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1. INTRODUCTION
In the frame of the DayWater project, NTUA has undertaken the task to develop a
methodology for evaluating hydrological impacts and adapt hydrological modelling to
risk assessment. For this purpose we proceeded to a review of the following types of
BMPs:
•

swales

•

soakaways

•

infiltration trenches

•

detention tanks

•

detention basins

•

wet ponds

•

constructed stormwater wetlands

•

pavements with a storing structure

•

green roofs

producing for each one dimensioning tables, graphics or ‘Excel’ spreadsheets. These
tools of dimensioning are conceived to permit to the End-User to evaluate the dimensions
of BMPs for different climatic and geographic conditions and a variable level of
hydrological risk.
For the cases of swales, detention tanks, detention basins and green roofs, the software
that has been used to produce the dimensioning tools is ‘STORM’. This software has
been created in Germany by ‘Ingenieurgesellschaft Prof. Dr. Sieker GmbH’ simulating in
terms of quantity and quality the influence of BMP application to urban runoff.
For the cases of soakaways, infiltration trenches, wet ponds, constructed wetlands and
pavements with a storing structure, dimensioning has been based on methodologies
proposed by the Environment Agency manuals of Construction Industry Research &
Information Association (CIRIA), UK:
•

Report C609: Sustainable drainage systems: Hydraulic, structural and water
quality advice

•

Report 156: Infiltration drainage – Manual of good practice

•

Report C582: Source control using constructed pervious surfaces
7

After dimensioning, the End-User, having obtained alternative solutions of applicable
BMPs, he may proceed to the comparative evaluation of their cost on the basis of
comparative cost data presented for each type of BMP. Cost data have been based on
information sources, like EPA (1999), California Stormwater BMP Handbook (2003),
Fletcher et al (2003), Brown & Reed (1994), Brown & Schueler (1997) and Taylor
(2004), and comparative cost estimates through a Bill of Quantities completed for the
shake of example and comparison with current unit prices in the Greek construction
market. Our work of costing has been especially supported by information communicated
to us by Claire Cogez, Directrice Adjointe (Direction de l’ Eau et de l’ Assainissement,
Département de la Seine-Saint-Denis) and the company ‘Ingenieurgesellschaft Prof. Dr.
Sieker GmbH’ from corresponding cost data in France and Germany.
The tools of dimensioning and costing had to refer to concrete types of BMPs and cover
for each BMP the variation width of their main design features in an integrated way. For
this purpose we considered necessary to summarize for each type of BMP their typology,
suitable applications, advantages, disadvantages, performance, design criteria, operation
and maintenance.
The End-User, wishing to obtain more details beyond that proposed by the present
deliverables, is invited to refer to Report 5.1: Review of the use of stormwater BMPs
in Europe (Revitt, Ellis and Scholes, 2003), Determination of numerical values for the
assessment of BMPs (Scholes, Revitt and Ellis, 2004) and to the included literature
references.
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2. SWALES

2.1. Description
Swales are open, shallow channels, with vegetation covering the side slopes and bottom.
They contribute to flood attenuation by storing and slowly conveying runoff flow to
downstream discharge points or infiltrating it into the ground, depending on soil and
groundwater conditions. In this way, swales can serve as a part of a stormwater drainage
system and they can replace curbs, gutters and storm sewer systems. Apart from flood
control, swales are designed to treat runoff through uptake by the vegetation in the
channel or infiltration into the underlying soils.

Figure 2.1.1: Swale

2.2. Typology
There are three types of swales (Ciria 609, 2004):
•

Swale that is a simple shallow grassed channel.
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Figure 2.2.1: Swale
[Source: Clayton & Schueler, 1996]

•

Enhanced dry swale (or trough-trench) that is kept dry most of the time equipped
with a filter layer of soil over an underdrain. The bottom of the swale should be at
least 1 m above groundwater in order to prevent the swale bottom from remaining
moist. This type is the preferred option in most locations, as it does not become
unsightly or generate odours.

Figure 2.2.2: Enhanced dry swale (or trough-trench)
[Source: Clayton & Schueler, 1996]

•

Wet swale that acts as a linear wetland because of the standing water that is
retained in the channel. A wet swale occurs when the water table is located very
close to the surface. Because of its boggy appearance, wet swale may be
unsuitable for residential settings.
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Figure 2.2.3: Wet swale
[Source: Clayton & Schueler, 1996]

2.3. Suitable applications – advantages and disadvantages
2.3.1. Suitable applications:
Swales can be best applied in residential, industrial and commercial areas, as well as in
car parks. They are generally used for subcatchments with small impermeable areas. The
maximum impermeable catchment, for which swales are practical is between 2 ha and 4
ha (Ciria 609, 2004).

2.3.2. Advantages:
Swales are able to control peak discharges by reducing runoff velocity and promoting
infiltration, where ground conditions are suitable. They also provide water quality
treatment by sedimentation and biological uptake, and they provide aesthetic value and
wildlife habitat due to vegetation (Chester County Stormwater BMP Tour Guide, 2002).
Additionally, swales offer lower capital costs than traditional storm sewer systems, and
they can even replace curbs and gutters.

2.3.3. Disadvantages:
Swales are vulnerable to large storms, because high-velocity flows can erode the
vegetated cover (EPA, 1999). They are impractical in areas with very flat grades, steep
topography, or where groundwater is very close to surface (Ciria C609, 2004) and they
require more maintenance than curb and gutter systems.
There may not be available land for them, especially in high-density developments with
little landscaping. Standing water in vegetated swales can result in potential safety, odour
and mosquito problems (EPA, 1999).
11

2.4. Performance
2.4.1. Pollutant removal:
Pollutants, such as suspended solids, metals and hydrocarbons, are removed from surface
flow by the filtering action of the grass, sediment deposition and infiltration into the soil.
Swales are less successful in removing nutrients and do not remove bacteria.
The efficiency of swales in removing pollutants is dependent on the quality of flow, the
slope of the swale, the density and height of the grass and the permeability of the
underlying soil.
Swale length and water depth are significant factors that affect pollutant removal.
Increase of the distance water travels along a swale, by increasing the swale length,
improves mainly the removal of suspended solids. However, increase of water depth
results in less effective removal of suspended solids, because the water flows over the
vegetation rather than being filtered through it. (Ciria C609, 2004)
Residence time is also crucial to pollutant removal efficiency. If residence time is greater
than 9 minutes the TSS removal will be greater than 83%. (Walsh et al, 1997)

2.4.2. Flood control:
Swales contribute to flood control through temporary storage and infiltration. Usually,
they are designed to face events with recurrence interval T between 2 and 10 years. They
can be linked to the sewer system through an overflow for events of lower frequency.

