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Abstract 
Increased sealing of soil due to urbanization produces higher runoff volumes, less 

infiltration and thus less recharge of groundwater. Terms e. g. “Low Impact Development”, 

“Sustainable Urban Drainage Systems” introduce management practices for a sustainable 

handling of stormwater. A tool of this technique is porous pavement which may support 

infiltration, reduce runoff and guarantee good groundwater qualities. Constructions with 

porous asphalt were built 1986/87 in Haparanda and 1993/94 in Luleå with given 

porosities of 15 to 20 %. First measured infiltration capacity were 6 mm/min in Haparanda. 

During the first 5 years of operation the infiltration capacity declined from 290 mm/min 

(1995) to 19 mm/min (2000) in Luleå. Since those years no more investigations were 

employed thus it is of interest how the long-term performance of the asphalt may be after 

years of performance. Investigations were made on porosity, infiltration capacity and the 

influence of vacuum-cleaning on both variables. Furthermore the differences in winter 

gritting, maintenance of both streets were introduced to the evaluation of the results. 

Porosity was tested in a laboratory by Pycnometer tests and modified double ring 

infiltrometer tests were conducted determining the infiltration capacity. Results showed 

porosity lying still in a range from 14 to 20 % while infiltration capacity declined rapidly. 

Vacuum-cleaning increased infiltration capacity in Luleå while the pores in Haparanda 

seemed completely clogged. Based on the results of this study regular maintenance and 

conformed winter gritting may support life-span and ability of infiltration. 

  



 

 

Zusammenfassung 
Erhöhte Versiegelung von Böden aufgrund von wachsender Urbanisation steigert den 

Oberflächenabfluss von Niederschlagswasser, vermindert Infiltration und folglich auch die 

Grundwasserneubildung. Konzepte wie “Low Impact Development” und “Sustainable 

Urban Drainage Systems” beschreiben Ansätze für ein nachhaltiges Handhaben von 

Niederschlagswasser. Ein Werkzeug dieser Technik könnte der Einsatz von permeablem 

Straßenbelag sein. Zwei Straßen mit durchlässigem Asphalt wurden 1986/87 in 

Haparanda und 1993/94 in Luleå, in Nord Schweden gebaut. Die Porosität des Asphalts 

lag zwischen 15 und 20 % und die 1989 gemessene Infiltrationskapazität in Haparanda bei 

6 mm/min. In Luleå verringerte sich die Infiltrationskapazität von 290 mm/min (1995) auf 

19 mm/min (2000) während der ersten fünf Jahre nach Erbauung. Seit dieser Zeit gab es 

keine weiteren Untersuchungen was das Interesse nach dem Langzeit-Verhalten des 

porösen Asphalts nach Jahren der Nutzung steigerte. Diese Studie befasste sich mit 

Untersuchungen der Porosität, der Infiltrationskapazität und deren Veränderung nach 24 

bzw. 17 Jahren der Benutzung. Die verschiedene Handhabung von Winter-Streuung und 

Instandhaltung der beiden Straßen wurde in dieser Studie mit einbezogen. Außerdem 

wurde der Einfluss einer Vakuum-Straßenreinigung auf die genannten Größen untersucht. 

Die Porosität wurde in einem Labor mit einem Pyknometer bestimmt und die 

Infiltrationskapazität mittels modifiziertem Doppel-Ring-Infiltrometer gemessen. Die 

Ergebnisse der Porosität lagen zwischen 14 und 20 % und zeigten keine Veränderung 

über die Jahre wobei sich die Infiltrationskapazität in beiden Straßen vermindert hat. 

Vakuum-Straßenreinigung zeigte einen positiven Effekt auf das Infiltrationsvermögen in 

Luleå wobei keine Verbesserung der Werte in Haparanda festgestellt werden konnten. Die 

Reinigung hatte keinen Einfluss auf die Porosität des Asphalts. Aufgrund der Ergebnisse 

dieser Studie könnte regelmäßige Instandhaltung durch Vakuum-Reinigung und 

angemessene Winter-Streuung die Infiltrations-Fähigkeit positiv unterstützen und die 

Lebensdauer verlängern. 
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1. Introduction 

 1.1  Background 

While 1900 only about 15 percent of the world´s population lived in urban areas it is 

nowadays estimated that half of the world´s people live in cities (Buckley, et al, 2008). 

This trend leads to an increased development of housing, industrial and traffic areas 

and subsurface infrastructures to maintain the urban functions. Impervious surfaces 

covered by concrete, asphalt and other paving preclude infiltration of stormwater thus 

affecting surface runoff characteristics. Stormwater is water formed during 

precipitation and also during snowmelt if infiltration is denied it forms surface runoff. 

Increased surface runoff may lead to increases in the frequency and severity of 

floods (Yong, et al, 2007). Covering of landscape also denies groundwater recharge 

and changes evapo-transpiration properties thus influencing the natural hydrologic 

cycle (Bronstert, 2004,Bronstert, 2004). 

 1.2  Hydrologic Cycle and Human Impact 

The basis for the hydrologic cycle (Figure 1) is the fact that water occurs in all three 

states of aggregation, liquid, solid and gaseous (Ward and Robinson, 2000). One 

part of precipitation water is retained by vegetation or by anthropological 

constructions from where it transpirates or rather evaporates back to the atmosphere. 

The rainwater that reaches the earth either infiltrates in the soil and percolates to the 

groundwater, evapo-transpirates or forms runoff. Upward capillary movements to the 

soil surface or to the root zone of vegetation cover remove water from aquifers and 

evaporation closes the cycle (Ward and Robinson, 2000). 
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Figure 1: Hydrologic cycle (Bronstert, 2004). 

By a growing urbanization direct human interference occurs most often on infiltration, 

runoff processes (Yong, et al, 2007) and decreased evapo-transpiration (Roy, et al, 

2009). Development of impermeable surface areas such as buildings, roads and car 

parks precludes infiltration and effects groundwater recharge (Walsh, et al, 2005). An 

increased proportion of the precipitation ends as surface runoff. Catchment capability 

is accelerated and the time lag between precipitation and surface runoff is declined 

thus causing greater peak flows (Figure 2) (Rose and Peters, 2001). 

Figure 2: Effect of urbanisation on peak rate of runoff (Butler and Davies, 2004). 

