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Abstract
Rainwater retention and infiltration in urban areas is a sustainable alternative to traditional
drainage systems such as combined or separate sewers. Infiltration can help in returning the
urban water cycle to its pre-urbanized state. In Germany, all new developments are required by
law to retain/infiltrate rainwater on site. Infiltration supports groundwater recharge, can
decrease groundwater salinity, allows smaller diameters for sewers (resulting in cost reduction)
and improves water quality of receiving waters because pollutants and high peak flow are
effectively controlled. On the other hand, pollutants in runoff originating from domestic and
industry emissions and traffic threaten soil and groundwater if they are not removed from runoff
before it infiltrates into the ground. A wide variety of different infiltration systems exist and
have been used and investigated in Germany since the beginning of the 1980s. Some systems,
like permeable pavements, infiltrate the runoff directly, while others use surface storage
facilities like swales or basins. A third group of systems uses underground storage spaces.
Underground systems have advantages, but pollutants are not filtered as in systems with
vegetated soil passage. For this reason, HydroCon has developed a new system that consists of a
pollution control pit with a concrete infiltration pipe. The system works effectively under
German conditions. HydroCon plans to improve and modify the system for Australian
conditions (with their often higher rainfall intensities and smaller particles in runoff) and
establish local manufacturing capacity. In conclusion, infiltration is sustainable and cost
effective if the behavior of the pollutants is understood and appropriate treatment provided at
source.
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INTRODUCTION AND PROBLEM IDENTIFICATION

Water is obviously one of the main requirements for urban areas. Water resources in highly
populated areas are insufficient to cover needs. Water is therefore transported into cities to
ensure adequate supplies are available. Rainwater is the second most important source of water
in the urban area. A small amount of water is used and must be transported out of the city as
wastewater. However, during rain events large quantities occur with a high flow dynamic.
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Traditionally this water is discharged by combined or separate sewer systems, causing
considerable stormwater management problems. During periods of dry weather, wastewater is
cleaned in treatment plants and normally does not harm receiving waters. But during rain events
the situation changes. Large quantities of runoff occur, that cannot be adequately handled by
wastewater treatment systems. The efficiency of treatment plants is decreased, water is
discharged directly into receiving waters. Strong rain events cause flooding because rain cannot
infiltrate through sealed surfaces in urban areas as under natural conditions. This can cause
substantial damage and financial loss to rivers and settlements respectively. There is widespread
agreement that more frequent and intense rain events are likely in the future.
The sealing of urban surfaces decreases groundwater recharge. Groundwater levels fall and, in
some areas, salinity of the groundwater rises, especially in coastal regions where seawater
intrusion can be observed. The reason for this is readily apparent from comparison of the water
cycle under natural and urban conditions. In a natural system in Germany, for example, only 7%
of rainfall leaves the catchment by surface runoff. The rest of the water is temporarily stored,
infiltrated to the groundwater (31%) and evaporated and transpired by the plants (62%). In an
urban catchment, almost all the water leaves as surface runoff via storm or combined sewers
with high dynamics (see Figure 1). Only a small proportion of the water is infiltrated into the
groundwater or evaporates. Clearly, such drainage systems are not sustainable.
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Figure 1: The water cycle under natural conditions and in urban environments
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DESIGN OF INFILTRATION FACILITIES

Rainwater infiltration can solve the problem in a sustainable way. Rainwater is retained (stored)
in the urban area itself and is infiltrated into the groundwater. The water cycle moves closer to
its original state. Rainwater supports groundwater recharge and decreases groundwater salinity.
Receiving waters are not threatened by high peak flows and pollutant concentrations. Pollutants
are controlled at source. Sewers and stormwater basins can be made smaller, with substantial
cost savings. The following chapter outlines the commonly used systems in Germany, their
function and design.
2.1

Infiltration without storage

Infiltration devices without storage represent the easiest and cheapest facilities.
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2.1.1

Infiltration over greened or vegetated soils

The easiest way to infiltrate runoff is to direct the water onto a vegetated soil area, where it can
infiltrate underground. This method is very cost effective, but can only be used under specific
conditions. The soil must have high permeabilities and the area must be large enough. This
method normally shows very high pollution retention capacities. In warm climates, however,
the grass dries out, and pollutants can enter the underground through desiccation cracks. This
method can not be recommended, therefore, for most Australian conditions. Groundwater
recharge is low, because a lot of water evaporates.
The surfaces can be planted with different grasses or even larger plants. To maintain an
infiltration area the grass must be cut regularly.
2