2.5 Design criteria
2.5.1. Soil and groundwater requirements:
Swales should not be constructed in gravely and coarse sandy soils that cannot easily
support dense vegetation (EPA, 1999). Soil infiltration rates should not be greater than
3.5 × 10-6 m/s, if infiltration is required (Revitt, Ellis and Scholes, 2003).
Restrictions on the depth to groundwater depend on the type of the swale used. Generally,
groundwater should be at least 0.6 m below the bottom of the swale (Revitt, Ellis and
Scholes, 2003).
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2.5.2. Hydraulic design:
•

Typically, a swale accommodates runoff from a two-year storm to flow through
without causing erosion, but it should have the capacity to handle larger flows
(usually a ten-year storm).

•

Swales should generally treat small drainage areas (less than 2 ha). If they are
used to treat larger areas, the stormwater flow velocity through the system
becomes too great to treat runoff or prevent erosion. Generally, swales operate
efficiently when maximum flow rates do not exceed 0.5 m/s.

•

Swales should be used on sites with relatively flat slopes (less than 10%). Runoff
velocities within channels often become too fast on steeper slopes, which can
cause erosion and prevent adequate infiltration.

•

Apart from flat side slopes, swales should have a trapezoidal or parabolic cross
section. This maximises the wetted perimeter (the length along the edge of the
channel cross-section that is in contact with the runoff) and thus enhances
treatment.

•

A pre-treatment may be provided to protect the filtering and infiltration capacity
of the swale bed by trapping incoming sediments. Pre-treatment can occur in a
sediment forebay behind a check dam with a pipe inlet. (Minnesota Urban Small
Sites BMP Manual, 2001)

•

The flat channel bottom should be between 0.50 and 2.50 m wide, the minimum
to ensure sufficient filtering surface for water quality treatment, the maximum to
minimise the likelihood of flow channelization within a portion of the swale
bottom. (Minnesota Urban Small Sites BMP Manual, 2001)

2.5.3. Erosion – Extreme events:
To prevent erosion, flow velocities must be kept below a critical value for runoff that is
greater than the water quality treatment volume. The critical velocity at which erosion
occurs depends on the soil and vegetation type. (Ciria C609, 2004)

13

Table 2.5.3.1: Maximum allowable flow velocities based on soil type
Soil type

Maximum allowable velocity m/s
Seeded

Turfed

Sand

0.6

0.91

Silt loam, sandy loam, loamy sand

0.6

0.91

Silty clay loam, sandy clay loam

0.76

1.2

Clay, clay loam, sandy clay, silty clay

0.91

1.5

[Source: New Jersey Department of Environmental Protection, 2000]

Typically, swales cannot provide storage for events greater than a 1 in 10-year return
period, even for small catchments. This is the reason they are often used in conjunction
with other BMP techniques to provide the required runoff control. (Ciria C609, 2004)

2.5.4. Planting:
A fine, close-growing, water-resistant grass should be selected for use in swales, because
increasing the surface area of the vegetation exposed to the runoff improves the
effectiveness of the swale system. (EPA, 1999)
Appropriate soil stabilization methods, such as mulch, blankets or mats should be used
before establishment of vegetation. (Minnesota Urban Small Sites BMP Manual, 2001)

2.6. Operation and maintenance
The useful life of a swale is directly proportional to its maintenance frequency. If
properly designed and regularly maintained, swales can last indefinitely. (EPA, 1999)
Usually, swales require little more than normal landscape maintenance activities such as
irrigation and mowing to maintain pollutant removal efficiency (California Stormwater
BMP Handbook, 2003). Higher runoff velocities increase the frequency of required
maintenance.
Swales can become a nuisance due to mosquito breeding in standing water if obstructions
develop (e.g., debris accumulation, invasive vegetation) or if proper drainage slopes are
not implemented and maintained. The application of fertilizers and pesticides should be
minimized (California Stormwater BMP Handbook, 2003). Swales should be designed
14

for a maximum residence time of 24 hours. This will eliminate mosquito problems since
mosquitoes generally require 48 hours to breed and hatch.
A recommended inspection and maintenance schedule for swales is provided below
(Table 2.6.1):
:
Table 2.6.1: Recommended inspection and maintenance schedule

[Source: California Stormwater BMP Handbook, 2003]

2.7. Dimensioning – Design tables
2.7.1. Swales:
The dimensioning of simple swales presented here is based on the following:
•

the input hydrograph
15

•

the storage volume which consists of the volume of the swale

•

the infiltration surface

using the ‘STORM’ Software.
The considered standard type of swale is of trapezoidal cross section with bottom width
1.60 m, depth 0.30m and bank inclination 1:1.
The input hydrograph is designed for a concentration time tc = 7 min, typical value for
blocks of 0.5 – 1.0 ha.
The parameters varying in the attached tables are the following:
•

Infiltration coefficient of the soil, K, with values ranging from 10-4 m/s to
5 x 10-6 m/s

•

Rainfall duration, td, with values ranging from 10 min to 60 min

•

Rainfall intensity reduced to the area, i, with values ranging from 80 l/(s.ha) to
200 l/(s.ha), which converted to mm/h vary from 28.8 to 86.4 [mm/h]

The hydrologic variables that define the required length of the swale per unit surface of
catchment area in [m/ha] are the intensity and the duration of the rainfall. Each one of the
three design tables corresponds to a different infiltration coefficient of the soil.

Table 2.7.1.1
K = 10-4 m/s
Rainfall duration td [min]
10

20

30

60

Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

96

204

298

526

120

43,2

157

321

466

825

180

64,8

249

504

732

1322

240

86,4

343

693

1016

1892

Swale length [m/ ha]
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Table 2.7.1.2
K = 10-5 m/s
Rainfall duration td [min]
10

20

30

60

Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

120

274

432

933

120

43,2

197

437

689

1534

180

64,8

317

697

1113

2652

240

86,4

442

979

1600

4144

Swale length [m/ ha]

Table 2.7.1.3
K = 5 x 10-6 m/s
Rainfall duration td [min]
10

20

30

60

Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

122

281

446

980

120

43,2

201

448

712

1691

180

64,8

323

716

1153

2821

240

86,4

450

1006

1654

4458

Swale length [m/ ha]

The designer firstly estimates the infiltration coefficient of soil under consideration.
Having adopted a value of the infiltration coefficient K, he then chooses the appropriate
table among the 3 presented above. (for K = 10-4, 10-5 or 5 x 10-6 m/s). If the calculated
infiltration coefficient is not precisely equal to 10-4, 10-5 or 5 x 10-6 interpolation
between the values of the relevant tables is necessary.
The designer, then, gives as input the Rainfall intensity i [l/(s.ha)] and Rainfall
duration td [min] and their intersection yields the Swale length per unit surface of
catchment area [m/ ha].
17

Example 1:
If the designer has estimated the infiltration coefficient of the soil equal to 10-4 m/s he
would then need to refer to Table 2.7.1.1.
Table 2.7.1.1
K = 10-4 m/s
Rainfall duration td [min]
10