 1.3  Urban Drainage Systems and Impact on Environment 
During precipitation great runoff volumes in shorter time are cumulated in urban 
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areas (Figure 2). Conventional systems deal mainly with transportation and treatment 

of stormwater runoff. The maximum storm- and wastewater flow depends on the 

existing system, either combined or separate systems. Combined sewers transport 

stormwater as well as wastewater in one pipe to the treatment plant while separate 

sewers guide both types of water in single pipes. In case of high precipitation 

stormwater flow may reach 50 to 100 times average flow and wastewater pollutants 

enter the recipient due to sewer overflows an incident avoided in separate sewer 

systems. Further positive properties of separate systems compared to combined 

systems is the optimum size of the sewer thus a steady-going wastewater flow and 

strength require smaller treatment works and entry of grit by stormwater is prevented. 

On the other hand the need of two pipes raises more costs, space, construction effort 

and deny natural flushing of wastewater pipes by stormwater and the partially 

treatment of stormwater in combined systems (Butler and Davies, 2004). 

 

Nonpoint source pollution due to untreated stormwater discharge poses a risk for 

decreasing surface water quality (Carle, et al, 2005). Uncontrolled stormwater runoff 

acts as a carrier of pollutants such as heavy metals, nutrients, bacteria and salt, to 

receiving waters (Bedan and Clausen, 2009). Runoff contamination depends on the 

type, function and the connectivity of impervious surfaces to the stream (Carle, et al, 

2005).  

 

Since the 1980´s sustainable development became a central theme of the global 

growth (Buckley, et al, 2008). In urban drainage aims with the implementation of 

sustainable urban drainage systems are to reduce or if possible eliminate the 

problems result due to increased runoff volumes. “Low Impact Development” 

(Wynkoop, 1999) in USA and “Water Sensitive Urban Design” in Australia 

management systems accomplish sustainability by detention, retention, controlled 

stormwater runoff and minimization of human interaction in natural hydrologic 

processes (Wong, 2002).  

 1.4  Porous Pavement 
One management option within these urban drainage concepts can be the decrease 

of impermeable surfaces by implementing pervious pavements. Porous pavements, 

also known as pervious or permeable pavements, allowing stormwater infiltration 
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might simulate advantages of natural permeable surfaces like reduction of runoff 

while providing load-bearing road surfaces (Pratt, et al, 1989). Permeable pavements 

used for parking lots and streets are sustainable urban drainage systems where 

stormwater is collected, infiltrates as a water resource and pollution might be reduced 

(Scholz and Grabowiecki, 2007,Kuang, et al, 2011). 

 2  Aim of the Study 
The infiltration performance of porous asphalt is likely to change over its life-time. Of 

special concern is clogging of the porous surface (Scholz and Grabowiecki, 

2007,Balades, et al, 1995) which may influence the infiltration capacity. Clogging of 

the pores might largely depend on the overall maintenance of the porous asphalt; in 

regions with cold winters with a special importance of the winter (Gyllefjord and 

Kangas, 1989,Dietz, 2007).  

 

The aim of this study was to evaluate the long term performance of porous asphalt 

on two streets in Luleå and Haparanda, northern Sweden after 17 and 25 years of 

operation. The parameters investigated were infiltration capacity and porosity. The 

influence of the operation and maintenance of the roads on these parameters was 

discussed and their relation clarified. Furthermore, the effect of vacuum-cleaning on 

infiltration capacity and porosity was measured to assess the potential of vacuum-

cleaning to recover the porous asphalt. 
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 3  Road Construction 

 3.1  Pavement  
Acting as an interface between soil and traffic pavements have different functions: to 

provide a fixed, plane surface cars pass without difficulty and to mitigate geotechnical 

interactions like frost heave, variations in temperature, moisture content and negative 

pore pressures (Doré and Zubeck, 2009). The distribution of traffic load stresses to 

underlying soil thus omits deformation and softening of subgrade as the basic 

property for a perennial structure (Mannering, et al, 2005b). To achieve these 

functions pavements are constructed of different layers (Figure 3) at which the 

thickness of the pavement structure depends on the bearing capacity of the subgrade 

(Sherwood, 1995). Typical soil bearing capacities may be between 14 kPa to 345 kPa 

or even less (Mannering, et al, 2005b) hence pavement layers attenuate traffic load 

and minimize the pressure on subgrade at a magnitude that may not degrade the 

soil. 

 3.2  Pavement Structure 

Surface layer 
Surface layer as top courses of pavements may be of hot mix asphalt, cold mixture 

asphalt, other asphalt bound surface materials (Doré and Zubeck, 2009) and 

concrete slabs of Portland cement concrete (McNally, 1998). Also pavers and 

metalled roads are used for low-traffic areas like parking spots, agricultural roads and 

pedestrian areas. The sealing is exposed to traffic and may resist forming under 

vehicle loads to provide smooth but skid-resistant driving surfaces. Waterproof of 

wearing layers protect the underlying pavement system and subgrade against 

weakening (Huang, 2004) but as a disadvantage causes high runoff volumes.  

Base course 
The base is the layer beneath surface course of unbound granular materials like 

crushed stone, slag with a maximum particle size of 40 mm or for higher stiffness 

bounded with asphalt- and cement-stabilisers (McNally, 1998). Base layers are 

relatively stiff thus it acts as a load-bearing element and provides pavement system 

with mechanical strength. The purpose of a base layer under concrete slabs is to 

prevent pumping of fine particles, protect the system against frost action, preventing 

volume change of the subgrade, provide drainage and increase the structural 
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capacity (Sargand, et al, 2006). 

Subbase 
Subbase material consists of gravel, rubble or crushed stone, less quality and 

expenses for a soft layer (Huang, 2004), for higher stiffness the material may be 

asphalt- or cement-stabilised (Rheinheimer, et al, 2010). Besides acting as the 

intermediate distributor of stress from higher layers the subbase forms a platform for 

construction and compaction for the higher pavement system (Dawson, 2009). 

Subbase course may prevent contamination of base with fine materials from the 

subgrade, acts as a thermal insulator for less stressed layers and denies moisture 

rising thus decrease damage due to frost action (McNally, 1998,Rheinheimer, et al, 

2010).  

Subgrade 
The subgrade as the pavement foundation may be compacted natural soil or a layer 

of selected material (Huang, 2004). Capping might be required for levelling, to 

improve bearing of subgrade or as an additional frost protection (Dawson, 2009). 

