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1. Background  
 
Traditional design of a porous pavement system consists of a porous surface overlaying a 
filter layer (a bedding material), that is placed on top of a sub-base (usually divided by 
geotextile). The porous surface can be modular (unbound individual and non-porous blocks, 
laid down with gaps in between), or monolithic (asphalt or concrete without fine aggregate – 
where the entire surface is porous). The sub-base may contain a collection pipe for drainage. 
The systems are usually installed at car parks and sections of streets with low traffic volume, 
and may be aesthetically pleasing. To enhance their structural performance and reduce the 
costs, they may be combined with non-permeable surfaces.  
 
In some countries (e.g. the UK, Sweden, Japan and the USA) porous pavements have been 
widely used for control of stormwater (Newton et al., 2003). They have infiltration capacities 
usually upwards of 4500 mm/hr when new. Reductions in annual runoff coefficients from 
around 0.95 for normal pavement, to around 0.4 for porous pavement are typical, with many 
authors reporting even greater reductions (Bond et al., 1999; Rushton, 2002).  Very consistent 
water quality performance has been observed from porous pavers, with reductions in TSS, TP 
and TN of around 80, 65 and 60% respectively, commonly observed (Berbee et al., 1999; 
Bond et al., 1999; Pagotto et al., 2000; Pratt, 1999).  Hydrocarbon and metal reductions are 
commonly around 85 and 75% respectively. Early perceptions of clogging and structural 
problems have hindered adoption of porous pavement. It has now been shown that some 
pervious pavement systems can perform for very long periods without showing significant 
signs of clogging. Studies show that after 15-20 years of operation, they can still provide very 
high infiltration rates (100-1000mm/hr) (Pratt, 1995, Berry 1995, Bond et al., 1999).  
 
A new type of porous pavement, known as Permapave has been developed in Australia. The 
pavers are made from gravel (crushed stones), bound together with a specially-designed 
adhesive material. They are used in different applications, ranging from being an integral part 
of paved areas (i.e. used as any other type of porous pavement) to being used as stormwater 
pit cover (as part of stormwater drainage inlets).  
 

 
 

 

 
Figure 1: Permapave pavers - http://permapave.com.au/photo-album/index.htm 

 

This project has two objectives: 

(1) Development of a simple methodology for modelling stormwater treatment efficiency 
of Permapave, using  the MUSIC software tool, and built on data collected from a 
laboratory study undertaken at Monash University, and 

(2) Development of design curves for a number of common Permapave applications in 
Australian practice, based on the developed MUSIC model. 
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2. Permapave as WSUD system 
Permapave is commonly placed on top of gravel sub-base that is compacted for structural 
soundness. Usually the sub-base gravel has similar particle size as the Permpave gravel, 
forming 300-500 mm deep porous surface. Permapave can be used to cover the total 
catchment impervious surface (as is the case with other porous pavement types), but is more 
commonly used in combination with some proportion of impervious surface (e.g. asphalt or 
concrete).  In this case, the Permapave surface therefore makes only a certain % of the total 
impervious surface area (as is the case with other WSUD systems, such as bioretention 
systems or infiltration systems). There are three possible ways of applying Permapave in 
WSUD practice, as outlined below: 

(a) Lined with an under-drain for collection (Figure 1) 

(b) Unlined without an under-drain (Figure 2) 

(c) Unlined with an under-drain  (Figure 3) 

 

Lined

gravel

Permapave  (% of IA)
Impervious Area (IA)

300-500mm

 
Figure 1: Lined with an under-drain for collection 

 

Un-Lined

Permapave  (% of IA)
Impervious Area (IA)

gravel300-500mm

 
Figure 2: Unlined without an under-drain 

           

Un-Lined

Permapave  (% of IA)
Impervious Area (IA)

gravel300-500mm

 
Figure 3: Unlined with an under-drain   
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3. MUSIC node for modelling Permapave  
 
Templates for modelling the three possible applications of Permapave (as given in Figures 1-
3) were developed, based on the results of a laboratory study (Hatt et al, 2007, which is 
included in Appendix A, while the resulting treatment curves are included in Appendix B).  
 
This section thus gives guidance on how to used the developed Permapave MUSIC modelling 
templates.  It is assumed that the user is already familiar with the general use of MUSIC, is 
aware of how to configure Source and Treatment nodes, and to produce and interpret 
model results.  If not, the user is referred to the MUSIC Users Manual, available at 
www.toolkit.net.au/music. 
 
The “Permapave MUSIC templates.sqz” file (Figure 4) contains pre-formatted nodes for the 
three types of Permapave permeable pavement application outlined above.   
 
The supplied template has been constructed on the Melbourne 1959 6 minute climate template 
(which comes supplied with MUSIC).  To use the template for the desired location, the user 
should create the MUSIC model for that location, then copy the appropriate nodes from the 
“Permapave MUSIC templates.sqz” file, and paste them into the created model. 
 
To model Permapave permeable pavement in MUSIC v3 requires the use of two “treatment 
nodes” – one to simulate the flow impact of the permeable pavement on flows, and the other 
to simulate the water quality treatment1.  Only the flow component need be edited in the 
template; the water quality component is generic, and should not be modified by the user. 
 

 
Figure 4.  MUSIC template configurations for modelling Permapave systems. 

 

                                                 
1 It is hoped that version 4 of MUSIC will allow a more flexible modelling configuration, such that a single node 
could be used. 
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Modelling a lined Permapave system with an underdrain 
To model a lined Permapave system with an underdrain, use the template configuration 
labelled “Permapave flow component – lined with underdrain”.  Edit only the flow 
component node (not the water quality component node), as per the guidance given in Figure 
5. 
 