The design goal is to calculate the area required for infiltration AS (m ). This is determined
by:
Ai
As =
 k hsat ⋅ 3.6 ⋅ 10 6 
− 1

 2 ⋅ I tc ,Y

where : Ai =
Itc,Y =
tc =
khsat =
2.1.2
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Connected impervious area (m )
Rainfall intensity (mm/hr), normally with applied duration of
15 minutes and an ARI of Y = 5
Hydraulic conductivity of the soil (m/s)

Permeable pavements

Permeable pavements with reservoir structure are another type of surface infiltration. They are
particularly appropriate for traffic areas. Four different types of permeable pavements are
currently used in Germany. The first type consists of concrete pavers with wide joints or
apertures to infiltrate the water underground. Pavers with canals on their sides are especially
interesting (see Figure 2a). The joints of these pavers are filled with a permeable mineral
material that allows fast water movement. Because of these canals, the pavers need only narrow
joints. This feature allows them to be used, for example, around supermarkets with shopping
trolleys. Such pavements look very much like traditional pavements.
a)
b)

Figure 2: Systems of permeable pavements: a) pavers with canals and b) porous pavers
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High pollution retention capacities can be achieved with paving-stones made of special porous
concrete (Dierkes 1999). The system consists of a porous paver with two layers (see Figure 2b).
The top, fine layer acts as a filter for pollutants. The high porosity provides good infiltration and
air exchange with the underlying soil. Particulate matter from rain, the atmosphere and vehicles
is trapped in the upper 2 cm of the paver and can be removed by cleaning.
The third system consists of porous paving-stones with greened apertures. This system is
suitable for all areas, where a natural look is desired. The small apertures of 3 cm x 3 cm are
filled with a specific substrate that stores water, so that the grass does not dry out during rainfree periods. The open structure of the pavers prevents over-heating of the pavement, so the
grass has ideal living conditions (see Figure 3a).
a)

b)

Figure 3: Systems of greened permeable pavers, a) small apertures, b) wide joints
The last presented system comprises concrete pavers that are made with spacers, which provide
larger gaps between each paver when laid in position. These joints are filled with a substrate
that stores the rainwater and nourishes the grass during dry periods (see Figure 3b).
Permeable pavements must have a high pollution retention capacity and must be cleaned from
time to time. Results of a research project concerning pollutant behaviour and cleaning are
outlined below.
2.1.3

Pollution retention capacities of different pavers

Four different types of concrete pavers, a paver with open joints, a porous paving-stone, a
paver with large greened apertures and a porous paver with greened apertures were tested for
their retention capability of dissolved heavy metals (see Figure 4). Because the pavement is
the first filter for runoff, it is of special interest. The tests were carried out with intermittent
rain events at an intensity of 144 mm/h. The high intensity should simulate a worst case
scenario. The rigs were charged with synthetic rainwater containing mean concentrations of
180 µg/l Pb, 470 µg/l Cu, 660 µg/l Zn and 30 µg/l Cd and pH was at 4.9. According to the
concentrations in the synthetic runoff and in the seepage a mass balance for the metals was
calculated. Figure 4 shows the loads of metals for one square-metre over a period of 50 years.
The left columns show the total input mass of metals and the right columns show the mass of
4

metals that left the different types of permeable pavements. There are big differences in the
ability of the pavers and joint fillings to trap heavy metals. Most metals in seepage were found
where the infiltration was carried out only through the joints. Blocks with greened areas seem
to trap the metals very effectively. Lead and copper were retained more effectively than zinc
and cadmium.
In conclusion, paving-stones of porous concrete and paving-systems with greened apertures
show the highest pollution retention capacities. Pavements with large joints or apertures for
infiltration must have a suitable joint-filling, otherwise pollutants can pass through the
pavement and get easily into the underground.