 3.2.1  Conventional Pavement 
Different properties in road construction are achieved by different types of pavements 

at which the layered structure fulfil the tasks mentioned above. Flexible Pavement is 

a construction of asphalt, bituminous and granular material as top layer (Huang, 

2004) with a typical structure shown in (Figure 3). A lifespan of 20 years is estimated 

due to deformation of asphalt and the underlying structure, furthermore hardening of 

bituminous material may cause cracking (Croney and Croney, 1997).  

 
Figure 3: Flexible pavement system (Mannering, et al, 2005a). 

Rigid pavements typically consist of two layers, the subbase and a concrete slab as 

surface. Concrete slabs act as beam which distribute load uniformly over the panel 

while flexible pavements distribute load over a cone-shaped area under the wheel 
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(Atkins, 1997). Rigid pavements are not unimmunised for deformation, structural 

damage occurs by cracking. A lifetime of 40 years is expected, under heavy load it 

may be half the time. For both types climatic events like rainfall, frost penetration and 

temperature mean additional stress criteria and may be considered during the design 

process of the layers which work against weakening by weather action (Croney and 

Croney, 1997).  

 

Combinations of rigid and flexible pavers are composite pavements with a bottom 

layer of Portland cement concrete and a top course of hot mixture asphalt. 

Characteristics are most desirable as there is a strong base and a smooth surface; 

the establishment of these pavements is limited for areas with heavy load due to high 

costs.  

 3.2.2  Permeable Pavement 
Pervious pavements, as a tool of stormwater management, act close to the source of 

stormwater and tracking. Permeable pavement may control runoff volume and peak 

flows due to drainability thus increase groundwater recharge (Kuang, et al, 

2011,Bean, et al, 2007b). By high amount of air voids permeable pavements allow 

infiltration, evapo-transpiration and percolation of stormwater and provide at the 

same time a load-bearing surface for traffic. Several studies showed that permeable 

asphalt has the ability to significantly reduce runoff volume up to 86% compared to 

impervious pavements (Pratt, et al, 1989,Gomez-Ullate, et al, 2011). Thus lower 

surface runoff generation may result in less erosion, sedimentation and flooding of 

catchment attachments. Furthermore a reduction of pollutant concentration of e. g. 

hydrocarbons and heavy metals in exfiltrated water has been shown (Pratt, et al, 

1989,Bean, et al, 2007a). A study on frost heave and penetration on permeable 

asphalt showed a higher resistance to freezing compared with impervious asphalt 

(Bäckström, 2000). 
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Figure 4: General system of Permeable Pavements (Gomez-Ullate, et al, 2011). 

The layered structure of impervious pavements and permeable pavements are 

basically the same, an important additional application in pervious systems are 

geotextiles (Figure 4). Positioned between sub-base and base or subgrade the 

geotextile prevents migration of fine particles to upper layers, water evaporation and 

provides a medium for growing of biofilms which may degrade e. g. hydrocarbons 

(Gomez-Ullate, et al, 2011). Furthermore it helps reducing rutting depth of upper 

layers and limits the transport of pollutants in the sub-base (Scholz and Grabowiecki, 

2007,Brown, et al, 2009). Frost penetration and heave was observed to be reduced 

compared to conventional asphalt (Bäckström, 1999). There are different design 

variations for usage of permeable pavement. 

Concrete or plastic grid paver 
Concrete or plastic grid pavers are preformed drainage cells with open voids filled 

with crushed stone, pea gravel top-soil or turf. Compared to concrete design plastic 

grid pavers have a higher volume of filling material. This higher permeability is a base 

for growing grass (Dietz, 2007,Bean, et al, 2004).  

 
    (a)       (b) 

Figure 5: (a) Concrete grid pavers and (b) plastic grids (Bean, et al, 2004). 
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Both plastic and concrete grid pavers are usually used for low-volume traffic areas 

like parking spots, building access and fire lanes and residential driveways (Bean, et 

al, 2007b). 

 

Both pavement types have similar infiltration behaviour as natural soil. Hence 

stormwater runoff may be reduced 75 to 93 % compared to regular asphalt roads 

(Dietz, 2007) until the filling material is saturated (Gomez-Ullate, et al, 2011). A study 

in Georgia, USA compared runoff from asphalt surface to a grassed plastic grid paver 

resulted in a 93 % runoff reduce of the porous material (Dreelin, et al, 2006). Collins, 

Hunt and Hathaway (2008) indicated a decrease in peak runoff rates of concrete grid 

pavers compared to asphalt pavement of 88.5 %.  

Modular interlocking concrete blocks 
Precast concrete blocks can provide drainage through external open cells which 

occur as the joints between the blocks (Figure 6). The void space is filled with 

crushed stone, pea gravel, top-soil or turf. Concrete blocks are usually used for 

plazas, pedestrian ways, parking lots and low-volume traffic areas (Dietz, 

2007,Oliver-Solà, et al, 2009,James and Langsdorff, 2003).  

 

Gilbert and Clausen (2006) reported a reduction in runoff volume compared with 

conventional asphalt roads of 72 % and Collins, Hunt and Hathaway (2008) found a 

reduction between 84.4 % (12.9 % void space) and 71.5 % (8.5 % void space) by 

using interlocking concrete pavers. An analyzed annual pollutant export decreases by 

90 % TSS (total suspended solids), 30 % NO3-N (nitrate), 81 % NH3-N (ammonia), 

92 % TKN (total kjeldahl nitrogen) and 70 % TP (total phosphorous) (Dreelin, et al, 

2006,Collins, et al, 2008,Gilbert and Clausen, 2006).  
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Figure 6: Modular interlocking concrete blocks (Bean, et al, 2004). 

Porous Concrete 
Pervious Concrete is a mixture of typical Portland concrete, aggregates and water 

whereat the amount of fine aggregates is very low. Thus a porosity of 15 to 35 % may 

be achieved (Obla, 2010). Due to the smooth but stiff surface permeable concrete is 

often used for low-traffic roads, parking lots, friction courses on highways and 

sidewalks (Chopra, et al, 2010a).  

 

Rushton (2001) found a runoff coefficient for porous concrete with swales of 0.20, 

compared to about 0.35 for conventional asphalt and cement parking lots with 

swales. Compared with conventional asphalt the pollutant export from a parking lot 

with porous pavement was significantly reduced for TSS, nitrogen and heavy metals 

(Rushton, 2001). 