Do not edit (leave as default)

Enter area of permeable pavement 
(excluding non-permeable components)

= Depth x Porosity.
e.g. for a 5cm Permapave with 30cm 
of gravel underneath: 35cm x 0.48 = 
0.17m)

Set to zero because it is lined

Evaporative loss is assumed to be low

Set the “equivalent pipe diameter” (this 
is nominal only) to give the appropriate 
detention time (=depth/hydraulic 
conductivity).  For gravel, assume that 
hydraulic conductivity = 3.6m/hr.  
Hence for this example:

Det. time = 0.35m / 3.6m/hr ≈ 0.1hr

Set as equal to perimeter of pavement 
or nominated overflow point (e.g. side 
entry pit)

Set to “near zero” (cannot be 0, to 
ensure MUSIC’s storage-discharge 
calculation reaches convergence)

Do not edit (leave as default)

Enter area of permeable pavement 
(excluding non-permeable components)

= Depth x Porosity.
e.g. for a 5cm Permapave with 30cm 
of gravel underneath: 35cm x 0.48 = 
0.17m)

Set to zero because it is lined

Evaporative loss is assumed to be low

Set the “equivalent pipe diameter” (this 
is nominal only) to give the appropriate 
detention time (=depth/hydraulic 
conductivity).  For gravel, assume that 
hydraulic conductivity = 3.6m/hr.  
Hence for this example:

Det. time = 0.35m / 3.6m/hr ≈ 0.1hr

Set as equal to perimeter of pavement 
or nominated overflow point (e.g. side 
entry pit)

Set to “near zero” (cannot be 0, to 
ensure MUSIC’s storage-discharge 
calculation reaches convergence)

 
Figure 5.  Details of modelling the flow component of lined Permapave systems with an underdrain.  Note 

that the water quality component does not need to be edited. 
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Modelling an unlined Permapave system without an underdrain 
To model a lined Permapave system with an underdrain, edit the node entitled “Permapave 
flow component – unlined without underdrain”.  Edit only the flow component node (not the 
water quality component node), as per the guidance given in Figure 6. 
 

Do not edit (leave as default)

Enter area of permeable pavement 
(excluding non-permeable components)

= Depth x Porosity.
e.g. for a 5cm Permapave with 30cm 
of gravel underneath: 35cm x 0.48 = 
0.17m)

Set to reflect hydraulic conductivity of 
underlying soils (MUSIC gives guidance 
on this if mouse hovered over field)

Evaporative loss is assumed to be low

Since this cannot be set to 0 in MUSIC 
v3, set it to 1 (will act essentially as if 0).

Set as equal to perimeter of pavement 
or nominated overflow point (e.g. side 
entry pit)

Set to zero

Do not edit (leave as default)

Enter area of permeable pavement 
(excluding non-permeable components)

= Depth x Porosity.
e.g. for a 5cm Permapave with 30cm 
of gravel underneath: 35cm x 0.48 = 
0.17m)

Set to reflect hydraulic conductivity of 
underlying soils (MUSIC gives guidance 
on this if mouse hovered over field)

Evaporative loss is assumed to be low

Since this cannot be set to 0 in MUSIC 
v3, set it to 1 (will act essentially as if 0).

Set as equal to perimeter of pavement 
or nominated overflow point (e.g. side 
entry pit)

Set to zero

 
Figure 6.  Details of modelling the flow component of unlined Permapave systems without an underdrain.  

Note that the water quality component does not need to be edited. 
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Modelling an unlined Permapave system with an underdrain 
To model a lined Permapave system with an underdrain, edit the node entitled “Permapave 
flow component – unlined with underdrain”.  Edit only the flow component node (not the 
water quality component node), as per the guidance given in Figure 7. 
 

Do not edit (leave as default)

Enter area of permeable pavement 
(excluding non-permeable components)

= Depth x Porosity.
e.g. for a 5cm Permapave with 30cm 
of gravel underneath: 35cm x 0.48 = 
0.17m)

Set to reflect hydraulic conductivity of 
underlying soils (MUSIC gives 
guidance on this if mouse hovered 
over field)

Evaporative loss is assumed to be low

Set the “equivalent pipe diameter” (this 
is nominal only) to give the appropriate 
detention time (=depth/hydraulic 
conductivity).  For gravel, assume that 
hydraulic conductivity = 3.6m/hr.  
Hence for this example:

Det. time = 0.35m / 3.6m/hr ≈ 0.1hr

Set as equal to perimeter of pavement 
or nominated overflow point (e.g. side 
entry pit)

Set to zero

Do not edit (leave as default)

Enter area of permeable pavement 
(excluding non-permeable components)

= Depth x Porosity.
e.g. for a 5cm Permapave with 30cm 
of gravel underneath: 35cm x 0.48 = 
0.17m)

Set to reflect hydraulic conductivity of 
underlying soils (MUSIC gives 
guidance on this if mouse hovered 
over field)

Evaporative loss is assumed to be low

Set the “equivalent pipe diameter” (this 
is nominal only) to give the appropriate 
detention time (=depth/hydraulic 
conductivity).  For gravel, assume that 
hydraulic conductivity = 3.6m/hr.  
Hence for this example:

Det. time = 0.35m / 3.6m/hr ≈ 0.1hr

Set as equal to perimeter of pavement 
or nominated overflow point (e.g. side 
entry pit)

Set to zero

 
Figure 7.  Details of modelling the flow component of unlined Permapave systems with an underdrain.  Note 

that the water quality component does not need to be edited. 
 