2.
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Figure 4: Heavy metals retention of four different permeable pavements
Permeable pavements show very high efficiency in being able to trap dissolved heavy metals in
runoff. The pavement itself is responsible for much of the retention. Most metals are
precipitated in the upper 2 cm of the porous concrete (Dierkes et al. 1999). But the pH in
effluent shows, that the buffer capacities of concrete are very high, so that heavy metals do not
occur predominantly in dissolved form.
A field study was carried out on a parking area of a supermarket in Stadtlohn, Germany. The
parking lot shows very high daily frequency of vehicles. The pavements consist of porous
concrete stones without a filter layer. At first the infiltration capacity of the pavement was
determined. The measurement was carried out with a drip-infiltrometer (see Figure 5a). A steelring with a diameter of 500 mm was cemented onto the pavement.
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a)

b)

Figure 5: a) Measuring infiltration capacity with a drip-infitrometer, b) the parking area of a
supermarket in Stadtlohn
A sprinkler was used to simulate rain in the area inside and outside the ring. The water level in
the ring was regulated between 1 mm and 3 mm. The infiltrated volume of water was measured.
This measurement procedure has the advantage over double or single ring infiltrometers in that
the hydraulic pressure is kept very low, as naturally occurs during infiltration processes.
After determination of the infiltration capacity, one parking lot was selected that had a very
high level of spilled oil on the surface. The pavers in this lot were removed and the whole
subbase was dug out. Samples were taken of the pavers, the filling of the joints, the bedding, the
crushed stones of the subbase and the soil up to a depth of 30 cm. All samples were investigated
for concentrations of lead, copper, zinc, cadmium, mineral oil type hydrocarbons (MOTH) and
polycyclic aromatic hydrocarbons (PAH).
The pavement of the car park consisted of porous pavers with joint filling (1 mm to 3 mm), a
bedding with a depth of 5 to 8 cm (2 mm to 5 mm) and a 20 to 25 cm thick subbase of crushed
stone (8 mm to 45 mm). The infiltration rate was found to range from 440 l/(s.ha) in the central
area of the parking lot to 2000 l/(s.ha) at the edges of the lot. This indicates that the total runoff
was infiltrated through the permeable pavement during the 15 years following construction.
The total amount of heavy metals was determined in accordance with German standard DIN
38414 (1983) with aqua regia. Figure 6 shows the concentrations of the heavy metals copper, zinc and cadmium - in the layers of the roadbed and in the soil. The assessment of the
results was carried out according to the German soil protection law, which contains
precautionary values and permissible limits for soils. The quoted limits are the strict values
for playgrounds.
The highest copper, zinc and cadmium concentrations were found in the pavement (pavingstones, joint filling and bedding) (see Figure 6). The permissible limits for playgrounds were
not exceeded. All determined metal-concentrations were found in the lower region of natural
soils in Germany (Scheffer und Schachtschabel 1989). No significant increase of the heavy
metal concentrations in the underlying soil could be observed.
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Figure 6. Concentrations of heavy metals in pavement, roadbed and underlying soil
The results show slightly increased levels of heavy metal concentration in the upper layer of
the pavement. Permissible limits, even for playgrounds, are not nearly reached even after 15
years of operation. The underlying soil is not affected at all by heavy metals. These results
support laboratory results (Dierkes 1999). In regard to organic pollutants, mineral oil type
hydrocarbons were analyzed according to DIN 38409 (1981) and polycyclic aromatic
hydrocarbons analyzed according to DIN 38407 (1981). The results are shown in Table 2.
There is, however, some indication of mineral oil type hydrocarbons (spillage) as evident in
Table 1. Highest concentrations were found in the joint filling. In the subbase and the soil, the
concentrations had also increased. The highest concentrations of 28 mg/kg were still very low.
As a precaution, investigations must be carried out where concentrations are ≥ 1000 mg/kg. A
significant increase, but no endangering of the soil, can be observed. PAH could not be
detected at all.
In conclusion, the entry of heavy metals and hydrocarbons after 15 years of operation is very
low. The highest pollutant concentrations do not reach permissible limits. A slight increase of
hydrocarbons can be observed in the underlying soil, but this increase does not endanger soil
and groundwater.
Table 1: concentrations of hydrocarbons in the road bed and underlying soil
sample

MOTH H18

PAH EPA
[mg/kg]

joint filling
bedding
subbase 0-5 cm
subbase 5-20 cm
soil 0-5 cm
soil 5-10 cm
soil 10-30 cm
reference value1
investigation value1
1
after Dutch guideline for soil regeneration

133
13
28
15
26
20
10
< 50
1000

< 1.5
< 1.5
< 1.5
< 1.5
< 1.5
< 1.5
< 1.5
1.0
20.0
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2.1.4

Cleaning of permeable pavements

Maintenance and especially cleaning is one of the most important requirements of permeable
pavements. The system is a suitable method for sustainable urban drainage only if the
infiltration capacity of the pavement can be ensured, The effectiveness of a newly developed
cleaning device was investigated by means of a field study.