Porous Asphalt 
Similar to pervious concrete aggregates in the asphalt mixture have medium to 

coarse mean particle sizes and a small variation in particle size distribution hence a 

high air void volume (20 – 30 %) allows infiltration(Dawson, 2009). The peak flow 

reduction of porous asphalt was up to 42 % (Barrett, 2008). An additional advantage 

of porous asphalt roads is the reduction of traffic noise as the porosity acts as a 

sound absorbent.  

 

A study in France on porous asphalt showed a reduction in Pb, Cd and Zn 

concentration 84 %, 77 % and 73 % respectively in comparison with an impervious 

catchment site (Legret and Colandini, 1999). Similarly, a decrease in TSS, TP, Cu, Pb 
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and Zn of 93 %, 36 %, 52 %, 88 % and 79 % respectively was observed by Barrett et 

al. (2008). 

 3.3  Advantages of Permeable Pavements 
A study conducted in Washington, USA examined runoff quantity and quality of four 

different types of pervious pavement and compared the results with an impervious 

pavement. The results showed that all types of permeable pavement decrease runoff 

volumes, lower pollutants in runoff flows and offer extensive infiltration capacity 

(Booth and Leavitt, 1999). Thus it can be a management tool for flood, protection and 

decrease of contamination recipients and groundwater. Additionally porous 

pavements enhance traffic safety due to the reduced risk of hydroplaning, skidding, 

splash and spray (Alvarez, et al, 2010a). Despite those advantages, permeable 

pavements may imply several disadvantages and concerns for a comprehensive 

implementation. 
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 4  Materials and Methods 

 4.1  Field Site Description  
Experiments were conducted at two permeable asphalt sites, Kockvägen and 

Åkergatan in Northern Sweden. 

 4.1.1  Åkergatan, Haparanda 
Construction. In 1986/87 porous asphalt was used for construction of Åkergatan, a 

site near the city of Haparanda. Before constructing permeable asphalt in-situ soil 

was analysed and categorized as high vulnerable to ground frost. A second study 

observed the depth of groundwater varying 1.75 to 2.70 m beneath soil surface. Both 

results were seen as indicators for high occurrence of frost heave in this area and 

were one factor for the construction with permeable asphalt (Bäckström, et al, 1998).  

 

On a length of 140 m a layer of permeable pavement was built over a subgrade of 

silty clay with a structure shown in Figure 8. The porous asphalt had a porosity of 15 

to 25 %, the macadam-layer from 20 to 40 %. Geotextile layer was used over 

subgrade to prevent blending of fine material in the porous layers. 

 

Stormwater drainage. The use of wells and stormwater pipes was decreased to 

homogenise the roadway. For this reason main water pipes were piped along 

Åkergatan, depth of piping was 2.0 m. A drainage pipe and infiltration-well were built 

to support discharge of stormwater (Bäckström, et al, 1998). Additionally to the 

porous asphalt implementation of 2.5 m wide grass swales along the road increased 

infiltration surface in the area.  

 

Operation and Maintenance. Depending on the weather conditions, each winter 

between 5 to 10 times a sand mixture (0 to 6 mm, mixed with 2 % road salt) is 

applied on the road surface as an anti-slip agent. In spring the road is cleaned with a 

mechanical sweeper device. Vacuum-cleaning was conducted for the first time in 

spring 2011 as part of this study. In 1998 a 1.40 m wide strip of the permeable 

asphalt at the southern part of the street was replaced by conventional asphalt since 

district heating pipes were laid. 

 

Existing Scientific Studies. Gyllefjord and Kangas (1989) measured infiltration rates 
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on test pieces (0.4 x 0.4 m) of clean asphalt, under high-pressure and under 

conditions simulating winter gritting. After 3 years of performance an infiltration rate of 

6 mm/min was determined in the first unmodified measurement. An infiltration 

capacity of 25 mm/min was measured while pressing water with 85 bar through the 

asphalt which was also a cleaning process. After some days of drying infiltration rate 

was measured again with a result of 20 mm/min. Applying 0.66 kg silt/m³ on the 

asphalt caused a decrease of infiltration rate to 11 mm/min, a second silt application 

with additional 0.66 kg silt/m³ involved a decrease to 5 mm/min.  

Table 1: Infiltration capacity measured under different conditions by Gyllenfjord and 
Kangas (1989). 

Status Unmodified 85 bar Unmodified 1. Gritting 2. Gritting 

Infiltration capacity 
[mm/min] 

6 25 20 11 5 

Sampling Sites. Within this study at Åkergatan sampling was conducted at two sites, 

in the following labelled G and H (Figure 7). Those sites were chosen as they 

represent typical conditions at this street. Site G lay on the intersection of Åkergatan 

and Närstavägen, site H was positioned in an area without special conditions. 

 

Figure 7:Layout of the field site in Åkergatan (Säivis Byavägen) with measuring sites 
(G, H). 

 4.1.2  Kockvägen, Luleå 
Construction. A residential street with porous asphalt was built in 1993/94 in a 

housing area in Luleå in northern Sweden (N:65°36´, E:22°13´), as described in 

Stenmark (1995) and Bäckström (1998 and 1999). Silty-moraine was analyzed as 

dominating in-situ soil with a high tendency to ground frost.  
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Usage of stormwater pipes and –wells was minimized to homogenise the structure of 

the porous asphalt road. The neighbouring road Tältvägen was constructed with 

impervious asphalt due to the slope of the street. Surface runoff on that road is 

drained through two gutters at the intersection with Kockvägen (Figure 9).  

 

The 490 m long road and adjacent allotments provide a total catchment area of 

3.3 ha. Also at this site, grassed swales along the roads increased the infiltration area 

of stormwater and were in parts connected by gutters to the drainage pipe. Infiltration 

rates measured in the swales varied between 0.06 mm/min and 2.3 mm/min and 

indicated low soil permeability.  

 

Figure 8: Porous Pavement construction (Bäckström, 1999). 