 
Producing and interpreting modelling results 
To view the simulation from the MUSIC model, graphs or statistics must be produced from 
the “Permapave water quality component” node (because by this point, both flow and water 
quality will have been simulated). 
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4. Design curves based on developed MUSIC model 
 
The MUSIC node developed in section 3 was used to develop general design curves for 
removal of Total Suspended Solids (TSS), Total Phosphorus (TP), and Total Nitrogen (TN), 
for the following cases: 
 

• Two climates:  

o Melbourne climate – Mediterranean climate with 653 mm of annual rainfall (6 
min rainfall and monthly evapotransiration data recoded during 1959 
(MUSIC’s default 1 year climate series for Brisbane) were used in the study) 

o Brisbane climate – Sub-tropical climate with 1200mm of annual rainfall (6 
min rainfall and monthly evapotransiration data recoded during 1990 
(MUSIC’s default 1 year climate series for Brisbane) were used in the study) 

• System size as % of Impervious Catchment: 2, 5, 10, 20, 40, 60, 80, 100 % 

• Underlying soil types:  

o Heavy clay with hydraulic conductivity of Ks=1.8 mm/hour 

o Sandy clay with hydraulic conductivity of Ks=18 mm/hour 

o Sandy loam with hydraulic conductivity of Ks=100 mm/hour 

• The three design options (as outlined in Figures 1-3) 

o Lined with an under-drain 

o Unlined without an under-drain 

o Unlined with an underdrain 
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Design curves for Melbourne 
 

(a) Lined with under-drain: It is clear that any size of system will deliver similar 
outcomes (Figure 8), that are: 

• Flow Volume – 0% reduction (because it is lined) 

• TSS annual load – 60% 

• TP annual load – 22 % 

• TN annual load – 20 % 
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Figure 8.  Design curves for lined system with an under drain in Melbourne climate. 
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(b) Unlined without under-drain: It is clear that the system efficiency depends on soil type 

and system size (Figure 9).  
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Melbourne: TP 
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Melbourne: TN 
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Figure 9.  Design curves for unlined system without an under drain in Melbourne climate. 
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(c) Unlined with under-drain: It is clear that the system efficiency again depends on soil 

type and system size (Figure 10). However the system is less efficient than the system 
that has no underdrain. 
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Melbourne: TP 
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Figure 10.  Design curves for unlined system with an under drain in Melbourne climate. 
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Design curves for Brisbane 
 

(d) Lined with under-drain: It is clear that any size of system will deliver similar 
outcomes (Figure 11), which are: 

• Flow Volume – 0 reduction 

• TSS annual load – 60% 

• TP annual load – 22 % 

• TN annual load – 20 % 
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Figure 11.  Design curves for lined system with an under drain in Brisbane climate. 
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(e) Unlined without under-drain: It is clear that the system efficiency depends on soil type 

and system size (Figure 12).  
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Brisbane:TP 
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Figure 12.  Design curves for unlined system without an under drain in Brisbane climate. 
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(f) Unlined with under-drain: It is clear that the system efficiency again depends on soil 

type and system size (Figure 13). This configuration is less efficient than an equivalent 
without an underdrain. 
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Brisbane: TP 
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Figure 13.  Design curves for unlined system with an under drain in Brsibane climate. 
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5. Conclusions 
The Permpave system can be very effective in removing stormwater pollutants. Its treatment 
efficiency depends on the following factors: 

• system configuration (lined or unlined, with or without under drain), 
• system size (% of catchment surface area),  
• hydraulic conductivity of soil in which it is installed in case it is not lined, and 
• climate (amount of annual rainfall)  

 
As would be expected, unlined systems without an under drain are the most efficient in terms 
of overall load removal. The efficacy of such systems increases dramatically with increasing 
hydraulic conductivity (ie. it is very high in very porous solis), as well as with the system size. 
 
Unlined systems with an underdrain will achieve less removal due to water being quickly 
conveyed out of the systems (i.e. no time for infiltration). It should be noted that the results 
presented in the report are for assumed detention time in the gravel filter of 0.1 hour.  It is 
possible that this could be longer in some systems (and the user could model this easily by 
changing the target detention time – by editing the ‘equivalent outlet diameter’ in MUSIC).  
However, the value of 0.1 is considered to be a conservative default value. 
 
Finally, even totally lined systems with an underdrain remove some pollutants, through the 
process of filtration and sedimentation. They are clearly more effective in the removal of TSS 
than they are for nutrient removal, and thus could form a valuable part of the overall treatment 
train.  However, it is clear that where local site conditions and constraints to not preclude it, 
application of Permapave without lining or an underdrain, will not only reduce greater 
proportions of mean annual loads, but will also help to restore flow regimes back towards 
their pre-development levels.  In doing both of these things, Permapave systems could make a 
valuable contribution to minimising impacts to receiving waters, particularly given their 
ability to be applied in locations where space constraints are dominant. 
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Stormwater infiltration systems are widely used to address the flow and water quality

impacts of urbanization. However, their pollutant removal performance is uncertain, with

respect to varying filter depth, and over time. Seven simulation experiments were

conducted on a laboratory-scale gravel infiltration system to test the pollutant removal

under a range of water level regimes, including both constant and variable water levels.

Gravel filters were found to be very effective for removal of sediment and heavy metals

under all water level regimes, even as the system clogged over time. Despite the sediment

particle size distribution being much smaller than the filter media pore size, sediment and

its associated pollutants were effectively trapped in the top of the gravel filter, even when

the water level was allowed to vary. A media depth of 0.5 m was found to achieve adequate

pollutant removal. Breakthrough of pollutants may not be of concern, since physical

clogging occurred first (thus determining the lifespan of the filter media). However, gravel

filters were less effective at nutrient removal, particularly for dissolved nutrients.