20

30

60

Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

96

204

298

526

120

43,2

157

321

466

825

180

64,8

249

504

732

1322

240

86,4

343

693

1016

1892

Swale length [m/ ha]

Then, if the designer selects the rainfall intensity 80 l/(s.ha) and the rainfall duration 10
min from Table 2.7.1.1 he obtains the Swale length 96 m/ha of catchment area.
Example 2:
If the designer has estimated the infiltration coefficient of the soil equal to 5 x 10-5 m/s he
would then need to interpolate between the Tables 2.7.1.1 and 2.7.1.2.
Table 2.7.1.1
K = 10-4 m/s
Rainfall duration td [min]
10

20

30

60

Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

96

204

298

526

120

43,2

157

321

466

825

180

64,8

249

504

732

1322

240

86,4

343

693

1016

1892

Swale length [m/ ha]
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Table 2.7.1.2
K = 10-5 m/s
Rainfall duration td [min]
10

20

30

60

Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

120

274

432

933

120

43,2

197

437

689

1534

180

64,8

317

697

1113

2652

240

86,4

442

979

1600

4144

Swale length [m/ ha]

Then, if the designer selects the rainfall intensity 80 l/(s.ha) and the rainfall duration 10
min and from Table 2.7.1.1 he obtains the Swale length 96 m3/ ha of catchment area and
from Table 2.7.1.2 he obtains the Swale length 120 m3/ ha of catchment area.
The final Swale length is 108 m3/ ha of catchment area which is the interpolation
between the values 96 m/ ha and 120 m/ ha.

2.7.2. Enhanced dry swales (or trough-trenches):

Figure 2.7.2.1: Schematic of a trough-trench
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The operation of the system of trough-trench is based on the following:
•

the input hydrograph

•

the storage volume which consists of the volume of the through and the volume of
the voids of the trench

•

the infiltration taking place on the surface between the trench and the soil

•

the throttle at the exit of the BMP to the drainage system

•

the overflow of the trough – trench system

In the system of trough-trench the considered trough (the upper part of the trough-trench)
is of trapezoidal cross section with bottom width 1.60 m, depth 0.30m and bank
inclination 1:1.
The corresponding trench (the lower part of the trough-trench) has rectangular cross
section with bottom width 1.00 m and depth 1.00 m. The porosity of the trench material
is considered 45 %
Τhe bed between the trough and the trench has rectangular cross section with width 1.00
m and depth 0.30 m.
The input hydrograph is designed for a concentration time tc = 7 min, typical value for
blocks of 0.5 – 1.0 ha.
The dimensioning of trough-trenches is based on the condition of sustainability, which
means that the outflow values achieved with the construction of the trough-trench should
correspond to the conditions before urbanization, and has been obtained with several runs
of the ‘STORM’ Software.
.
The parameters regarding the analysis are the following:
•

Infiltration coefficient of the soil, K, with values ranging from 10-4 m/s to 5 x 10-6
m/s

•

Rainfall duration, td, with values ranging from 10 min to 60 min

•

Rainfall intensity reduced to the area, i, with values ranging from 80 l/(s.ha) to
200 l/(s.ha), which converted to mm/h vary from 28.8 to 86.4 [mm/h]
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The length of the trough-trench is calculated so that the throttle is equal to the desirable
runoff without the occurrence of overflow.
The hydrologic variables that define the required length of the trough-trench per unit
surface of catchment area are the intensity and duration of the rainfall. Each one of the
three design tables corresponds to a different infiltration coefficient of the soil.
Table 2.7.2.1
K = 10-4 m/s
Rainfall duration td [min]
10
Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

120

43,2

180

64,8

240

86,4

20

30

60

Trough-trench length [m/ ha]
67

142

207

330

109

220

301

464

170

312

424

685

223

398

550

908

Table 2.7.2.2
K = 10-5 m/s
Rainfall duration td [min]
10
Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

120

43,2

180

64,8

240

86,4

20

30

60

Trough-trench length [m/ ha]
81

181

279

515

132

279

407

728

204

397

569

1079

264

509

734

1434
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Table 2.7.2.3
K = 5 x 10-6 m/s
Rainfall duration td [min]
10
Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

120

43,2

180

64,8

240

86,4

20

30

60

Trough-trench length [m/ ha]
82

184

285

533

133

284

415

753

207

403

580

1117

268

517

749

1484

The designer firstly estimates the infiltration coefficient of soil under consideration.
Having adopted a value of the infiltration coefficient, K, he then chooses the appropriate
table among the 3 presented above. (for K = 10-4, 10-5 or 5 x 10-6 m/s). If the calculated
infiltration coefficient is not precisely equal to 10-4, 10-5 or 5 x 10-6 m/s, interpolation
between the values of the relevant tables is necessary.
The designer, then, gives as input the Rainfall intensity i [l/(s.ha)] and Rainfall
duration td [min] and their intersection yields the Trough-trench length [m/ ha].
Example 1:
If the designer has estimated the infiltration coefficient of the soil equal 10-4 m/s he
would then need to refer to Table 2.7.2.1.
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Table 2.7.2.1
K = 10-4 m/s
Rainfall duration td [min]
10
Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

120

43,2

180

64,8

240

86,4

20

30

60

Trough-trench length [m/ ha]
67

142

207

330

109

220

301

464

170

312

424

685

223

398

550

908

Then, if the designer selects the rainfall intensity 80 l/(s.ha) and the rainfall duration 10
min from Table 2.7.2.1 he obtains the Trough-Trench length 67 m/ ha of catchment area.
Example 2:
If the designer has estimated the infiltration coefficient of the soil equal to 5 x 10-5 m/s
he would then need to interpolate between the Tables 2.7.2.1 and 2.7.2.2.
Table 2.7.2.1
K = 10-4 m/s
Rainfall duration td [min]
10
Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

120

43,2

180

64,8

240

86,4

20

30

60

Trough-trench length [m/ ha]
67

142

207

330

109

220

301

464

170

312

424

685

223

398

550

908
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Table 2.7.2.2
K = 10-5 m/s
Rainfall duration td [min]
10
Rainfall intensity i

Rainfall intensity i

[l/(s.ha)]

[mm/h]

80

28,8

120

43,2

180

64,8

240

86,4

20

30

60

Trough-trench length [m/ ha]
81

181

279

515

132

279

407

728

204

397

569

1079

264

509

734

1434

Then, if the designer selects the rainfall intensity 80 l/(s.ha) and the rainfall duration 10
min from Table 2.7.2.1 he obtains the Trough-trench length 67 m3/ ha and from Table
2.7.2.2 he obtains the Trough-trench length 81 m3/ ha.
The final Trough-trench length is 74 m3/ ha of catchment area that is the interpolation
between the values 67 m/ ha and 81 m/ ha.