The porous pavement structure of the layers and applications of the field site is 

similar to Figure 8. Constructed on silty moraine with a low permeability of 1x10-6 to 

4x10-5 m/s a drainage pipe was placed in the sub-base to improve drainage of 

infiltrated water to an outflow to a ditch in the forest. A geotextile was used to prevent 

intrusion of fine particles to layers above. The coarse material used in the sub-base 

consists of macadam and partly blast furnace slag; this layer had a porosity of 35 to 

40%. The porosity of the porous asphalt was 15 to 20%. The surface of the street 

was sloped longitudinal by a fall of 2 % towards the outlet to decrease ponding of 

water.  

 

Operation and Maintenance. The winter maintenance differed from the procedures 

applied in Haparanda. 2 to 4 times each winter fine gravel (2 to 4 mm) is applied to 
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the road surface and is cleaned with a mechanical sweeper in spring after snowmelt. 

During the first years of operation vacuum-cleaning was done in regular intervals: 

however, not during the last at least five years. Unfortunately, detailed maintenance 

records were not available. 

 

Existing Scientific Studies. The aim of the numerous studies conducted at 

Kockvägen (Bäckström, 2000,Bäckström, 1999,Stenmark, 1995,Bäckström and 

Bergström, 2000) was to understand the behaviour of permeable surfaces in cold 

climate conditions. As temperatures may be below 0 °C during long periods, 

precipitation often falls as snow which melts in spring (mainly April). The 

demonstration of flows, flow paths, infiltration over the year and the impact  of low 

temperatures, frost penetration and frost heave have on porous asphalt were 

important aspects of Stenmark`s (1995) and Bäckström`s (1999) work. Especially the 

performance during the critical snowmelt-period was examined in detail.  

 

Stenmark (1995) measured snowmelt runoff in spring 1995 on the 0.49 ha road area 

including swales. 30 to 40 % of accumulated precipitation appeared as surface 

runoff, melt water to some amount might be infiltrated, evapo-transpirated or stored. 

Runoff was also monitored during 1994 to 1996; the reduction of snow-melt was 

evaluated to be 50 to 60 % (Bäckström, 1999).  

 

Between 1994 and 1996 Bäckström (2000) measured ground-water levels under the 

permeable and under the impermeable asphalt. In comparison, pervious asphalt 

maintained constantly a 0.5 m higher groundwater level than impervious. Pervious 

asphalt also allowed an earlier groundwater level rise during snowmelt and kept a 

higher level during autumn.  

 

The street was constructed with different depth; for a length of 75 m the subbase 

thickness was 0.6 m while the remaining 250 m has a subbase of 1.0 m. 

Measurements of ground temperatures below the porous as well as the impervious 

asphalt were made in a depth of 0.2 m between February 1997 and April 1997. 

Difference between the temperature measured under the different kinds of asphalt n 

was observed during March (the temperature of permeable surface was higher), and 

during late April when it was similar to air temperature under the permeable asphalt 
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while it was lower under the impermeable surface (Bäckström, 2000).  

 

Bäckström (2000) also investigated behaviour of frost penetration during winter 

1994/95 (milder than average) and 1995/96 (colder than average). In the first winter 

(1994/95) the maximum frost penetration depth was 1.1 m below the surface for both 

kinds of asphalt and the ground was frozen for approximately three months. In 

1995/96 the porous asphalt was frozen to a depth of 1.4 m and the impervious to a 

depth of 1.6 m below the asphalt surface. This caused a frost heave of 0.07 to 0.08 m 

for the impermeable and only 0.01 to 0.02 m for the porous pavement. The ground 

under the porous surface thaw approximately one month earlier than under the 

impervious pavement. Stenmark (1995) regarded the road surface level for the 

different depth of subbases at the permeable pavement and observed that frost 

penetration, frost heave and resultant deformation was more distinctive along the 

part with thinner subbase.  

 

Stenmark (1995) examined the infiltration capacity of porous asphalt at different air 

temperatures using test pieces (0.4 x 0.4 m) were cut out from the field site after one 

year of performance. At room temperature an infiltration capacity (Table 2) of 

290 mm/min was measured which decreased to 130 mm/min at temperatures 

between -1.1 and -1.9 °C. Continuing tests at these temperatures without drying 

asphalt lowered infiltration capacity to 5 mm/min before clogging with ice occurred.  

Table 2: Measured infiltration capacities of (0.4 x 0.4 m) porous asphalt of Kockvägen 
at different temperatures. 

Temperature 

Infiltration Capacity [mm/min] 

+ 20°C + 5°C 0°C -1.1 to -1.9°C -5 to -10°C 

Stenmark (1995) 290,0   130,0  

Bäckström, Bergström (2000) 19,0 11,0 7,4  ≤ 1,9 

Bäckström and Bergström (2000) used the same method to investigate infiltration 

behaviour (Table 2) during a simulated snowmelt period and at different air 

temperatures after two years of operation. The infiltration capacity at +20°C was 

19 mm/min which was reduced at freezing point to 7.4 mm/min. Measurements 

between -5 °C and -10 °C reduced infiltration rate substantially about 90 %. A 

simulation of the snow-melt process (melt-freeze-melt-freeze) indicated a significant 
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decrease of draining function of the asphalt, after one day infiltration capacity was 

reduced to 30 %, after two days it was only 7 %.  

 

Sampling Sites. At Kockvägen, sampling was conducted at three sites, in the 

following labelled B, C and D (Figure 9). Sites were chosen to represent different 

conditions of the asphalt surface. Site B lied on the intersection of Tältvägen and 

Kockvägen; this area is exposed to a high amount of traffic transit. Furthermore, 

stormwater runoff from Tältvägen might penetrate the asphalt surface in this area 

with additional pollutants. A cul-de-sac road was chosen in the west end of 

Kockvägen for locating C; this part is without traffic and was rarely used as parking 

spot. The third site D was placed in the middle of Kockvägen as a point which 

represents conditions for ordinary traffic load like transit and parking.  

 

Figure 9: Layout of the field site in Kockvägen with measuring sites (B, C, D) 
(Stenmark, 1995). 

 4.2  Porosity 

 4.2.1  Sampling 
At the sampling sites described above (B, C, D in Luleå; G, H in Haparanda) asphalt 

cores were cut out of the porous asphalt layer of each street (Figure 10). A hollow-

drill with an inner diameter of 100 mm was used. The drill was water cooled. Three 

samples at each sampling point (B, C, D, H, G) were taken. The sampling took place 

in 04/12 (directly after snowmelt) and 05/30 after the street had been vacuum-
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cleaned (see below). 