& 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Urbanization is detrimental to the health of aquatic ecosys-

tems (Paul and Meyer, 2001). Runoff from urban areas is

recognised as a leading cause of water quality degradation of

receiving waterways (US Environmental Protection Agency,

2000) and leads to problems such as increased frequency and

size of flood flows, altered groundwater levels, increased

stream bank erosion (Novotny and Olem, 1994), and increased

pollutant concentrations and loads (Hatt et al., 2004). As a

consequence, urban stormwater managers seek technologies

that can be used to address the flow and water quality

impacts of urbanization.

Infiltration systems are one such structural stormwater

management technique that are widely used, particularly

throughout Europe (e.g. Barraud et al., 2002; Le Coustumer
r Ltd. All rights reserved.

fax: +61 3 9905 5033.
sh.edu (B.E. Hatt), tim.fle

Page 2
and Barraud, 2007) and Japan (e.g. Fujita, 1997), to reduce

storm runoff flow and volume, and to minimise pollution

conveyance to receiving waters (Argue and Pezzaniti, 2005).

There is a broad range of possible configurations for infiltra-

tion systems, however they are typically constructed as a

gravel filtration medium in shallow trenches or basins.

Pollutants are primarily trapped within an infiltration system

by mechanical and physico-chemical filtration, although

chemical and biological processes such as sorption and

microbial uptake will also contribute to pollutant removal to

some extent (US Environmental Protection Agency, 2004).

Water may be allowed to exfiltrate from the system into the

surrounding soil, or be collected by an underdrain for

conveyance to receiving waters, the former being the most

common configuration.

Stormwater infiltration systems are typically designed to

operate for in excess of 20 years before requiring desilting
tcher@eng.monash.edu.au (T.D. Fletcher), ana.deletic@monash.e-
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(Dechesne et al., 2005), although high rates of premature

failure due to clogging have been reported (Mikkelsen et al.,

1997). Traditionally, they have not been designed specifically

for retention of pollutants (Mikkelsen et al., 1997). Instead,

their primary goal was to reduce runoff volumes, with

reductions in pollutant loads entering receiving waters

(because runoff is redirected to groundwater) being an

incidental benefit (Argue and Pezzaniti, 2005). However, over

the past decade, the potential for contamination of surround-

ing soil and groundwater if pollutants are not retained by

infiltration systems (Barraud et al., 1999; Pitt et al., 1999) has

been recognised. Despite this, the spatial (with respect to

depth profile in the filter) and temporal pollutant removal

performance of infiltration systems is still not necessarily

well understood, particularly with respect to their treatment

performance as clogging occurs. Many studies present a

‘‘snapshot’’ of the performance of infiltration systems; with

few examining evolution in their behaviour, with respect to

either their hydraulic or treatment performance. Where

pollutant removal was considered, results are often incon-

sistent, with some studies reporting no contamination of

surrounding soil and groundwater (e.g. Bardin et al., 2001),

and others reporting significant contamination (e.g. Fischer et

al., 2003). Furthermore, the long-term fate of pollutants that

accumulate within infiltration systems is uncertain (Mikkel-

sen et al., 1997).

Given the widespread application of stormwater infiltration

systems, the long-term pollutant-trapping performance of

infiltration systems is an important area of research. In-

formation regarding the spatial distribution of pollutants in

infiltration systems will help to assess the risk of contamina-

tion of surrounding soil and groundwater, whilst knowledge

regarding their temporal performance will inform the effec-

tiveness of such systems in protecting receiving waters from

the impacts of urban runoff. This paper presents the findings

of a laboratory study that investigated the treatment perfor-

mance of a traditional infiltration system. We anticipate that

this will lead to improved design of a number of gravel

infiltration systems (e.g. trenches, basins, soakaways, and

French drains) concerning issues related to parameters such

as depth and hydraulic loading rates, and the suitability of

these systems for treating different stormwater pollutants.
2. Materials and methods

To simulate the behaviour of a gravel infiltration system over

the long-term, a vertical column was constructed from gravel

media and subjected to a number of simulated runoff and

pollutant-loading sequences. The column was operated for

each sequence until it became clogged, before being re-built,

and the next runoff sequence commenced. Pressure and

water quality were measured throughout each simulation

sequence.

2.1. Data collection

2.1.1. Semi-synthetic stormwater
Simulating real stormwater pollutant characteristics in a

laboratory test of treatment performance may be done using
Page
‘‘natural’’ or ‘‘synthetic’’ stormwater, each of which has its

own advantages and disadvantages. The advantage of using

natural stormwater (i.e. stormwater collected from a drainage

outlet) is that the physical, biological and chemical character-

istics will be truly representative of real stormwater. However,

the disadvantage is that maintaining consistency of concen-

tration and characteristics (e.g. sediment particle size dis-

tribution) will be very difficult, potentially introducing an

artefact of inflow variations into the measurement of treat-

ment performance. On the other hand, use of synthetic (i.e.

using laboratory chemicals) stormwater will better achieve

consistency, but will introduce artefacts due to unnatural

composition (Deletic and Fletcher, 2006).

A compromise between using real stormwater and readily

available synthetic stormwater was therefore made, by using

sediment from a stormwater pond. Suitable concentrations of

typical stormwater pollutants were chosen based on a

worldwide review of stormwater quality conducted by

Duncan (1999), as follows: total suspended solids (TSS):

150 mg/l; total nitrogen (TN): 2.6 mg/l; total phosphorus (TP):

0.35 mg/l; copper (Cu): 0.05 mg/l; lead (Pb): 0.14 mg/l; and zinc

(Zn): 0.25 mg/l.