2.7.3. Wet swales:
The dimensioning of wet swales is similar to that of constructed stormwater wetlands.

2.8. Costing
2.8.1. Swales:
The works and the quantities of the materials used for the construction of the first type of
swales are presented in the following table. The presented unit cost values are based on
actual prices in Greece

Figure 2.8.1.1: Schematic of a swale
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The considered swale is of trapezoidal cross section with bottom width 1.00 m, depth
0.30m and bank inclination 1:1.

Table 2.8.1.1: Direct cost for the construction of 1 m of swale

1
2

Unit cost

Direct cost

[€]

[€/m]

0.39

12.00

4.68

1.95

0.50

0.98

TOTAL

5.66 €/m

Works / materials

Unit

Quantity

Excavation

m3/m
m3.km/m

Transportation and deposition of
excavations at a distance of 5 km

The direct cost that has been estimated above includes materials and labour. In order to
convert direct cost into total cost, taxes, overhead and financial charges, bonds, etc have
to be added. These additional charges are typically estimated between 60-100% of the
direct cost. Accordingly, the total cost for the construction of a swale is considered to be
between 1.6 × 5.66 – 2.0 × 5.66 €/m = 9.0 – 11.3 €/m.

2.8.2. Enhanced dry swales (or trough-trenches):
The works and the quantities of the construction materials are calculated per meter in the
following table. The presented unit cost values are based on actual prices in Greece.
In the system of trough-trench the considered trough is of trapezoidal cross section with
bottom width 1.00 m, depth 0.30m and bank inclination 1:1.
The trench has rectangular cross section with bottom width 1.00 m, depth 1.00 m
Τhe bed between the trough and the trench has rectangular cross section with width 1.00
m and depth 0.30 m.
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Figure 2.8.2.1: Schematic of a trough-trench

Table 2.8.2.1: Direct cost for the construction of 1 m of trough-trench

1
2

Unit cost

Direct cost

[€]

[€/m]

1.40

12.00

16.80

m3.km/m

7.00

0.50

3.50

Works / materials

Unit

Quantity

Excavation

m3/m

Transportation and deposition of
excavations at a distance of 5 km

3

Coarse aggregate

m3/m

1.00

11.00

11.00

4

Supply and installation of the pipe

m/m

1.00

12.00

12.00

5

Geotextile

kg/m

0.20

6.00

1.20

6

Overflow

5.00

5.00

TOTAL

49.50 €/m

In order to convert direct cost into total cost, the additional charges have to be added.
These additional charges are typically estimated between 60-100% of the direct cost.
Accordingly, the total cost for the construction of a swale is considered to be between 1.6
× 49.50– 2.0 × 49.50 €/m = 79.00 – 100.00 €/m.
According to data obtained from Germany, the construction cost for a trough-trench is
around 150 €/m.

2.8.3. Wet swales:
The costing of a wet swale is similar to that of a constructed stormwater wetland.

26

2.9. References
California Stormwater Quality Association (2003). California Stormwater BMP
Handbook: New development and redevelopment. TC-30.
Chester County Conservation District (2002). Chester County Stormwater BMP Tour
Guide.
CIRIA (2004). Sustainable drainage systems: Hydraulic, structural and water quality
advice. Report C609, Construction Industry Research & Information Association,
London.
Clayton R.A., Schueler T.R. (1996). Design of stormwater filtering systems. Centre for
Watershed Protection, Maryland.
Minnesota Metropolitan Council (2001). Minnesota urban small sites BMP manual.
Prepared by Barr Engineering for Minnesota Metropolitan Council, Environmental
Services, St Paul.
New Jersey Department of Environmental Protection (2000). Manual for New Jersey:
Best management practices for control of nonpoint source pollution from stormwaters.
New Jersey Department of Environmental Protection, Trenton, NJ.
Revitt D.M., Ellis J.B., and Scholes L. (2003). Report 5.1. Review of the use of
stormwater BMPs in Europe. DayWater Project. Middlesex University.
United States Environmental Protection Agency (1999). Stormwater Technology
Factsheet: Vegetated swales. EPA 832-F-99-006, US EPA, Office of Water, Washington
DC.
Walsh P.M., Barrett M.E., Malina J.F., and Charbeneau R.J. (1997). Use of vegetative
controls for treatment of highway runoff. Centre of Engineering Research in Water
Resources, Bureau of Engineering Research, University of Texas at Austin.
27

3. SOAKAWAYS

3.1. Description
Soakaways are below ground structures (usually square or circular) that store the
stormwater runoff and allow for its efficient infiltration into the adjacent soil via the sides
and the base, thus providing attenuation of surface runoff.

Figure 3.1.1: Soakaway (filled with plastic geocellular units) at the point of construction

3.2. Typology
Two types of soakaway are common (Revitt, Ellis and Scholes, 2003; Ciria C522, 2000):
•

Pit filled with stone or plastic geocellular units

Figure 3.2.1: Stone-filled pit
[Source: Ciria C522, 2000]
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•

Chamber soakaway

Figure 3.2.2: Chamber soakaway
[Source: Ciria C522, 2000]

3.3. Suitable applications – advantages and disadvantages
3.3.1. Suitable applications:
Soakaways are most suited to areas where runoff is relatively unpolluted and sediment
loads are low, due to their tendency of clogging (Ciria C609, 2004). They are widely
used for treating runoff from impervious surfaces and roofs (Revitt, Ellis and Scholes,
2003).
On large sites, individual soakaways can be linked together by pipes to provide a greater
infiltration area than an equivalent single soakaway.

3.3.2. Advantages:
Since soakaways are underground structures, they have a minimal visual impact on the
landscape and they can be integrated into any style of development. Because they allow
runoff infiltration, they contribute to groundwater recharge and the reduction of water
running directly to watercourses.

3.3.3. Disadvantages:
Soakaways are designed to receive runoff with low sediment loads and from relatively
small catchments in order to reduce the risk of clogging. Because they provide little
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protection to groundwater from pollutants, they cannot be used in hotspots without pretreatment of runoff.
It is also critical that soakaways are applied only where the soil is porous and can absorb
the required stormwater runoff.

3.4. Performance
3.4.1. Pollutant removal:
Soakaways provide relatively little pollutant removal. Adsorption to substrate and
filtration are considered to have the highest importance as potential removal processes in
soakaways, because of the close contact achieved between stormwater and substrate
surface (Scholes, Revitt and Ellis, 2004). The soils below the base of the structure should
be sufficiently unsaturated so that infiltration of stormwater can occur before it reaches
the groundwater table.
If a geotextile or other filter layer is provided around the outside to trap sediments and
hydrocarbons before they enter the ground, the pollutant removal efficiency will
significantly improve. (Ciria C609, 2004)

3.4.2. Hydraulic performance:
When the water enters a soakaway it flows downwards through the unsaturated zone and
after reaching the groundwater table, it moves sub-horizontally in the direction of
groundwater flow.