Figure 7: Schoolyard in Schloß Holte/Stukenbrock with porous paving-stones
To determine the effectiveness of the cleaning process, the schoolyard of a grammar school in
Schloß Holte/Stukenbrock in Germany was cleaned with the new machine (Figure 7). The
pavement was constructed in 1996 and covers an area of 1500 m2. It is made of porous concrete
pavers with a filter layer. The paving-stones have dimensions of 10 cm x 20 cm x 8 cm. They
are bedded on pea gravel of depths ranging from 2 mm to 5 mm. The joints are filled with a
basalt split from 1 mm to 3 mm.
To determine the cleaning efficiency, the infiltration capacity of the pavement was measured at
three points before and after cleaning. The measurements were carried out with a dripinfiltrometer (see Figure 8).

Figure 8: Measuring infiltration capacity with a drip-infiltrometer
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The newly developed cleaning device works as a high pressure cleaner with direct vacuum
suction (see Figure 7 and 8). The vehicle has a length of 6.38 m, a width of 1.80 m and a height
of 2.68 m. The vehicle has a freshwater tank with a volume of 1,800 l and a sludge tank of
4,000 l. The power of the high-pressure-nozzles can be controlled in a continuous gradient from
150 bars to 300 bars. The suction capacity is 10,000 m3/h at a velocity of 73 m/s. Using a selfsteering rear-axis, the vehicle is very mobile. To supplement the fixed cleaning module attached
to the front of the vehicle, a small hand cleaning module with a tube of 15 m is to be provided.
With this device, less accessible areas can be reached.
In Germany, permeable pavements must have an infiltration capacity of ≥ 270 l/(s.ha) (FGSV
1998), which equals a hydraulic conductivity of 2,7.10-5 m/s. Due to air filled pores in the
underground structure, a decrease in flow velocity can be expected, so that a hydraulic
conductivity of ≥ 5.4.10-5 m/s is necessary. Worksheet A 138 of the German Wastewater
Association (Planning, construction and operation of rainwater infiltration devices) takes into
account regional rainfall statistics. These are normally smaller than 270 l/(s.ha), so there is a
sufficient safety charge in the design.
To assess the cleaning efficiency of the machine for porous pavements, the infiltration rate of
the surface was determined before the cleaning operation. Measurements were carried out with
the drip-infiltrometer. At all points, the infiltration capacity was below 1 mm/(s.ha), so the
pavement was completely clogged and could not infiltrate rainwater effectively. After the
cleaning procedure, measurements of the infiltration rate at the three selected points were
repeated. The new infiltration capacities were very high - between 1545 l/(s.ha) and 5276
l/(s.ha). All values are given in Figure 9 and are higher than those required 270 l/(s.ha).
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Figure 9: Comparison of infiltration rates before and after cleaning of the pavement
In conclusion, the tests showed that the infiltration capacity before and after the cleaning
procedure with the newly developed cleaning vehicle could be raised from 1 l/(s.ha) to more
than 1500 l/(s.ha). On this basis, it is clear that German regulations for permeable pavements
can be met. Regular cleaning of pavements can ensure life time infiltration capacities.
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2.2

Infiltration with on-ground storage

If the hydraulic conductivity of the underground is not high enough, water can be retained in
swales, basins and ponds before infiltration.
2.2.1

Infiltration swales

Swales are grassed waterways with side slopes flatter than 3:1 (horizontal:vertical), and top
width to depth ratios of approximately 6:1 or greater (see Figure 10). The runoff is filtered by
the soil and pollutants are removed effectively. Large amounts of water infiltrate towards
groundwater levels but evaporation also takes place.

Figure 10: Example of a swale (from Geiger and Dreiseitl 2001)
Goal of the design is to determine the retention volume of the swale. The hydraulic
-6
conductivity of the soil should not be smaller than 1.10 m/s. The required area is
2
2
approximately 15 m per 100 m of connected impervious area. The depth of the swales
should be less than 0.3 m.
3

The storage volume VS, (m ) of a swale is calculated using the following formula:
 I tc , Y

1
⋅ ( Ai + As ) − k hsat ⋅ As  ⋅ 60 ⋅ t c
VS = 
6
2
 3.6 ⋅ 10

2

where : Ai = Connected impervious area (m )
2
As = Available infiltration area (m )
k h sat = Hydraulic conductivity of the soil (m/s)
Itc,Y = Rainfall intensity (mm/hr)
tc
= Design storm duration (min)
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2.2.2