In determining the amount and particle size of sediment to

be dosed into the infiltration system, it was assumed that pre-

treatment of coarse sediment (4300mm) would normally be

provided (Argue and Pezzaniti, 2005). A specified mass of the

o300mm fraction of sediment was added to a 550 L tank of

mains (municipal tap) water, to achieve suspended solids

concentrations typical for a ‘‘high urban’’ land use (Duncan,

1999). This also largely achieved the desired nutrient and

heavy metal concentrations, with any deficiencies addressed

by the addition of laboratory-grade chemicals. Constant

mixing of the semi-synthetic stormwater was achieved by

bubbling air at high velocity into the inflow tank, to create a

circular swirling action.
2.1.2. Laboratory rig
A gravel media representative of that typically used in

stormwater infiltration systems (median particle si-

ze ¼ 10.5 mm) was packed into a round Perspex column

(20 cm internal diameter) to a height of 90 cm (Fig. 1,

Siriwardene et al., 2007). The gravel was placed above a

70 cm layer of very fine sand, which had a hydraulic

conductivity of around 120 mm/h (2.4�10�5 m/s) i.e. similar

hydraulic properties to the sandy-loam soils in which

infiltration systems are typically built. The porosity of the

gravel layer was estimated as 0.45, giving a pore volume of

12.7 l. Pressure sensors (IC sensors, Model 86 psi) were

inserted laterally into the column at 20 cm intervals through

the entire column (gravel and sand); these also doubled as

water sampling ports. The laboratory setup simulates the

infiltration system in one dimension (i.e. lateral interaction of

the infiltration medium and surrounding soil is not consid-

ered here, and will be tested and reported in a subsequent

study).

Stormwater was introduced to the gravel filter medium

through a rotating sprinkler system, at a rate controlled by

software and the pressure sensors. Outflow from the system

was monitored with a 0.2 mm tipping bucket rain gauge.
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Fig. 1 – Photograph and diagram of experimental gravel infiltration column.

Table 1 – Experimental details

Experiment Media Water level Hydraulic loading (m/day) Duration
(days)

Remarks

Top Bottom Regime Level below
surface (m)

Initial Final Final/
initial

(%)

1 Gravel Sandy

Loam

Constant 0.45 0.87 0.06 7 15 Clogged

2 Gravel Sand Constant 0.45 4.1 1.4 35 36 Reached

steady-state

flow

3 Gravel Sand Constant 0.85 3.9 1.0 27 15 Pump failure

4 Gravel Sand Varied 0.05–0.85 2.6 0.12 5 13 Clogged

5 Gravel Sand Varied 0.05–0.85 3.1 3.0 96 7 Pressure

sensor failure

6 Gravel Sand Varied 0.15–0.85 4.7 0.12 3 16 Clogged

7 Gravel Sand Constant 0.15 5.1 2.3 44 12 Power outage

WAT E R R E S E A R C H 41 (2007) 2513– 2524 2515
At the completion of each experiment, the rig, constructed

from mountable segments, was carefully dismantled. The

mass of sediment that accumulated in each segment of the

filter was determined by drying and weighing the gravel in

each segment, then thoroughly washing, drying and weighing

the gravel (the difference in weight between the dirty and

clean stones gave the accumulated sediment weight).
2.1.3. Water level regime
Seven simulation sequences (‘‘experiments’’) were conducted,

each testing a different regime (Table 1), in an attempt to

study the filter performance in a controlled environment.

Either a constant water level (CWL) was maintained at the

top, bottom or mid-point of the gravel media, (Experiments

1–3 and 7) or the level was allowed to fluctuate between the

top and bottom of the gravel filter (VWL, Experiments 4–6) in
Page 2
order to simulate the cycles of filling and emptying that

happen during natural storm events. Each experiment was

run until the filter was clogged, defined as when outflow was

approximately 10% of the initial outflow (although several

experiments ended prematurely due to equipment failure).
2.1.4. Water quality sample collection and analytical
methodology
Water samples were collected on alternate days at the inflow,

outflow, and the following depths through the gravel filter: 30,

50, 70 and 85 cm. Water quality parameters measured were

TSS, TN, TP, filterable reactive phosphorus (FRP), ammonium

(NH4
+), nitrate/nitrite (NOx), dissolved organic nitrogen (DON),

and heavy metals (Cu, Pb, and Zn). These pollutants are

typically found in urban runoff and negatively impact on

aquatic ecosystems; sediment increases the turbidity of
3
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waterways and is a carrier of surface-bound pollutants such

as heavy metals, elevated levels of nutrients contribute to

eutrophication of receiving waters, and heavy metals are

toxic to human, terrestrial and aquatic life (Paul and Meyer,

2001). Analyses were carried out according to standard

methods and using quality control/assurance procedures

(Hosomi and Sudo, 1986; APHA/AWWA/WPCF, 1998). Particle

size distribution was also measured using a laser diffraction

particle size analyser—Malvern Mastersizer E.

2.2. Data analysis

Water quality samples were collected simultaneously at each

sampling port along the column (gravel and sand, Fig. 1).

Therefore, measured outflow concentrations at a given time

do not directly correspond to inflow concentrations, due to

the effect of detention time. Interpolation was used to allow

for the time delay between water entering and exiting the

filter. The detention time was calculated according to the flow

at the time of the sample collection

t ¼
L
v

, (1)

v ¼
Q
A

, (2)

where t is the detention time, L is the length of the gravel

filter, v is Darcy’s velocity, Q is the flow, and A is the horizontal

area of the filter. Linear interpolation between data points

was then used to calculate the outflow concentration that

corresponded with the inflow concentration. In this way, a

time-series of pollutant concentrations was constructed for

each sampling point and experiment.

2.2.1. Factors explaining patterns in concentrations
To test the influence of depth on pollutant removal, arith-

metic mean pollutant concentrations for each sampling point

were calculated for each experiment. Kolmogorov–Smirnov

tests (p40.01) were used to check that the distribution of the

data approximated normality, prior to one-way ANOVA being

used to test for significant changes in pollutant concentra-

tions with depth; significance was accepted at po0.05.