3.5. Design criteria
3.5.1. Soil and groundwater requirements:
Soakaways can be used where the soil is porous and can absorb the required runoff.
Generally, soils that have a clay content of more than 20% or a clay/silt content of more
than 40% are not acceptable (Ciria C609, 2004). Accordingly, the hydraulic conductivity
of the soil must be greater than 10-6 m/s.
The base of the soakaway must be at least 1 m above the groundwater table in order to
prevent the risk of groundwater contamination.
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3.5.2. Hydraulic design:
The main features of a soakaway are shown in the following figure (Figure 3.5.2.1):

Figure 3.5.2.1: Schematic of a soakaway
[Source: Ciria C609, 2004]

Generally, the hydraulic design criteria of a soakaway are:
•

In order to prevent the risk of clogging with suspended particles carried by
stormwater a sediment trap is required before the soakaway. (Urbonas & Stahre,
1993)

•

Soakaways are designed to handle runoff from relatively small catchments (2-10
ha maximum) to reduce the clogging risk. (Ciria C609, 2004)

•

Because the infiltration capacity can reduce over time, if the soakaway is not
properly maintained, a factor of safety is applied to the infiltration rate, which
must be greater than 10-6 m/s. The factor takes account of the consequences of
failure and usually varies between 1.5 and 10. (Ciria 156, 1996)

•

The infiltration rate should ensure that the soakaway is half empty within 24
hours of the completion of a runoff event. (Revitt, Ellis and Scholes, 2003)

•

Soakaways should be kept as shallow as possible to maximize the length of the
flowpath to the groundwater table. (Ciria C522, 2000)

•

Since soakaways introduce water to the ground that may adversely affect the load
capacity or stability of the ground, they should be located at least 5 m away from
any building.
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•

The filling material of the soakaway provides the porosity for temporary storage
of water so that it can then slowly percolate into the ground. The use of plastic
geocellular units (Figure 3.5.2.2) instead of aggregates reduces the required
volume of excavation to provide the same amount of storage, since the units have
typically up to 95% porosity compared to 30% for aggregates. However, plastic
geocellular units represent an elevated purchase cost in comparison to aggregates.
Soakaways can also be constructed using an open aggregate with a large void
space.

Figure 3.5.2.2: Plastic units used in a soakaway
•

If the permeability of the surrounding soil is low, it will be necessary to install a
bottom drainpipe. (Urbonas & Stahre, 1993)

3.5.3 Erosion – Extreme events:
Soakaways should be designed to take runoff from the smallest practical catchment areas
so that the volumes of water infiltrating are small and consequently not erosive.
Extreme events above the capacity of the soakaway should be routed over the site surface
along acceptable flood routes.
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3.6. Operation and maintenance
The useful life of a soakaway is related to the frequency of maintenance. If correctly
designed and maintained, soakaways can last more than 30 years. Replacement of the
filling material will be necessary if the device becomes blocked with silt.
A recommended maintenance schedule is provided below (Table 3.6.1):

Table 3.6.1: Recommended maintenance schedule
Operation

Frequency

Inspect silt traps and note rate of sediment

Monthly in first year and then

accumulation

six-monthly

Remove sediment from pretreatment devices

Depends on rate of accumulation,

either by hand or using gully-emptying tanker

but at least six-monthly

with suction pump
Check observation well following three days of

Annually

dry weather to ensure emptying is occurring
Inspect observation well for clogging

Annually

Reconstruct or remove sediment from storage

As necessary

area when failure occurs
[Source: Ciria C609, 2004]

3.7. Dimensioning
The required parameters for the dimensioning of a soakaway are (Ciria 156, 1996):
•

K: infiltration coefficient (m/h)

•

AD: area to be drained (m2)

•

Ab: base area of the soakaway (m2)

•

n: porosity of fill material

•

i: intensity of rainfall event (m/h)

•

td: duration of rainfall event (h)

•

P: perimeter of the infiltration system
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For a rainfall event discharging to an infiltration system of a particular base surface, the
maximum water depth, which corresponds to the required soakaway depth, is calculated
by the following equation:

hmax = a ⋅ (e ( −b×td ) − 1)
where,
a=

Ab AD ⋅ i
−
P P⋅K

and
b=

P⋅K
n ⋅ Ab

Site specific cases may be treated by means of the attached ‘Excel’ sheet, where the enduser introduces his values for the required parameters and obtains the necessary depth of
the soakaway.
Example of dimensioning:
An example of calculating the depth of a soakaway is presented below:
If the designer has estimated the parameters of soakaways equal to:
•

Length of the soakaway base surface: l = 2m

•

Width of the soakaway base surface: w = 2m

•

Infiltration coefficient : K = 0.15 m/h

•

Area to be drained: AD = 200 m2

•

Porosity of fill material: n = 0.35

•

Intensity of rainfall event: i = 0.061 m/h

•

Duration of rainfall event: td = 0.25 h

then, the base are of the soakaway will be:
Ab = l × w ⇒ Ab = 2 m × 2 m ⇒ Ab = 4 m2

34

The perimeter of the infiltration system is:
P = 2 × (2 + 2) m ⇒ P = 8 m
In the following, the parameters a and b are calculated:
4 m 2 200 m 2 × 0.061 m / h
Ab AD ⋅ i
a=
−
⇒a=
−
⇒ a = −9.667 m
P P⋅K
8 m
8 m × 0.15 m / h
b=

8 m × 0.061 m / h
P⋅K
⇒b=
⇒ b = 0.857 h −1
n ⋅ Ab
0.35 × 4 m 2

The maximum water depth, which corresponds to the required soakaway depth, is
calculated by the following equation:

(

hmax = a ⋅ (e ( − b×td ) − 1) ⇒ hmax = −9.667 m × e

( −0.857 h −1 ×0.25 h )

)

− 1 ⇒ hmax = 1.86 m

3.8. Costing

In the following table the works and the quantities of the materials used for the
construction of a soakaway are given. The works and the quantities of the construction
materials are calculated per m3. The presented unit cost values are based on actual prices
in Greece.
Table 3.8.1: Direct cost for the construction of 1 m3 of soakaway

1

Works / materials

Unit

Quantity

Unit cost

Direct cost
[€/m3]

Excavation

m3

1

12.00

12.00

m3.km

5

0.50

0.50

1

11.00

11.00

Transportation and deposition of
2

excavations at a distance of 5 km

3

Coarse aggregate

m3

4

Geotextile

kg

1.00
TOTAL

24.50

The direct cost that has been estimated above includes only materials and labour. In order
to convert direct cost into total cost, taxes, overhead and financial charges, bonds and
contingencies have to be added. These additional charges are typically estimated between
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60-100% of the direct cost. Accordingly, the total cost for the construction of a soakaway
is considered to be between 1.6 × 24.50 – 2.0 × 24.50 €/m3 = 39.0 – 49.0 €/m3.
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4. INFILTRATION TRENCHES

4.1. Description

Infiltration trenches are long, narrow, rock-filled trenches with no outlet that receive
stormwater runoff. Runoff is stored in the void space between the stones and infiltrates
through the bottom and into the soil matrix. They are essentially linear soakaways.
Infiltration trenches perform well for removal of fine sediment and associated pollutants
because of their ability to maximize the infiltration surface area (Revitt, Ellis and Scholes,
2003).