 

Figure 10: Drilling of the asphalt cores (a) and drilled hole (b) in the road surface. 

The samples (Figure 11) had heights between 25 mm and 48 mm and a diameter of 

100 mm. The samples were labelled and sent to a laboratory for analysing porosity.  

 

Figure 11: Asphalt cores taken from Kockvägen (left) and Åkergatan (right). 

 4.2.2  Sample Analysis 
The determination of the porosity was based on Swedish standard methods for 

testing asphalt in road construction. The analyses were conducted by the laboratory 

of PEAB Asfalt AB in Boden, Sweden (Väglaboratoriet I Norr). Steps of the analysis 

were determining the density by volume (SS-EN 12697-6), the bulk density (SS-EN 

12697 -5) and calculated from these values the void content (SS-EN 12697 -8). 

 

Different methods for various asphalt properties are available for determining the 

density by volume according to SS-EN 12697 -6. The applied procedure for porous 

asphalt was determining density through gauging asphalt cylinders (method D). 
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Accuracy for this process is 0.1 g for inertia and 0.1 mm for length. Height and 

diameter were measured with 4 metering points and calculated as an arithmetic 

mean. The calculation of density by volume was effected by the equation: 

휌 =
푚

휋
4 ∗ ℎ ∗ 푑

∗ 10  (4.1) 

휌 : Density by volume [g/cm³] 

ℎ: Height of samples [cm] 

푑: Diameter of samples [cm] 

After procedure SS-EN 12697 -5 a glass Pycnometer with a ground glass stopper 

and the granulated samples were used for detecting the bulk density. First the 

Pycnometer with ground glass stopper was weighed empty then filled with the 

grinded sample and then filled until a special mark with water. Air was removed by 

vacuum and then by tempering the probe at 25°C before the flask was weighed a last 

time. Bulk density was calculated according to equation (4.2):  

휌 =  
푚 −푚

푉 −푚 −푚
휌

 (4.2) 

휌 : Bulk density [g/cm³] 

푚 : Mass of Pycnometer [g] 

푚 : Mass of Pycnometer filled with sample [g] 

푚 : Mass of Pycnometer filled with sample and water [g] 

푉 : Volume of Pycnometer [cm³] 

휌 : 0.997 g/cm³, density of water 

SS-EN 12697-8 describes the process of calculating the porosity from density of 

volume and the bulk density which was applied for the samples: 

푉 =
휌 − 휌
휌 ∗ 100 (4.3) 

푉: Porosity [Volum-%] 

휌 : Density of Volume [g/cm³] 

휌 : Bulk density [g/cm³] 

 4.3  Infiltration Capacity 
Double ring infiltrometers were used to measure the infiltration capacity at the three 
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sampling locations (Figure 8) in Kockvägen (B, C, D (Figure 9)) and two in Åkergatan 

(H, G). Each test included measurements with three infiltrometers at the same time to 

get replicate data. At each site the infiltrometers were placed on the asphalt with a 

distance of approximately 1 m. Infiltration capacities were measured on different days 

under different weather conditions. Investegations in Kockvägen were made on the 

05/13 (air temperature of 13°C) and 05/20 (air temperature 15°C), during sunshine 

on both days. Measurements in Åkergatan were conducted on the 05/16 (air 

temperature 8°C), the 05/19 (air temperature 10°C) and 05/30 (air temperature 

15°C). Rain on the both first dates intercepted the measurements while on the 05/30 

sun was shining. 

 

Similar to the asphalt core sampling (see above), at both sites two series of tests 

were made: first, the infiltration capacity at excisting conditions were measured 

directly after snowmelt; second measurements were conducted after the road had 

been maintained by vacuum-cleaning (see below).  

 

The infiltration capacity measurement procedure used in this study was based on 

ASTM D 3385 “Standard Test Method for Infiltration Rate in Field Soils Using Double 

Ring Infiltrometer” and ASTM D 5093 “Test Method for Field Measurement of 

Infiltration Rate Using a Double-Ring Infiltrometer with a Sealed Inner Ring”. The 

measuring set consisted of three pairs of open cylinders with inner diameter 280 

 mm, 300 mm and 320 mm. Outer diameters of 530 mm, 550 mm and 570 mm 

provide a ratio from outer to inner of approximately two. A measuring stick with floater 

(Figure 12) and a synthetic measuring bridge was available for each infiltrometer pair 

as detection of water level.  
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Figure 12: Applied infiltrometer with inner ring (1), outer ring (2), measuring stick with 

floater (3), measuring bridge (4) and sealing (5). 

Inner and outer rings were sealed with plumber´s putty to the asphalt. Thus outflow of 

water through the gap was prevented and maintaining of the water-level was 

possible.  

 

Water was filled in the outer ring to control the sealing and leakage points were 

patched. Once everything was sealed water was first filled in the outer ring to 

approximately 10 cm and to the same water level in the inner ring. The measuring 

stick with the floater and the bridge were attached, current time (effective time 0) and 

water level were recorded. Depending on the infiltration rate water level was 

measured every 2 to 10 minutes. If the water level of the inner ring went too low 

water was refilled and time recorded. The tests were complete when the infiltration 

rate stayed constant or trended towards zero.  

 4.4  Vacuum-Cleaning 
Between the two sampling rounds (porosity, infiltration) the roads were vacuum 

cleaned. An industrial vacuum sweeper from BDX Företagen AB cleaned the asphalt 

surface. While the sweeping truck moved it applied water on the asphalt which was 

then extracted by suction. This procedure was conducted singular in the sampling 

areas. 



 

22 
 

 4.5  Data Analysis 
The determined data was analysed by standard statistical methods (paired t-test, 

one-way ANOVA, regression analysis). For all tests, the significance level was in all 

tests α = 0.05. All analyses were carried out using the statistical software SPSS 15.0 

for Windows®, © 2006 SPSS Inc. 

  



 

23 
 

 5  Results and Discussion 
The infiltration capacities at the sampling sites are presented in Table 3 including the 

p-value for comparison of the parameters before and after vacuum-cleaning. 

Furthermore, the mean infiltration capacities with standard deviation are presented in 

Figure 13. The p- and R²-values for comparing the infiltration capacities of all sites 

with each other is presented in Table 4. 

Table 3: Results of paired t-test compare mean infiltration capacities for all sites 
before and after vacuum-cleaning and p-value. 