Using the time-series of concentrations, relationships

between effluent pollutant concentrations and the following

potential explanatory variables—hydraulic loading, influent

pollutant concentrations, and time (i.e. time since the start of

the experiment)—were assessed using multiple linear regres-

sion. Hierarchical partitioning of R2 values was used to

determine the proportion of variance explained indepen-

dently and jointly by each variable (Chevan and Sutherland,

1991; MacNally, 2000). The hierarchical partitioning method is

advantageous over other (more commonly used) multivariate

statistical techniques (such as multiple regression) because it

determines the relative importance of independent predictor

variables i.e. it allows identification of variables whose

independent correlation with the dependant variable is

strong, in contrast to variables that have little independent

effect, but have a high correlation with the dependant

variable resulting from joint correlation with other indepen-

dent variables. Variables that independently explained a

larger proportion of variance than could be explained by
Page
chance were identified by comparison of the observed value

of independent contribution to explained variance to a

population of variances generated from 500 randomisations

of the data matrix. Significance was accepted at the upper

95% confidence limit (Z-score X1:65: MacNally, 2002; Walsh

and MacNally, 2003).

2.2.2. Pollutant loads and their spatial distribution
Pollutant loads over the duration of an experiment were

estimated for each sampling point (as well as for the flow into

and out of the column) using flow rates and the pollutant

concentrations measured at that point:

l ¼
XN

i¼1

QiCiDt, (3)

where l is the load, Qi and Ci are the flow rate and

concentrations (respectively) measured at time i, Dt is time

interval between the two measurements, and N is the total

number of samples taken for each experiment.

The pollutant loads calculated at each sampling point along

the column were used to determine the distribution of

pollutants through the depth profile. These results were

verified using the measured data i.e. the accumulated

sediment in the column that was measured at the end of

each experiment. Given that the measured and calculated

distributions of sediment were within 10% of each other, it

was concluded that the calculated distributions of other

pollutants could be used with confidence.

2.2.3. Relating the results to practise: equivalent treated
annual rainfall volumes
In order to place the results in context of the lifespan of a real

gravel filter, equivalent annual rainfall volumes treated by the

filter before it clogged were calculated. The calculations were

based on catchment area/filter area ratios of 0.2%, 2% and 5%

(i.e. gravel filters sized at 0.2%, 2% and 5% of the impervious

catchment area), which cover the typical range applied in

practise (Argue and Pezzaniti, 2005). The analysis used typical

Melbourne rainfall, with a long-term annual average of

653 mm/year (based on analysis of 50 years of 6 min rainfall

data, from 1950 to 1999, supplied by the Australian Bureau of

Meteorology).
3. Results

3.1. Factors explaining patterns in water quality
concentrations

Patterns in experiment mean pollutant concentrations along

the filter were very similar between experiments, as shown in

Table 2 (which presents average influent and effluent

concentrations, along with the observed ranges).

3.1.1. Hydraulic loading
The maximum hydraulic loading occurred on the first day of

each experiment and steadily declined as the filter became

increasingly clogged before levelling at a minimum (Fig. 2).

However, decreased hydraulic loading (and the resulting

increase in detention time) either did not have a clear
 24
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Fig. 2 – Inflow and outflow pollutant concentrations, and hydraulic loading for Experiment 7 (water level regime: constant at

0.15 m below filter surface, initial hydraulic loading: 5.1 m/day).
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influence on outgoing pollutant concentrations or mirrored

those trends observed as a result of increasing time, as

discussed below.
3.1.2. Time
Despite constant application of mixing by air circulation,

inflow concentrations of pollutants fluctuated over time due

to mixing variations in the dosing tank (Fig. 2). However,

outflow concentrations of TSS did not vary with time, despite

the variation in inflow concentrations. Under a constant

water level, outflow concentrations of heavy metals remained

constant with time, suggesting that a steady-state concentra-

tion is reached. However, outflow concentrations increased
Page
with time where the water level was allowed to vary

(Experiments 4–6). While outflow concentrations of TN and

NOx increased with time during Experiment 7, they largely

followed inflow patterns in all other experiments. Effluent

concentrations of NH4
+ typically increased with time for all but

one experiment (Experiment 7), often to levels above influent

concentrations.
3.1.3. Depth
TSS, TP, TN and heavy metal concentrations all decreased

rapidly in the top levels of the filter (Fig. 3). ANOVA results

reveal significant differences between concentrations at

inflow and at 30 cm depth, but no significant differences in
 26
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Fig. 3 – Relationship between mean pollutant concentrations and filter depth for Experiment 7. p-values show ANOVA post-

hoc comparisons between depths (significance accepted at po0.05).
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concentrations between other depth intervals, showing that

the vast majority of removal occurs in the first 30 cm of the

filter.

Concentrations of NH4
+, NOx and DON did not change

significantly as water percolated through the gravel (Fig. 3).

There was some variation in patterns in NH4
+ and NOx

concentrations between experiments (while Fig. 3 indicates
Page 2
a slight decrease in NH4
+ and a slight increase in NOx

concentrations with filter depth, this trend was reversed in

other experiments), however these variations were never

statistically significant, as demonstrated by ANOVA results.

The high correlations between pollutant concentrations

and depth suggest that settling and mechanical filtration are

the primary processes by which pollutants are removed.
7
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These findings are consistent with those of Dechesne et al.

(2002), although the systems investigated in that study

included a topsoil ‘‘cap,’’ which may affect adsorption of

metals.