Figure 4.1.1: Infiltration trench

4.2. Typology

There are two types of infiltration trenches (EPA, 1999):
•

Underground trenches: They receive runoff through pipes or channels.

•

Surface trenches: They receive sheet flow from the drainage area. The sheet

flow enters the trench through a layer of vegetated porous soil on the top of the
trench.
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4.3. Suitable applications – advantages and disadvantages

4.3.1. Suitable applications:

Infiltration trenches take up little land and can be located on or close to residential sites.
However they are most suited to areas where runoff is relatively unpolluted and sediment
loads are low, in order to reduce the risk of clogging (Ciria C609, 2004). In general,
infiltration trenches are suitable for drainage areas up to 4 ha (SEWRPC, 1991).

4.3.2. Advantages:

Apart from reducing the volume of runoff, infiltration trenches provide efficient pollutant
removal. The captured runoff infiltrates the surrounding soils and increases groundwater
recharge and base flow in nearby streams (EPA, 1999).
Infiltration trenches can easily be incorporated into the existing landscape, causing no
negative aesthetic impact.

4.3.3. Disadvantages:

Negative impacts include the potential for groundwater contamination and a high
likelihood of early failure if not properly maintained. It is difficult to restore functioning
of infiltration trenches once clogged, because replacement of clogged aggregate is
required (California Stormwater BMP Handbook, 2003).
Infiltration trenches are also not an appropriate BMP technique for industrial or
commercial sites where the release of large amounts or high concentrations of pollutants
is possible (Minnesota Urban Small Sites BMP Manual, 2001).

4.4. Performance

4.4.1. Pollutant removal:

Infiltration trenches remove well fine sediment and the pollutants associated with them,
mainly through adsorption and filtration (Scholes, Revitt and Ellis, 2004). Coarse
sediment may prevent the trench from operating properly and must be removed prior to
entering it.
They can be expected to remove up to 90% of sediments, metals, coliform bacteria and
organic matter, and up to 60% of phosphorus and nitrogen in the infiltrated runoff.
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Biochemical oxygen demand (BOD) removal is estimated to be between 70 to 80%.
Lower removal rates for nitrate, chlorides and soluble metals should be expected,
especially in sandy soils. (Schueler, 1992)
Pollutant removal efficiencies may be improved by using washed aggregate and adding
organic matter and loam to the subsoil. The addition of organic material and loam to the
trench subsoil may enhance metals removal through adsorption. (California Stormwater
BMP Handbook, 2003)

The degree to which soluble pollutants are removed is dependent primarily on detention
time, bacterial activity and chemical bonding with the soil. The efficiency of an
infiltration trench to remove pollutants can be increased by increasing the surface area of
the trench bottom.

4.4.2 Hydraulic performance:

When the water enters an infiltration trench it flows downwards through the unsaturated
zone and after reaching the groundwater table, it moves sub-horizontally in the direction
of groundwater flow.

4.5. Design criteria

4.5.1. Soil and groundwater requirements:

Infiltration trenches are not suitable for areas with relatively impermeable soils
containing clay and silt (EPA, 1999). Acceptable soils are those with infiltration rates
greater than 3.5 × 10-6 m/s.
The seasonally high water table must be far enough below the bottom of the infiltration
trench (at least 1 m) to allow the structure to function hydraulically and to allow trapping
and treatment of pollutants by the soil. (Minnesota Urban Small Sites BMP Manual,
2001)

4.5.2. Hydraulic design:

The main features of an infiltration trench are shown in the following figure (Figure
4.5.2.1):
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Figure 4.5.2.1: Typical infiltration trench design
[Source: Schueler, 1987]

Generally, the hydraulic design criteria of an infiltration trench are:
•

The design storm for an infiltration trench is typically a frequent, small storm
such as the one-year event. This usually provides treatment for the first flush of
stormwater runoff. (Minnesota Urban Small Sites BMP Manual, 2001)

•

Infiltration trenches should hold water for a minimum of six hours, in order to
provide efficient pollutant removal. However, they should drain within 72 hours
to maintain aerobic conditions, which favour bacteria that aid in pollutant
removal, and to ensure that the trench is ready to receive the next storm.

•

An infiltration trench is usually 0.9 to 3.7 m deep, backfilled with a stone
aggregate and lined with filter fabric (EPA, 1999). The bottom of the infiltration
trench can be covered with a 15 to 30 cm layer of clean sand in place of filter
fabric (Minnesota Urban Small Sites BMP Manual, 2001).
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•

Pretreatment, such as filter strips or sediment forebays, should be established
adjacent to the infiltration trench to capture large sediment particles in the runoff
and protect the trench from clogging.

•

Infiltration trenches work best when the upgradient drainage area slope is less
than 5% (SEWRPC, 1991). The downgradient slope should be no greater than
20% to minimise slope failure and seepage (EPA, 1999).

•

The stone aggregate used in the trench is normally 2.5 to 7.6 cm in diameter,
which provides a void space of 40% (Schueler, 1987).

•

An observation well, consisting of a perforated vertical pipe within the trench, is
recommended to monitor water levels in the trench. (EPA, 1999)

•

A bypass system, such as overflow pipe, should be implemented for flows in
excess of design.

4.5.3. Erosion – Extreme events:

Infiltration trenches, just like soakaways, should be designed to take runoff from the
smallest practical catchment areas so that the volumes of water infiltrating are small and
consequently not erosive.
Extreme events above the capacity of the infiltration trench should be routed over the site
surface along acceptable flood routes. (Ciria C609, 2004)

4.6. Operation and maintenance

Inspection and maintenance is required for the proper operation of infiltration trenches.
The most critical maintenance factor for this BMP is the periodic removal of accumulated
sediment. If sediment is allowed to accumulate, the storage volume of the trench for
runoff will reduce as the space between rocks is filled with sediment. Eventually, the
infiltration trench should be rehabilitated, but with appropriate design and aggressive
preventive maintenance, this rehabilitation may not be necessary for a decade or more.
(Minnesota Urban Small Sites BMP Manual, 2001)
The recommended maintenance schedule corresponds to that of soakaways.
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4.7. Dimensioning

The dimensioning of infiltration trenches is similar to that of soakaways. Site specific
cases may be treated by means of the attached ‘Excel’ sheet, where the end-user
introduces his values for the required parameters and obtains the necessary depth of the
infiltration trench.

