated using the CF Infiltrometer:  

 Scenario 1- new pavement without sediment on the surface.  

 Scenario 2- pavement with maintenance consisting in silt brushing. 

 Scenario 3- pavement without maintenance. 

Each of the six test pieces was tested twice, newly placed (scenario 1) and under one 

clogging scenario (2 or 3), which combined with five different slopes (0%, 2%, 5%, 8% 

and 10%) make a total of sixty tests, each one repeated three times to obtain an average. 

In scenario 2 and scenario 3, the voids in the surface were filled with 500grs of 

sediment (2kg/m2) and then hand compacted (Figure 2d). After this, in scenario 2, the 

excess sediment was brushed off the surface. The resulting sediment was different for 

each test piece: 0.56 kg/m2 for test piece 1; 0.92 kg/m2 for test piece 2 and 0.76 kg/m2 

for test piece 3. The average is 0.75 kg/m2 with 22.3 % voids on surface. The aim of 

scenario 2 is to simulate just one specific maintenance action consisting in brushing the 

clogged surface. This is the easiest maintenance possible, so any other more complete 

action would obtain better results in the renovation of the surface. 

In scenario 3, there was no type of brushing and the sediment load tested was 2 kg/m2 

for the test pieces 4, 5 and 6. The aim of this scenario is to simulate extreme conditions 

of clogging that most real porous asphalt pavements will never reach, even under long-

term use (15-20 years), but that in some locations could be reached after 2-3 years 

depending on the silt contribution (Bendtsen et al. 2005, Legret 2001).  
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Rain and Runoff Simulation 

The rain event simulated in each experiment lasted 30 minutes. The first 10 minutes of 

simulated rain and runoff were used to wet the test piece. Then, the measurement period 

of 20 minutes began. The volumes of water collected in the six chambers at the end of 

this 20 minute period constitute the results for each combination of variables tested, 

representing the cumulative infiltration and the runoff generation. These results can be 

expressed in percentages with respect to the total volume of water. 

Under relatively low rainfall conditions, the infiltration opportunity time and the 

interactive infiltration rate increase (Sheldon and Fiedler 2008). Rain intensity was 

fixed around 47mm/h in this study to avoid this effect and to obtain conservative results 

about the infiltration capacity under severe storm events. To characterize the infiltration 

capacity of porous asphalt without the effect of the pore space blockage in the runoff 

generation, scenario 1 was studied for the 6 porous asphalt slabs under this rain 

intensity.  

This rain intensity was applied as runoff coming from an equivalent impervious surface 

(runoff simulation) and also directly over the test piece (rainfall simulation). The runoff 

is simulated by a perforated pipe over a plastic ramp at the beginning of the surface and 

the direct rainfall simulation is produced by 75 adjustable bubblers (0-40 litres per 

hour). These are distributed in 5 lines of 15 bubblers each placed 30cm over the 0.25m2 

test pieces. The droplet diameter produced is around 3.5mm and its theoretical kinetic 

energy is 5.6∙10
-4

J.  

Both flows, rainfall and runoff, were verified by direct water collection and 

measurement at the beginning and at the end of each one of the 60 tests. The mean value 
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of the simulated intensity was 47.68mm/h for the runoff flow with a standard deviation 

of 3.03; and 47.91mm/h for the rainfall simulation with a standard deviation of 2.88.  

Results and discussion.  

Scenario 1 

Half of the tests performed with the CF Infiltrometer (thirty tests) correspond to 

scenario 1 of newly placed surface. The six test pieces were characterised in this 

scenario, gathering the average results in two groups: Test pieces 1, 2 and 3 (increasing 

infiltration capacity with depth) and test pieces 4, 5 and 6 (decreasing infiltration 

capacity with depth). The results obtained and the quadratic estimates of the infiltrated 

water percentage in relation to the length covered on the permeable surface for each 

group of test pieces are shown in Figure 3a and Figure 3b.  

The infiltrated water percentage is an expression of the cumulative infiltration (F) and 

its quadratic estimation enables a linear expression of the infiltration rate (f) to be 

derived. This expression depends on the moisture content in the permeable pavement 

(θ) represented by the length covered on the permeable surface, considering that when 

the length increases, the total amount of water received (adding rainfall and runoff) and 

consequently the moisture content in the permeable water decreases. 