Infiltration basins

Infiltration basins are designed to temporarily store surface runoff and to treat stormwater by
filtration. They are very similar to swales, but the connected impervious area is larger. The
-6
hydraulic conductivity of the soil should be larger than 5.10 m/s. The gradient of the sides of the
basin depends on the type of soil. Generally, the gradient should be low to prevent soil sliding into
the basin when filled with water. The perimeter of the basin may be planted with trees and shrubs.
Basins should not be located close to groundwater drinking supplies. Sediment traps are
recommended at the inflow point, where high sediment loads are expected in the stormwater. Inlets
must be designed to protect against erosion. The sediment on the bottom of the basin must be
removed if the infiltration capacity is reduced. The design is carried out as in the case of swales.
Infiltration basins can also be combined with ponds, as can be seen in Figure 11.

Figure 11: Example of an extended infiltration basin (Geiger and Dreiseitl 2001)
2.3

Infiltration with subsoil storage

Underground infiltration facilities have the advantage of not taking up valuable surface area.
Additionally they are not endangered by vandalism, which can be very important.
2.3.1

Infiltration trench

With facilities situated underground, infiltration is provided by a permeable artificiallyconstructed gravel filter trench, which is covered by shallow soil or by pavements. The pore
volume of the gravel allows for substantial storage capacity. When retention is the main purpose
of the trench, runoff is either infiltrated from the reservoir into the underlying and surrounding
soil, or is collected by perforated pipes and routed to a throttled outflow facility. Surface
trenches accept diffuse runoff directly from adjacent areas after it has been filtered by a grass
buffer. Underground trenches require installation of special inlets to prevent coarse sediments
and oil/grease from clogging the reservoir.
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The percolation trench should be filled with crushed stone or gravel. This system is especially
effective for soils with low hydraulic conductivity and for hot climates. Most of the runoff is
infiltrated, so it is very effective in supporting groundwater recharge, for example to decrease
salinity. The system can easily be combined with infiltration swales. Goal of the design is to
determine the cross-section and length of the infiltration trench. The hydraulic conductivity has
-6
to be significantly larger than 1.10 m/s. The length of the trench and its cross-section depend
strongly on each other. The length of the percolation trench L (m) is calculated with the
following formula:
Ai ⋅ I tc ,Y ⋅ 60 ⋅ t c
L=
k hsat 

h

6
b ⋅ h ⋅ s g +  b + 2  ⋅ 60 ⋅ t c ⋅ 2  ⋅ 3.6 ⋅ 10




where :
Ai
b
sg
h
Itc,Y
tc
2.3.2

2

= Connected impervious area (m )
= Base width of trench (m)
= Storage coefficient, corresponding to the porosity, or relative pore
volume of the gravel filling, (-).
= Usable trench height (m)
= Rainfall intensity (mm/hr)
= Hydraulic conductivity of the soil (m/s)
= Duration of the design storm (min.)

Infiltration pipes

Infiltration into the ground can be performed by a perforated pipe, which is covered by shallow
topsoil or traffic used pavements like roads or car parks. The pipe volume gives substantial
storage capacity. Pipes with different diameters can be used. Parallel pipes or star-shaped pipes
can be arranged to increase the infiltration capacity. Underground pipes require installation of
special inlets to prevent coarse sediments and oil/grease from clogging the soil around the pipe.
HydroCon GmbH has developed a system with very high pollution retention capacity. This
system is presented in detail in Section 4.1. The percolation pipe should be surrounded with
crushed stone or gravel. A safety factor F of 0.5 applied to As implies that half the area will be
clogged, but should be adjusted to the expected clogging.

Figure 12: Example of an infiltration pipe
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First, the storage coefficient for the pipe and the surrounding gravel must be determined:

s tot =



π 1
⋅ b ⋅ h +  ⋅ d i2 − d o2 

b ⋅ h 
4  s g


b
h
sg

=
=
=

di
do

=
=

sg

where :
Base width of trench (m)
Usable trench height (m)
Storage coefficient of surrounding gravel, corresponding to the porosity or
relative pore volume of the surrounding gravel
Inner diameter of the pipe (m)
Outer diameter of the pipe (m)

The second step is to calculate the length of percolation pipe L (m) using the following formula:
L=

Ai ⋅ I tc ,Y ⋅ 60 ⋅ t c
k hsat 

h

6
b ⋅ h ⋅ stot +  b + 2  ⋅ 60 ⋅ t c ⋅ 2  ⋅ 3.6 ⋅ 10





where :
Ai
Itc,Y
=
tc
2.3.3

2

= Connected impervious area (m )
= Rainfall intensity (mm/hr)
Water conductivity of the saturated zone (m/s)
= Duration of the design storm (min.)