Site Infiltration capacity [mm/min] p-value paired 
t-test before after 

B 0.5 ± 0.2 2.4 ± 2.3 0.425 

C 0.8 ± 0.2 7.1 ± 2.3 0.037 

D 0.4 ± 0.2 1.1 ± 0.2 0.073 

G 0.1 ± 0.1 0.1 ± 0.1 0.423 

H 0.3 ± 0.2 0.1 ± 0.0 0.199 

 

Figure 13: Comparison of Mean Infiltration Capacity with Std. Deviation for each Site 
before and after Vacuum-cleaning.  
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Table 4: P- and R²-Value of One-way ANOVA to compare mean Infiltration Capacities 
from Sites B, C, D with Sites G and H. 

Compare 
p-value R²-value [%] 

before after before After 

Luleå - 
Haparanda 0.004 0.001 79.49 81.14 

 5.1  Comparison of infiltration capacity of the Sites 
As mentioned above a paired t-test and a One-way ANOVA were performed to 

compare the results for Haparanda and Luleå. Comparing the infiltration capacities of 

Kockvägen and Haparanda values from sites B, C, and D were slightly grander than 

results from G and H (Table 3). Only the mean values of sites B, D and H had a small 

variance, after vacuum-cleaning G and H didn´t vary. All sites showed relative high 

standard deviations, especially Site D after vacuum-cleaning ((2.4 ± 2.3) mm/min), 

the standard deviation of G was as high as the mean value of measurements 

((0.1 ± 0.1) mm/min; (0.1 ± 0.1) mm/min). Site H showed also a very high standard 

deviation of mean infiltration capacities before vacuum-cleaning ((0.3 ± 0.2) mm/min; 

(0.1 ± 0.0) mm/min). Site C had the highest infiltration capacities as well as before 

and after vacuum-cleaning ((0.8 ± 0.2) mm/min and (7.1 ± 2.3) mm/min) it varied 

strongly from all other mean values (Table 3, Figure 13). Regarding Figure 13 the 

variance of the sites was clearly visible, which is also confirmed by the One-way 

ANOVA (p = 0.004 and 0.001, R² = 79.49 % and 81.14 %, cf. Table 4).  

 

The high variation of nearly all sites might be explainable by the fact of the low 

number of replicates (three at each site). Additionally the measurements of the 

infiltration capacities were not conducted at exactly the same measuring point but at 

three different locations in a radius of approximately 4 m. Furthermore, changing 

weather and temperature conditions might also have influenced the results.  

 

Site B showed a similar infiltration capacity to site D as both sites were laying in main 

traffic zones. The comparable high infiltration capacity at site C might be due to its 

location in a dead-end street serving only one single property. The results for site H 

and G showed similar infiltration capacities which might indicate analogue conditions 

of the porous asphalt. 

 

The differences between Åkergatan and Kockvägen might be due to different age, 
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maintenance and incidents at the two streets. As mentioned above the permeable 

asphalt in Haparanda was constructed in 1983. Thus it is more than 10 years older 

than asphalt in Luleå. The lifespan of porous pavements is expected to be shorter 

than conventional asphalts which may reach 30 years (Scholz and Grabowiecki, 

2007). Using sand with fine fractions as anti-slip agent in Haparanda contrary to 

coarser gravel in Luleå might have increased penetration of fine particles in the 

pores. Furthermore, the application of sand was made up to 10 times each winter 

which was clearly higher compared to the number of applications in Luleå. Studies 

confirmed that intrusion of fines may support a decrease of infiltration capacity 

significant (Bean, et al, 2007c). Additional construction works at the southern strip of 

the road (lying of district heating pipes) might have released even more fine 

sediments which may have accumulated the porous voids. Additionally there was 

only mechanical sweeping of Åkergatan and no vacuum-cleaning as in Luleå. 

Assumingly these facts have clearly contributed to the lower infiltration capacity and 

the non-effectiveness of vacuum-cleaning in Haparanda. Regular maintenance and 

adjusted winter treatment may support the infiltration ability of porous asphalt even in 

cold climates. 

 5.2  Comparison of Infiltration Capacity with former Studies 
The infiltration capacities measured in former studies are shown in Table 1 of 

Åkergatan and Table 2 of Kockvägen. The results in this study compared with former 

research only refer to the infiltration capacities measured at room temperature. 

 

Compared the results from this study with infiltration capacities measured during the 

first five years of operation a rapid decrease in infiltration capacity can be noticed. 

Stenmark (1995) measured an infiltration of 290 mm/min right after building of the 

street in Luleå (i.e. unused asphalt) while Bäckström & Bergström (2000) observed a 

far lower infiltration capacity of 19 mm/min after approximately 5 years of operation. 

Regarding the capacities in this study it decreased less but still considerably (also 

after vacuum-cleaning infiltration was still lower compared to the other studies). 

Different conditions might additionally influence the measuring process and 

inconsistent weather. Furthermore former researchers (Gyllefjord and Kangas, 1989, 

Bäckström, 1999,Stenmark, 1995) observed the measurements in laboratories under 

defined conditions which was not the case in the field experiments done in this study. 
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 5.3  Effect of Vacuum-Cleaning on Infiltration Capacity 
The results of a paired t-test comparing the infiltration capacity before and after 

vacuum-cleaning showed for sites of Kockvägen a rising tendency while the sites of 

Åkergatan showed no change. Regarding the mean and standard deviation the last 

had a relatively high value for all measuring points and was proportional lowest for 

site D after vacuum cleaning. The infiltration capacity after vacuum-cleaning was 

increased at the sampling sites B, C and D (i.e. Kockvägen); however, this increase 

was only statistically significant at site C (Table 3). Here, the highest increase was 

observed with a mean infiltration capacity enhancing from 0.8 to 7.1 mm/min. 

Contrary, the infiltration capacity at points G and H (i.e. Åkergatan) stayed constant 

or rather decreased.  

 

Increased infiltration capacities after maintenance also have been determined by 

other studies (Bean, et al, 2004,Bean, et al, 2007c,Chopra, et al, 2010b). Both 

streets are relatively old compared to former studies. However, vacuum cleaning of 

Kockvägen (sites B, C, D) tended to increase the infiltration capacity even though 

only the difference at site C was statistically significant. Possibly the low number of 

replicates (three at each site) combined with a relative high variation resulted in low 

statistical significance. The measurements of all sites showed very high standard 

deviations thus significance had no practical validity. 