Test pieces of porous asphalt whose permeability increases with depth are able to 

infiltrate 98% of the total water used in the test with 0% slope and 91% with 10% slope. 

However, test pieces of porous asphalt whose permeability decreases with depth are 

able to infiltrate 94% of water with 0% slope and 83% with 10%. There is a slight 

difference, which is not decisive. Considering the averages, a length of 50cm of newly 

placed porous asphalt is able to infiltrate 96% of the water used in the test with 0% 

slope and 87% with 10% slope. Observing the estimations, the difference is clear with a 
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slightly worse infiltration capacity in the case of a porous asphalt test pieces with 

decreasing permeability with depth (Figure 3b). All estimations pass through point 

(0.0), corresponding to the beginning of the permeable surface, where the infiltration is 

zero in any case. The lowest coefficient of determination (R
2
) is 0.9478 in Figure 3a and 

0.9198 in Figure 3b, both with 2% slope.  

Comparing these results with a newly placed real-life porous asphalt pavement, the 

influence of a bad design or an excessive slope can reduce the infiltration capacity of 

the surface even without clogging. 

Scenario 2 

Fifteen tests were performed under scenario 2 with simulated maintenance. The three 

test pieces chosen for this scenario were 1, 2 and 3 (better conditions under clogging). 

The results obtained and the quadratic estimations of the infiltrated water percentage in 

relation to the length of the permeable surface are shown Figure 3c. In this case, the 

lowest R
2
 is 0.9441 with 2% slope. Both results and estimations are very similar to the 

ones obtained without sediments (Figure 3a). This means that the increasing void 

percentages with depth and the superficial brushing are enough to recover the initial 

infiltration capacity of the porous asphalt.  

The associated cost of the maintenance depends mainly on the location and silt 

contribution. However, a correct design and a specific maintenance action after 

clogging are always cheaper than the complete replacement, which would be the last 

option. 

Comparing the results presented on Figure 3a and Figure 3b, the infiltration capacity is 

slightly better in the second one for the case of high slopes (8% and 10%). This would 

imply a slight beneficial effect of a light sediment load (0.75kg/m2) for increasing 
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infiltration in high slopes. The reason could be that the sediment would hold water, 

reducing the runoff velocity, increasing the infiltration opportunity time. 

Consequently, in a real-life pavement, the presence of a slight amount of silt on the 

surface is not as critical as might be thought. 

Scenario 3 

Finally, fifteen tests were performed with the CF Infiltrometer simulating scenario 3 

with clogged surface without maintenance. The three test pieces selected for the study 

of the clogged surface were test pieces 4, 5, and 6 (higher void percentages on the 

surface).  

The results and estimations corresponding to each one of the slopes tested with a 

clogged surface are shown in Figure 3d. The infiltrated percentages at 50cm vary 

between 76% for the 0% slope case and 63% for the 10% slope case. The lowest R
2
 is 

0.9229 for the case of a 2% slope.  

Comparing Figure 3d with the previous ones, it can be observed that all the curves from 

scenario 3 present concavities. This effect may be caused by the increase in the 

sediment load on the surface or/and by the increase of the surface slope. So, even 

without clogging problems, the porous bituminous mixture can behave as if it were 

slightly blocked when the surface slope greater than or equal to 5%.  

Neglecting the slope influence, 2kg/m2 of silt does not critically reduce the infiltration 

capacity. Therefore, in a real-life porous asphalt pavement the clogging scenario would 

correspond to a greater amount of silt. 

Journal of Hydrologic Engineering. Submitted July 17, 2010; accepted July 25, 2011; 
   posted ahead of print July 27, 2011. doi:10.1061/(ASCE)HE.1943-5584.0000480

Copyright 2011 by the American Society of Civil Engineers



Acc
ep

ted
 M

an
us

cri
pt 

Not 
Cop

ye
dit

ed

13 

Empirical Model for Porous Asphalt 

It was possible to carry out a regression analysis considering the results of cumulative 

infiltration measured in each one of the 5 chambers during the 3 repetitions of the 60 

tests, which provided a total of 900 points. The objective was to obtain the infiltrated 

water (% of the total water used in each test) based on the length of porous asphalt (cm), 

the clogging scenario (kg/m2) and the surface slope (%). These three explanatory 

variables are simultaneously significant at the 95% level, as the F test of Fisher 

Snedecor provides a p-value less than 0.05. Moreover, all variables are significant 

individually at 95% with the contrast p-values of the T statistic less than 0.05. The 

elimination of the independent value from the model was decided after checking that the 

value of the T statistic for it was clearly lower than the three explanatory variables, and 

also considering the physical justification that there should not be infiltration when the 

length is 0cm. The authors propose the following regression equation after evaluating 

different transformations of the variables:  

I=23.403Ln(L)-5.095C
2
-4.749S       (2) 

where I is the infiltration (%), L is the length (cm), C is the clogging scenario (kg/m
2
) 

and S is the surface slope (%). 