Sinks

The oldest German system for infiltrating rainwater is the infiltration sink (hollow) with a
permeable bottom and/or walls. Pre-treatment of water is necessary, because the pollution
retention capacity of the system is very low. The sink has to be cleaned when the bottom is
clogged by sediments. The bottom of the sink can be filled with gravel, so that particles can be
retained before infiltration. If the gravel is clogged, it can be washed or replaced. To check the
need for cleaning it is recommended that the highest water level in the sink be marked once a
year. This can be done by noting the highest level of particles accumulating on the walls of the
sink. The goal of the design is to determine the retention volume of the sink. The hydraulic
conductivity must be noticeably larger than 10-6 m/s. The sink should be at least 2 m deep with
a diameter not less than 1 m.
2.4

Combinations

Most of the infiltration devices can be used in combination with existing systems of varying
complexity. While the dimensioning of the presented swale-trench-systems can be done by
hand, more complex devices have to be dimensioned by computer aided models.
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2.4.1

Swale-trench-systems

Swale-trench-systems are combinations of swales with underlying gravel-filled trenches. The
swales are constructed essentially as grassed waterways with side slopes flatter than 3:1
(horizontal:vertical). The trench can be equipped with a drainage pipe to disperse the water in
the trench. Pollutant reduction is achieved by activated biological treatment in the grass cover
and top-soil, as well as by filtration in the topsoil and underlying soils.
The system is applicable to soils with reduced infiltration capacity, but where the water
conductivity is not smaller than 1.10-6 m/s. The required area is approximately 15 m2 per 100 m2
of connected impervious area. The depth of the swales should be less than 0.3 m. The thickness
of the activated topsoil should be 20 cm to 30 cm. The side slopes should be flatter than 3:1, and
the profiles rounded.

Figure 13: Example of a swale-trench-system

3

POLLUTANT BEHAVIOUR IN INFILTRATION DEVICES

Rainwater contains pollutants, which can endanger soil and groundwater when it is infiltrated.
These constituents are emitted by industrial production, traffic etc. and are transported in the
atmosphere. In Germany, about 400 kg/ha to 3,000 kg/ha of dust arrives annually at drained
surfaces (Sonnenburg 1984). The dust is three quarters mineral and one quarter organic. Even
runoff from clean surfaces like roofs can be strongly loaded, as indicated in Table 2.
In addition to atmospheric contents, pollutants can also be emitted by roof material. The
influence of the roof material and the dynamics of rinsing off are well examined (Förster 1996,
Geiger et al. 1999). PAH, lead and copper show the highest pollutant concentrations from nonmetallic roofs. Runoff from roofs shows a first flush of pollutants. Rainwater gutters and gutterpipes often consist of zinc coated sheet or copper and can also influence water quality in a
negative way. Metal roofs usually show highest concentrations of heavy metals (Priggemeyer
1998). Table 2 shows the average concentrations of heavy metals in roof runoff from different
investigations. In comparison, the concentrations of permissible limits of Germany’s federal law
for soil protection are quoted. Since values for most metals are clearly exceeded, cleaning of the
roof runoff is necessary before rainwater infiltration should take place.
14

Infiltration off metal roofs without prior cleaning will inevitably result in soil contamination in
the long run. Maximum concentrations from metal roofs can reach up to 33200 mg/l for copper,
61300 mg/l for zinc and 24400 mg/l for lead. The proportions of dissolved species are between
26 % for lead and 61 % for zinc. These dissolved parts cannot be removed mechanically by
filtration or sedimentation, so special cleaning measures must be undertaken (eg. ion exchange,
precipitation).
Table 2: Average pollutant concentrations in roof runoff and German permissible limits for
seepage
author

Roof material
cadmium [µg/l]
copper
[µg/l]
lead
[µg/l]
zinc
[µg/l]

BÜCHNER u. XANTHOOPFERMANN POULOS (1992)
(1989)
bricks
0,7
234
104
630

bricks
1
104
24

PRIGGEMEYER (1998)