4.8. Costing

Construction costs include clearing, excavation, placement of the filter fabric and stone,
installation of the monitoring well, and establishment of a vegetated buffer strip.
Additional costs include planning, geotechnical evaluation, engineering and permitting
(EPA, 1999).
The total cost for the construction of an infiltration trench is similar to that of a soakaway
and has been calculated at around 39.0 – 49.0 €/m3, based on actual prices in Greece.
Other typical construction costs are about $5 per ft3 ($185/m3) of stormwater treated
(SWRPC, 1991; Brown & Schueler, 1997). Actual construction costs may be much
higher. The average construction cost of two infiltration trenches in southern California
was about $50/ft3 ($1850/m3) (California Stormwater BMP Handbook, 2003).
In general, maintenance costs for infiltration trenches are estimated at 5-20% of the
construction cost. More realistic values are probably closer to the 20% range, to ensure
long-term functionality of the practice. (California Stormwater BMP Handbook, 2003)
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5. DETENTION TANKS

5.1. Description

Detention tanks are box-shaped underground stormwater storage facilities typically
constructed with reinforced concrete. They serve as an alternative to surface dry
detention for stormwater quantity control, particularly for space-limited areas, where
there is not adequate land for a detention basin.

Figure 5.1.1: Schematic of a detention tank

5.2. Typology

According to the method of construction, we distinguish two types of detention tanks:
•

Open-excavation method: In this case the basin is constructed from the

foundation upwards.
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Figure 5.2.1: Open-excavation method

•

Top-down method: The construction of diaphragmatic perimetric walls, columns

and beams from the top comes before the excavation. The roof of the basin is
covered through prefabricated slabs.

Figure 5.2.2: Detention tank by the top-down method in Barcelona, Spain before and

after the construction

5.3. Suitable applications – advantages and disadvantages

5.3.1. Suitable applications:

Due to the cost associated with underground detention tanks for construction and
maintenance, these systems are primarily used when space is limited and there are no
other practical alternatives.
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Detention tanks can be installed under parking lots and other developed areas, provided
that the system can be accessed for maintenance purposes (Connecticut Stormwater
Quality Manual, 2004).

5.3.2. Advantages:

Detention tanks are intended to control peak flows, limit downstream flooding, provide
downstream channel protection and also control pollutants by means of sedimentation..
They can be used in space-limited sites where traditional aboveground detention facilities
are impractical due to excessive space requirements. (Connecticut Stormwater Quality
Manual, 2004)

A closed tank has also advantages for safety and odor control, specially in combined
sewer systems (Urbonas & Stahre, 1993).

5.3.3. Disadvantages:

Detention tanks provide water quality control under the condition that sediments are
regularly removed, otherwise they susceptible to re-suspension of sediment during
subsequent storms (Connecticut Stormwater Quality Manual, 2004).
Due to the costs associated with underground detention tanks for construction and
maintenance, these systems are primarily used when space is limited and there are no
other practical alternatives.

5.4. Performance

5.4.1. Pollutant removal:

Underground detention structures are effective measures for stormwater runoff quantity
control, but they do not provide significant water quality control without appropriate
equipment.
Preliminary results of water quality monitoring of modified detention tanks have
demonstrated a total suspended solids (TSS) removal rate of between 60-80%, a total
phosphorous (TP) reduction of between 20-40% and a total lead reduction of between 4070%. This facility, however, required weekly maintenance and cleaning out of the
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structure to maintain this efficiency. In reality, few detention tanks receive weekly
maintenance. (Northern Virginia District Planning Commission, 1992)
In Saint Denis (France) detention tanks are equipped with a flashing system (augets
basculants) that permits the washing out of accumulated sediments each time the tank
empties. These sediments are diverted to the wastewater treatment plant, reducing thus
the contamination of the receiving water bodies.

5.4.2. Hydraulic performance:

We distinguish two types of outflow:
•

gravity outflow

•

outflow through pumping

In the case of gravity outflow, a controlled, practically steady discharge rate is usually
desired. To this purpose special types of gates have been developed, like hydrobrake and
wirberdrossel (Schilling, 1986).
Due to the scarce urban space, detention tanks are usually constructed with a depth up to
10 m in order to achieve the desired storage volume. In these cases pumping is required.
The controlled outflow may be directed to the wastewater treatment plant, thus protecting
the receiving water body.

5.5. Design criteria

5.5.1. Soil and groundwater requirements:

Due to the impermeability of detention tanks, there are no considerations regarding soil
and groundwater.

5.5.2. Hydraulic design:

The main hydraulic design criteria for a detention tank are:
•

The proposed maximum contributing drainage area to be served by a single
detention tank is 10 ha, according to Georgia Stormwater Management authority.
(Georgia Stormwater Management Manual, 2003)
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•

Due to the storage volume required, detention tanks are typically not used to
control a 100-year storm, except for very small drainage areas. (Georgia
Stormwater Management Manual, 2003)

•

Detention tanks must meet structural requirements for overburden support and
traffic loading if appropriate.

•

Generally, an emptying time of 24 to 48 hours is adopted, so that the detention
tank empties out between runoff events and the storage capacity is available for
subsequent runoff events.

•

Runoff volume generated from a storm greater than the design storm event should
be diverted via a flow splitter placed at the tank entrance or an overflow
weir/orifice system designed in conjunction with the outlet of the tank.

5.5.3. Erosion – Extreme events:

Due to their concrete structure, detention tanks create no problem of erosion.
In addition to the operational outlet, detention tanks are typically equipped with an
emergency outlet, which begins to operate when the basin is full. An emergency outlet
can be a large pipe or a spillway. (Urbonas & Stahre, 1993)

5.6. Operation and maintenance

Detention tanks must be designed so that they can have easy access for inspection and
maintenance. These systems should be cleaned periodically to remove accumulated trash,
sediment and other debris. Pretreatment is required to minimize the inflow of particulates
so that the need to clean the system is reduced.
An inspection and maintenance schedule for detention tanks is provided below (Table
5.6.1):
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Table 5.6.1: Inspection and maintenance schedule for detention tanks
Inspection Activities

•

Suggested Frequency

Inspect drain inlet and outlet for obstructions and
Post construction

debris to insure runoff can move freely into and out
of detention chamber
•

Inspect facility for floating debris, sediment buildup
and accumulated petroleum products

•

Annual

Detention chamber and pipe connections should be
inspected for cracks or damage
Maintenance Activities

•

Suggested Frequency

Remove sediment that has accumulated in detention
Post construction

chamber after construction in the drainage area is
completed
•

Remove, test and properly dispose of sediment and
debris accumulated in drain inlet and outlet pipes and

Annual, or per

detention chamber. Sediment should be removed

manufacturer’s
recommendations

from detention chamber when it exceeds 10% of the
storage area
•

Remove floating debris and accumulated petroleum
products with appropriate equipment