The model was tested to validate the regression analysis assumptions and it has a 

R
2
=0.860. The explanatory variables considered had no correlation with each other so 

they could be considered independent. The diagnosis of collinearity also had a condition 

index value less than 30 so there was no collinearity. The Durbin Watson statistic had a 

value of 1.435, indicating no autocorrelation problems with the residues. Furthermore, a 

diagnosis by-case did not find any outlier located farther than three standard deviations 

from the estimation. The analysis of residues in comparison with the predicted values 
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showed no heteroskedasticity problems apart from the clear ranges of the variables 

tested. In addition, the scatter plot of residues indicated their normality.  

The representations of the proposed model can be done introducing a value for any of 

the explanatory variables. For example, the graphic model for porous asphalt with 2% 

surface slope is shown in Figure 4. Compared to the previous analysis of the results 

(Figure 3), this is a conservative model. According to the model, in this particular case a 

50cm strip of porous asphalt is capable of infiltrating a maximum of over 80% of the 

water used in the test without silt on the surface and a minimum of 0% with 4kg/m
2
 of 

silt on the surface.  

This empirical model for porous asphalt is limited to the interpretation of the results 

obtained in the laboratory with the CF Infiltrometer, giving only a conservative 

impression of what could happen in a real porous asphalt pavement. 

Conclusions  

The main objective of this study was to propose a regression equation that explains the 

infiltration capacity of PPS with porous asphalt. With this aim, several porous asphalt 

slabs were tested in controlled laboratory conditions with the CF Infiltrometer, varying 

gradients and clogging scenarios. 

The main laboratory results indicate that, even without clogging problems, the porous 

bituminous mixture can behave as if it were slightly blocked when the surface slope is 

greater than or equal to 5%. 

However, a slight amount of silt on the surface offers a beneficial effect with slope, 

retaining the runoff flow and improving the infiltration opportunity time. 
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According to the results, in a real-life pavement, a suitable design of a porous 

bituminous mixture, with an increasing void percentage with depth, along with a timely 

superficial brushing are enough to ensure and maintain a suitable infiltration capacity. 

Finally, a regression equation has been proposed to estimate the infiltrated water (% of 

the total water used in each test) based on the length of porous asphalt (cm), the 

clogging scenario (kg/m2) and the surface slope (%). This empirical model is limited 

but it can provide a conservative estimate of what could happen in a real porous asphalt 

pavement, resulting in a 0% of infiltration with a clogging scenario with 4 kg/m2 of silt 

in the surface. 

Future work will include validating this empirical model with a theoretical approach 

and calibrating it through the analysis of real-life porous asphalt pavements. 
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Notation 

H = the voids in mixture of the porous asphalt (%). 

T = time result of the LCS Permeameter.  

I = cumulative infiltration using CF Infiltrometer (%) 

L = suface length (cm) 

C = clogging scenario (kg/m
2
)  

S = surface slope (%). 
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Particle size (mm) 20  12.5  8  4  2  0.5  0.063  

Percentage passing (%) 100 70-100 38-62 13-27 9-20 5-12 3-6 
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Test piece 
Density  
(kg/m3) 

Calculated 
void  

percentage 
 (%) 

Tested surface with 
the LCS Permeameter 

Average time 
between marks 

(s) 

Experimental void 
percentage (%) 

1 1,920 28.06 LOWER face 33.06 20.17 

2 1,790 32.91 LOWER face 15.74 25.29 

3 1,850 30.94 LOWER face 27.36 21.36 

4 1,910 28.63 UPPER face 11.11 28.12 

5 1,930 27.84 UPPER face 8.96 30.03 

6 1,910 28.49 UPPER face 13.78 26.34 
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