PVC
670
20
90

copper
1200
-

zinc
3700

Permissible
limits
for seepage in
Germany
lead
1200
-

5
50
25
500

Runoff from traffic areas contains higher pollutant concentrations than roof runoff. Trafficsources of pollutants are abrasion of vehicle tyres and brake linings (rubber, heavy metals,
oxides), dripping losses (fuels, engine and transmission oil, grease, brake fluid, antifreeze),
emissions from engines, corrosion products as well as road abrasion (Klein 1982, Sieker and
Grottker 1988). Main pollutants in tyre abrasion are rubber, soot and oxides of zinc, lead,
chromium, copper and nickel. The organic components are slowly degradable and have a risk of
contamination (Muschack 1989). In Table 3, pollutant concentrations of the relevant
constituents from different investigations under differing traffic situations are compared. Most
of the concentrations exceed the permissible limits of Germany’s federal soil protection law. It
becomes evident that runoff must be treated before infiltration, if the groundwater is not to be
endangered.
Table 3: Average pollutant concentrations in runoff of traffic areas and permissible limits of the
law for soil protection. Exceeded concentrations are highlighted in grey.
Author

WINTER [1993 XANTHOPOULOS
[1992]

city
Bremen
road type
parking lot
year
1993
cadmium
[µg/l]
copper
[µg/l]
250
lead
[µg/l]
zinc
[µg/l]
130-750
PAH
[µg/l]
BaP
[µg/l]
BghiP
[µg/l]
mineral oil [µg/l]
1
permissible limit for drinking water

Karlsruhe
DTV 3200
1992
13
6
180
110
530
310
940
600
2,90
0,40
0,42
10
-

GROTTKER
[1987]

DANNECKER Permissible
et al. [1989] limits for
seepage
Hildesheim
Hamburg
DTV 14200
DTV 16200
1984/85
1987
4
2
5
140
140
50
300
200
25
440
240
500
0,24
0,201
0,201
0,201
200
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3.1

Behaviour of pollutants in soils

Soil retains most of the pollutants from runoff by filtration, through ion exchange, precipitation,
complexation and biological reduction. The pollutant retention capacity of the upper 10
centimeters of soil depends essentially on its organic proportion, oxygen content (O2), claymineral content, and biological activity (Dierkes and Geiger 1998, 1999). With underground
infiltration systems, the effect is smaller, since organic and oxygen content decrease with depth.
There is, therefore, a much higher danger of groundwater contamination from such systems.
Several research projects (Remmler and Schöttler 1995, Hütter 1999), involving a number of
older infiltration systems in Germany, have highlighted the accumulation of pollutants in soil.
At sites in Berlin with low soil pH values, pollutants were found at depths of more than one
metre. For this reason, soil based systems are preferable for effective cleaning of runoff.

4

SOLUTIONS FOR PROTECTION OF SOIL AND GROUNDWATER

Since runoff from metal roofs and roads can particularly threaten soil and groundwater, it must
be cleaned before or during the process of infiltration. The German Wastewater Association has
developed a matrix for the use of different infiltration facilities and types of runoff (see Table 4).

16

decentralized aereal infiltra

decentralized swale-infiltrat
swale-trench-element

central infiltration basin w
Acon:Ai < 15:1

central infiltration basin w
Acon:Ai > 15:1

subsoil infiltration facilit
pipe- and trench-infiltration

1

2

3

4

5

6

1

nonmetallic roofs in residential and commercial
zones

2

bycicle and pedestrian ways in residential
areas, roads with low traffic density

3

yards in residential areas, parking lots with low
frequency

4

roads with < 2,000 vehicles/day, taxiways at
airports

5

roofs in industrial areas

6

roads with 2,000 to 15,000 vehicles/day,
runways on airports

z
z
z
z
z
z

z
z
z
z
z
z

7

heavy frequented parking areas

~

8

roads with > 15,000 vehicles/day

9

metal roofs, farm yards

z
z
z
z
z
z
z
z
z

infiltration facility

connected area

10 yards and roads in industrial areas
description:

z z
~

{

~

{

~

{

~

{

~

{

~

~

{

~

~

~

{

~

{

{

{

{

{

{

{

z

acceptable

~
{

-

-

acceptable if pollutants are removed
before infiltration
only in special cases acceptable
not acceptable