3.1.4. Relative importance of influent concentration, time and
hydraulic loading
Where a constant water level was maintained, hydraulic

loading and influent concentrations did not influence sedi-

ment removal. However, hierarchical partitioning identified

time as a significant independent correlate with effluent TSS

concentrations (Table 3); sediment removal increased with

time, suggesting that aggregation of sediment (thus reduced

mobilisation/re-suspension) and/or enhanced sedimentation/

adhesion (facilitated by the ‘‘sticky surfaces’’ provided by

previously deposited sediment) occurred. This is consistent

with the increased particle removal efficiency observed

following ripening (where a filter cake forms on the surface)

of sand filters used in drinking water treatment (Weber-Shirk

and Dick, 1997). Where the water level was allowed to vary,
Table 3 – Hierarchical partitioning results

Parameter Predictor variable

Con

CWL

TSS Time *

Hydraulic loading

TSSin

TP Time *

Hydraulic loading *

TPin *

TN Time *

Hydraulic loading *

TNin

NH4
+ Time *

Hydraulic loading *

NHþ4 in
*

FRP Time *

Hydraulic loading *

FRPin

NOx Time *

Hydraulic loading

NOx in *

Cu Time

Hydraulic loading

Cuin

Pb Time *

Hydraulic loading

Pbin *

Zn Time

Hydraulic loading

Znin

Predictor variables marked with an asterisk were found to significantly in

regime. CWL, constant water level; VWL, varied water level.

Page
time was not a significant correlate, probably because a

varying water level reduces the ‘‘plug effect’’ and thus reduces

the above-described ‘‘sticky filter effect.’’

Removal of TP was less effective than sediment, probably

because phosphorus is influenced by other factors, such as

temperature, redox conditions and pH (US Environmental

Protection Agency, 2004). Where a constant water level was

maintained, all predictor variables were identified as having a

significant independent effect on effluent TP concentrations

(Table 3), while none were significant under a varied water

level. The significance of influent concentration in this case is

partly an artefact of the numerical nature of removal

efficiency; for a given outflow concentration achieved, the

removal efficiency will increase with influent concentration.

The overall removal efficiency of nitrogen was moderately

low (Fig. 2 indicates that particulate nitrogen is the only form

of nitrogen that is removed) and no predictor variable was

consistently identified as a significant independent correlate

for either TN or its species (Table 3). Concentrations of

dissolved nitrogen changed from inflow to outflow, however
Mean % independently explained variance

centrations Loads

VWL CWL VWL

*

*

* *

*

*

*

*

*

*

* *

* *

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

fluence the parameter in at least one experiment for that water level
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the concentration of total nitrogen did not change signifi-

cantly, demonstrating that the filter produced nitrogen

cycling (transformation between species), rather than effec-

tive removal via denitrification or long-term biological

uptake.

Time and hydraulic loading are clearly inter-related,

because the hydraulic loading decreases strongly over the

time of the experiment (due to clogging). However, we have

tested (using hierarchical partitioning) for the independent

influence of each of these variables, in order to account for

time-related processes that are not governed by the hydraulic

loading, for example, breakdown of organic matter.

3.2. Spatial distribution of pollutants

Accumulation of sediment (and associated pollutants) varied

depending on the water level regime. Where a constant water

level was maintained, accumulation of sediment was con-

centrated around the water level, forming the plug discussed

in the previous section (Siriwardene et al., 2007). Where the

water level was allowed to vary between the top and bottom

of the filter, sediment was more evenly distributed through

the filter (Fig. 4), however accumulation of sediment and

heavy metals was still greatest at the top of the filter. Particle

size distribution results for the same experiment indicate

that larger particles accumulate in the top 30 cm of the filter,

while smaller size fractions migrate further before settling

out (Fig. 5). However, it is noted that the lowest sampling port

was 85 cm, and so the calculated sediment accumulation

misses the bottom 5 cm of the gravel filter. Siriwardene et al.

(2007) demonstrated that the bottom of the filter is also a

point of high sediment accumulation.

At least 50% of incoming heavy metals were trapped in the

top 30 cm of the gravel, while 40% and 50% of incoming

phosphorus and nitrogen, respectively, accumulated in the

top 50 cm of the filter. Spatial analysis of dissolved nutrient

species reveals that some of this trapped phosphorus and

nitrogen does break down with time, and escapes from the

filter in soluble form (as indicated by the negative accumula-

tion in Fig. 4), however the overall result is a net removal of

nutrients.

3.3. Pollutant treatment efficiency

Treatment efficiency was expressed as a percentage reduction

of the mean pollutant load (over an experiment) throughout

the entire gravel filter i.e. the difference between inflow and

outflow load divided by the inflow load. Treatment efficiency

for TSS and TN did not vary with the water level regime (Table

4). However, greater reductions in mean loads of TP and heavy

metals were observed where a constant water level was

maintained in the filter, in comparison with a varying water

level, because sediment accumulation was concentrated

around the constant water level and these are largely

particulate-associated pollutants. The downward migration

of fine particles (with which pollutants are typically asso-

ciated, Mikkelsen et al., 1994) under a fluctuating water level

(Fig. 5) at least partially explains the lower trapping efficiency

under a fluctuating water level regime. Loads of dissolved

nutrients in the outflow varied greatly between experiments,
Page 2
however no trends with water level regime or time were

evident. This could be because hydraulic loading and influent

concentrations were all relatively equally important explana-

tory variables, with none consistently identified as significant

independent correlates (as discussed above, Table 3).

3.4. Relating the results to practise: equivalent treated
annual rainfall volumes

The equivalent proportion of annual rainfall treated by each

filter before it clogged (or the experiment ended prematurely)

is presented in Table 5. The maximum treated volume

(Experiment 2, for a filter area of 5% of the catchment area)

is equivalent to 6.5 years of rainfall, whilst the minimum

(Experiment 1, for 0.2% of the catchment area) represents

only 1% of mean annual rainfall. This suggests that gravel

filter systems with filter/catchment area ratios of less than 5%

are undersized. In reality however, it may not always be

possible to build systems with a filter area equivalent to 5% of

the impervious catchment, particularly in existing urban

areas. Maintenance schedules should therefore be contingent

upon the size of the system (Table 5). It follows that, while

smaller systems will have lower capital costs, ongoing

maintenance costs will be higher, and are therefore likely to

have similar lifecycle costs. Alternatively, pre-treatment of

stormwater (using grass filter strips, swales or sedimentation

ponds for large systems) is potentially the best practical

option.