 

Assuming that comparable low amounts of particles have entered the pores at site C 

(dead-end street) vacuum-cleaning was effective as the parts could be removed 

easily. With higher pressure methods stronger clogging may be dislodged (Shirke 

and Shuler, 2009); this may be even effective for site G and H where vacuum-

cleaning did not result in any positive effect. Hence vacuum-cleaning may not be able 

to dislodge pores of the asphalt in cases of strongly trapped clogging particles 

(Chopra, et al, 2010a) which may be avoided by regular maintenance. Infiltration 

capacities of sites B, D and H showed no big differences before vacuum-cleaning 

whilst after purification sites G and H lay explicitly together. The decreased infiltration 

capacity at site H after vacuum-cleaning might be explained by measurement errors 

since the measurement was affected by leakage of the sealing arising (due to heavy 

rain) which assumingly caused higher values. 



 

27 
 

 5.4  Comparison of Porosity of all Sites and Effect of Vacuum-
cleaning 
The porosity observed before and after vacuum-cleaning is summarised in Table 5 

including the p-value of the paired t-test. Comparing the mean values for each site no 

significant difference was detected. The variance between the values including 

standard deviation was low; the majority of measurements lay between 15 and 20 %.  

Table 5: Mean porosity with Std. Deviation compared before and after vacuum-
cleaning for each site. The p-value compared significance between the mean 

porosities. 

Site 
Mean Porosity [Volum-%] with Std. Deviation 

p-value 
before after 

B 15.8 ± 2.8 14.2 ± 4.6 0.734 

C 16.2 ± 1.3 17.2 ± 1.4 0.349 

D 19.6 ± 2.0 16.7 ± 1.8 0.026 

G 13.7 ± 3.7 19.3 ± 1.9 0.102 

H 17.7 ± 2.5 16.5 ± 1.5 0.354 

 

Figure 14: Variance analysis of mean porosity and standard deviation for each site 
before and after vacuum-cleaning. 

In Figure 14 the variance of porosity values for all sites is shown and indicated no 

visible trend of an increase after vacuum-cleaning. Basically the results from the 

paired t-test were verified by the one-way ANOVA with the majority of the values lying 
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between 15 and 20 %.  

 

While values before the vacuum cleaning varied between 13.7 and 19.6 Volume-%, 

after the cleaning the mean porosity was in a similar range between 14.2 and 

19.3 Volume-%. According to Figure 14, there was no clear influence of vacuum-

cleaning on the porosity. Consequently, p-values for all sites were higher than 0.05 

except site D (p = 0.026). However, as for the other samples, this statistical 

significant difference was not assumed to be of practical relevance.  

 

An air void content between 15 to 20 % was used in the asphalt mixtures for both 

streets during construction. This study confirmed porosity between around 14 to 20 % 

thus no clear changes have occurred since construction. As no significant differences 

were observed neither before nor after vacuum-cleaning, clogging might not have 

influenced the porosity, despite studies have shown a decrease in porosity during 

time by clogging (Klenzendorf, et al, 2011). Different analysing methods and possibly 

the observation of especially the top layer of the porous asphalt might give 

explanations in this case. On the other hand studies observed that the removal of 

particles had no influence on porosity (Shirke and Shuler, 2009). Typical distribution 

of air voids in asphalt cores has been observed in former studies and showed an 

incremental decrease from the highest value at surface down with depth (Alvarez, et 

al, 2010b,Alvarez, et al, 2010c). Thus increased sedimentation of particles may occur 

on the top pores as easier access is given and furthermore clogging the entrance to 

smaller air voids. 

 5.5  Relation between Infiltration Capacity and Porosity 
Regression analysis showed no significant relation between porosity and infiltration 

capacity (Figure 15). The p-values (for the data sets both before and after vacuum 

cleaning) are close to 1.0 and R² values very low (Table 6).  

Table 6: P-value and R²-value from the regression analysis describe the relation 
between porosity and infiltration capacity. 

Relation 
p-value R²-value 

before after before after 

Porosity – Infiltration Capacity 0.777 0.979 0.007 0.000 
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(a)       (b) 

Figure 15: Relation between Mean Infiltration Capacity and Porosity before (a) and 
after (b) vacuum-cleaning. 

Almost no infiltration capacity changes could be explained by the porosity which was 

also observed by studies (Alvarez, et al, 2010b). However, methods exist to predict 

infiltration capacity by analysing the effective porosity and more specific parameters 

(Kuang, et al, 2011). Even though clogging has been observed to impair the 

infiltration capacity significantly, no effect on porosity was observed. Different in-situ 

and laboratory investigations and also analysing a relatively small core compared to 

the bigger cross section of double-ring infiltration may be the reason for those 

different evaluations. As mentioned above clogging of pores may mainly occur in the 

very top layer of the asphalt, thus not effecting on the total porosity of the cores 

significantly. However, even though most of the void is still open, the thin top clogging 

layer prevents water effectively from entering the asphalt. Hence infiltration capacity 

was just influenced by the upper area of asphalt and increased after vacuum-

cleaning as clogging particles denied the entrance of water to the asphalt. 
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 6  Conclusion 
Double ring infiltrometers were used to investigate the infiltration capacities of two 

roads with porous asphalt in Northern Sweden constructed in 1986/87 and 1994/94. 

Furthermore porosity was observed in laboratory studies. Both variables were tested 

for their dependency on vacuum-cleaning.  

 

Drainability in Kockvägen was still existent and was positive influenced by vacuum-

cleaning. At the same time in Åkergatan infiltration capacity tended towards 0 and 

maintenance showed no effect on these variables. This could be explained with the 

different operation, (winter) maintenance and age. 

 

Porosity has not changed during the years of performance and wasn´t influenced by 

maintenance. Furthermore no relation between infiltration capacity and air voids was 

shown by regression analysis.  

 

All these facts hypothesize that clogging was only a problem in the top-most layers of 

the asphalt. More research is needed in this field to confirm the speculation.  

 

As a practical implication of this research anti-slip agents with fine particles are not 

eligible for winter gritting on porous asphalt and mechanical cleaning is not enough 

but rather vacuum-cleaning is recommended and required regularly. These 

suggestions may support the life-span and infiltration capacity of porous asphalt 

positively. 
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