Table 4: Matrix for the use of infiltration facilities (after ATV 2000)
4.1

HydroCon Pollution Control Pit

Often, underground infiltration facilities are the only suitable systems for infiltration. They
have a lot of advantages in comparison to surface facilities, but pollutants can endanger soil and
groundwater. To solve this problem, HydroCon has developed a system that cleans runoff
before it is infiltrated into the underground. The system traps the pollutants and can be easily
maintained. Groundwater is protected and clogging of the facility prevented.
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In the HydroCon system, stormwater is cleaned in a special cleaning chamber (Pollution
Control Pit), by means of sedimentation, absorption and chemical precipitation. The cleaning
process is undertaken by a hydrodynamic separator and a vertical charged multistage filter of
porous concrete (not shown in Figure 14).
From the Pollution Control Pit, water is discharged into a concrete infiltration pipe. The bottom
of the pipe is sealed so that particles settle on the bottom. The concrete pipe has a considerably
larger diameter than traditionally used epoxy tubes, giving a much greater storage capacity. The
large pipe diameters also reduce water velocity, enabling sediment to settle at the bottom of the
pipe, thereby preventing clogging. Furthermore, trapping of pollutants occurs as stormwater is
filtered through the sides of the porous concrete pipe before seeping down to groundwater. The
concrete buffers the pH of the stormwater, which otherwise is typically acidic. Heavy metals are
precipitated and prevented from reaching the soil and groundwater. The sediments and
associated pollutants such as heavy metals in the infiltration pipe can be removed by flushing
and extracted via the pollution control pit. Treated stormwater is infiltrated into the soil and
groundwater in a manner similar to the natural water cycle, allowing recharging of groundwater
levels. The HydroCon infiltration system can be used in conjunction with vegetated swales and
porous pavements.
The system has numerous advantages over traditional infiltration systems:

•

On-site retention and infiltration of “clean” stormwater reduces the load and cleaning
costs at treatment plants;

•

The diameter size of storm and water infrastructure can be reduced;

•

The use of concrete instead of synthetics for perforated pipes allows a larger pipe diameter
(400-600mm), providing greater water storage capacity and handling of high water
volumes during periods of heavy rainfall;

•

The large pipe diameter reduces the water flow rate, enabling sediment to settle at the
bottom of the pipe and preventing clogging;

•

The optional two-step filter in the pollution control pit allows runoff with higher pollutant
loads to be infiltrated;

•

The system is constructed totally underground, imposing no restrictions on land use and
reducing the discharge of pollutants into waterways;

•

Easy maintenance: sediments in the HydroCon infiltration pipe can be removed by
flushing and extracted via the pollution control pit;

•

Detailed manuals supplied by HydroCon ensure easy design, construction and
maintenance;

•

Construction costs are lower than for most traditional infiltration systems;

•

Combined with a complementary system of specially designed ‘porous pavers’, the
HydroCon system provides a new solution to the growing stormwater problem, while
satisfying the community’s changing aesthetic requirements for urban areas.
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Figure 14: Schematic diagram of the HydroCon infiltration system
As part of its ongoing commitment to improving the pollution treatment and infiltration
capacities of its systems, HydroCon is undertaking preliminary research into developing a costeffective, sustainable and easily maintained infiltration system for the Australian market that
protects soil and groundwater from contamination. It is also developing a stand-alone Pollution
Control Pit which uses porous concrete extension rings to infiltrate cleaned stormwater into the
surrounding soil and groundwater. The device will have application where seepage pipes are
not feasible, the volume of stormwater is limited, and sites are not subject to hydrocarbon
pollution.

5

SUMMARY

Rainwater retention and infiltration in urban areas is a sustainable alternative to traditional
drainage systems such as combined and separate sewers. Infiltration can help in returning the
urban water cycle to its pre-urbanized state. In Germany, infiltration is enforced by law for all
new developments. Infiltration supports groundwater recharge, can decrease groundwater
salinity, allows smaller diameters for sewers (hence reduction in costs) and improves water
quality of receiving waters because pollutants and high peak flows are effectively controlled.
On the other hand, pollutants in runoff originating in domestic and industrial emissions as well
as traffic threatens soil and groundwater if they are not removed from runoff before it
infiltrates underground. A wide variety of different infiltration systems exist and have been used
and investigated in Germany since the beginning of the 1980s. Some systems, such as
permeable pavements, infiltrate runoff directly, while others use surface storage facilities such
as swales or basins. A third group of systems uses underground storage. Underground systems
sometimes have advantages, but pollutants are not filtered as effectively as with greened soil
systems. For this reason, HydroCon has developed a new system that consists of a pollution
control pit with a concrete infiltration pipe. The system works effectively under German
19

conditions. HydroCon plans to improve it and modify it for Australian conditions (where higher
rainfall intensities and smaller particles in runoff are present). HydroCon intends to manufacture
and supply the system in Australia. In conclusion, infiltration is sustainable and cost effective if
the behavior of the pollutants is adequately taken into account.

6
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