3.5. Implications for filter design and application

While laboratory-scale filter columns are helpful in under-

standing the processes that occur within a gravel filter, they

are not necessarily completely representative of a field

infiltration system. Quantity and delivery of flows through

the laboratory rig are different from those encountered in the

field; maintaining a constant water level, for example, is not

reflective of field conditions. However, these treatments help

us to understand the processes responsible for hydraulic and

water quality behaviour, in a way that cannot be done using

field monitoring.

Gravel filters are an effective treatment option where

treatment of sediment and heavy metals is of principal

concern, but not necessarily where removal of nutrients, in

particular nitrogen, is critical. The results here, whilst they

represent a ‘‘worst-case’’ (due to accelerated dosing rates),

show that pollutant removal performance remains relatively

constant, even as the filter medium begins to clog, thus

increasing treatment detention and contact time.

The recommended maximum depth below ground level for

gravel filters is 1.5 m (with a 0.3 m backfill cover), although

typical depths range from 0.3 to 0.5 m (Bettess, 1996; Argue

and Pezzaniti, 2005). Based on the experimental results, a

0.5 m deep gravel filter will provide adequate removal of

sediment and heavy metals from stormwater, however even a

depth of 0.9 m is unlikely to achieve more than a moderate

nutrient removal rate, particularly for nitrogen. The results

also indicate that there is no need for flow control in

designing infiltration systems (except for the size of storm

to be captured, and thus the size of the infiltration system,
9
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Fig. 4 – Spatial distribution of pollutants under a varying water level for Experiment 6. Note that a negative mass represents

remobilisation of previously accumulated pollutants.
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and the proportion of mean annual runoff that it is capable of

capturing). The hydraulic loading on the gravel filter is largely

controlled by the lower hydraulic conductivity of the

surrounding and underlying soil, and thus the range of

hydraulic loadings on the gravel media is very small,

precluding remobilisation for all but very fine sediment.

On the other hand, it is physical clogging that determines

the lifespan of gravel filters, rather than treatment issues

such as pollutant breakthrough. Pre-treatment of stormwater
Page
is therefore essential for proper management of these

systems.

If filtered runoff is allowed to exfiltrate into the surrounding

soil, there is potential for contamination of surrounding soil and

underlying groundwater by pollutants either not removed by the

filter or remobilised. Given that the particle size distribution of

the surrounding soil will closely match that of outgoing

sediment, it is fair to expect that any particles not trapped in

the gravel filter will accumulate at the bottom of the gravel filter
 30
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Table 4 – Treatment efficiency for each water level regime (results were averaged over experiments that had same the
water level regime)

Water level Depth (cm) Load reduction (%)

TSS TP TN FRP NH4
+ NOx DON Cu Pb Zn

Constant 85 94 83 37 15 �58 4 37 85 84 76

Constant 45 92 83 40 �22 �151 0 — 68 74 73

Constant 15 99 68 45 �8 �19 �46 �1 86 77 77

Varied 15–85 92 53 44 �222 �207 12 �50 62 80 38

Table 5 – Equivalent annual rainfall volumes treated (Experiment 1–7), for a typical Melbourne climate

Filter area (% of impervious
catchment)

% of annual rainfall volume Suggested maintenance frequency
(months)

1 2 3a 4 5a 6 7a

0.2 1 26 11 4 5 9 9 6

2.0 15 260 110 36 52 95 92 12

5.0 37 647 273 89 130 235 230 24

a The experiments that ended prematurely.

Fig. 5 – Spatial distribution of four sediment size fractions under a varying water level, Experiment 6 (water level: 0.15–0.85 m,

initial hydraulic loading: 4.7 m/day). Note that a negative mass indicates migration of previously accumulated sediment.
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(i.e. at the interface between the gravel and soil, Siriwardene

et al., 2007). Given their strong affinity for binding to particles,

phosphorus and heavy metals are likely to be immobilised in the

soil close to the filter. In contrast, dissolved nitrogen is highly

mobile and likely to migrate further, although it may be

transformed by biogeochemical reactions to less mobile forms.
4. Conclusions

Gravel filters are an effective treatment option for stormwater

runoff, where treatment of sediment and heavy metals is of
Page 3
principal concern. In situations where nutrients are the

critical pollutant, infiltration systems are not a suitable

treatment option, although modification to promote bio-

chemical processes may improve nutrient removal. With

respect to depth, a 0.5 m provides adequate removal of

sediment and heavy metals. The pollutant removal perfor-

mance of gravel filters is not influenced by either the

hydraulic loading or clogging. Given that the primary removal

processes are physical, and that the hydraulic loading rate is

maintained at a low level by the (limiting) hydraulic

conductivity of the underlying soil, it is reasonable to expect

that the potential for remobilisation of trapped sediment
1
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(and it associated pollutants, which are chemically sorbed to

the sediment surface) will be low. Outflow concentrations of

heavy metals and phosphorus may increase with time, due to

fine particles being slowly washed through the filter, and/or

desorption due to changing pH and oxygen levels as the filter

clogs. However, it is expected that physical clogging will occur

before pollutant breakthrough, and so sediment and heavy

metal removal should remain high for the entire lifespan of

the gravel filter.
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Appendix B 
 

Treatment curves for gravel material, derived from Hatt et al. (2007)  
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