•

Seal all joints between tank and pipe sections

•

Remove obstructions from the inlet and outlet

Annual, or as needed

structures
[Source: Santa Clara Valley Urban Runoff Pollution Prevention Program, 2003]

5.7. Dimensioning – Design tables

The operation of the detention tank is based on:
•

the input hydrograph

•

the throttle at the exit of the detention tank to the drainage system

•

the storage volume of the detention tank

•

the overflow of the detention tank
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Inflow
Overflow

V

Outflow

Figure 5.7.1: Schematic of a detention tank

The dimensioning of detention tanks is based on the condition of sustainability (the
outflow values achieved with the construction of the detention tank should correspond to
the conditions before urbanization).
The parameters that define the volume of a detention tank are the following:
•

Concentration time of the catchment, tc, with values ranging from 10 to 60 min

•

Rainfall intensity reduced to the area, i, with values ranging from 80 to 240
l/(s.ha)

•

Rainfall duration, td, with values ranging from 10 to 60 min

The dimensions of the detention tank are calculated so that the throttle is equal to the
desirable runoff without the occurrence of overflow.
The software that has been used for the creation of the following design tables is
‘STORM’. Each one of the four design tables corresponds to a different concentration
time tc.
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Table 5.7.1
tc = 10 min

Rainfall intensity i
[l/(s.ha)]
80
120
180
240

Rainfall duration td [min]
10
20
30
Detention tank volume [m3/ ha]

60

30
50
80
110

210
270
400
540

70
120
150
210

120
170
210
290

Table 5.7.2
tc = 20 min

Rainfall intensity i
[l/(s.ha)]
80
120
180
240

Rainfall duration td [min]
10
20
30
3
Detention tank volume [m / ha]

30
50
80
110

70
120
150
200

120
170
210
280

60
210
270
380
510

Table 5.7.3
tc = 30 min

Rainfall intensity i
[l/(s.ha)]
80
120
180
240

Rainfall duration td [min]
10
20
30
3
Detention tank volume [m / ha]

60

30
50
80
110

210
280
370
500

70
120
150
200

120
170
210
280
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Table 5.7.4
tc = 60 min

Rainfall intensity i
[l/(s.ha)]
80
120
180
240

Rainfall duration td [min]
10
20
30
Detention tank volume [m3/ ha]

60

30
50
80
100

220
270
360
480

70
120
160
190

120
170
210
270

The designer first estimates the concentration time of the catchment area under
consideration. Having adopted a value of the concentration time tc, he then chooses the
appropriate table among the 4 presented above (for tc = 10, 20, 30 or 60 min). If the
calculated concentration time is not precisely equal to 10, 20, 30 or 60 min,
interpolation between the values of the relevant tables is necessary.
The designer, then, gives as input the Rainfall intensity i [l/(s.ha)] and Rainfall
duration td [min] and their intersection yields the Detention tank volume [m3/ ha].

Example 1
If the designer has estimated the concentration time of the catchment area equal to 10
min, he would then need to refer to the Table 5.7.1.
Table 5.7.1
tc =10 min

Rainfall intensity i
[l/(s.ha)]
80
120
180
240

Rainfall duration td [min]
10
20
30
3
Detention tank volume [m / ha]

60

30
50
80
110

210
270
400
540

70
120
150
210

120
170
210
290

The designer then, selects a rainfall intensity of 180 l/(s.ha) and a rainfall duration of 60
min and from Table 5.7.1 he obtains the detention tank volume 400 m3/ ha.
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Example 2
If the designer has estimated the concentration time of the catchment area equal to 15
min he would then need to interpolate between the Tables 5.7.1 and 5.7.2.
Table 5.7.1
tc =10 min

Rainfall intensity i
[l/(s.ha)]
80
120
180
240

Rainfall duration td [min]
10
20
30
Detention tank volume [m3/ ha]

60

30
50
80
110

210
270
400
540

70
120
150
210

120
170
210
290

Table 5.7.2
tc = 20 min

Rainfall intensity i
[l/(s.ha)]
80
120
180
240

Rainfall duration td [min]
10
20
30
3
Detention tank volume [m / ha]

30
50
80
110

70
120
150
200

120
170
210
280

60
210
270
380
510

The designer then, selects a rainfall intensity of 180 l/(s.ha) and a rainfall duration of 60
min. From Table 5.7.1 he obtains the detention tank volume 400 m3/ ha and from Table
5.7.2 he obtains the detention tank volume 380 m3/ ha.

The final detention tank volume is 390 m3/ ha that is the interpolation between the values
400 m3/ ha and 380 m3/ ha.

5.8. Costing

The basic works and materials required for the construction of a detention tank,
accompanied with their unit cost prices are shown in the following table. The presented
unit direct cost values are based on actual prices in the Greek market.

53

Table 5.8.1: Unit direct cost of the basic works and materials for the construction of a

detention tank
Works / materials

Unit

Unit cost [€]

Concrete

m3

135.00

Steel

kg

1.20

Formwork

m2

5.80

Excavation

m3

3.00

m3.km

0.50

Transportation and deposition at
a distance of 5 km

In addition to the above works and materials, the electromechanical equipment has to be
added in the cost of a detention tank. Electromechanical equipment is estimated from data
obtained from Direction de l’ Eau et de l’ Assainissement, Département de la SeineSaint-Denis (Claire Cogez, Directrice Adjointe) for a detention tank of 12,000 m3 at
around 75 €/m3.
The direct cost for the construction of seven detention tanks, with the open-excavation
method, of the following dimensions has been estimated and presented below.

Table 5.8.2: Direct cost and dimensions for seven detention tanks
Capacity (m3)

Plan view

Height (m)

Direct cost (€)

50,000

100 m × 100 m

5

5,248,711

20,000

100 m × 40 m

5

2,457,210

10,000

50 m × 40 m

5

1,401,151

5,000

50 m × 20 m

5

785,772

2,000

25 m × 20 m

4

371,524

1,000

25 m × 10 m

4

215,184

500

20 m × 10 m

2.5

131,303
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The direct cost that has been estimated above includes only materials and labour. In order
to convert direct cost into total cost, taxes, overhead and financial charges, bonds and
contingencies have to be added. These additional charges are typically estimated between
60-100% of the direct cost.
In the following diagrams the change of the total cost and the total cost per m3 in relation
to the capacity of the detention tank are presented.

Total cost - Capacity for detention tanks
12000000

Total cost (€)

10000000
8000000

Total cost = 1.6 *
Direct cost

6000000
4000000

Total cost = 2.0 *
Direct cost

2000000
0
0

20000

40000

60000

3

Capacity (m )

Diagram 5.8.1: Total cost – Capacity for detention tanks

Total unit cost - Capacity for detention tanks

Total unit cost (€/m3)

600
500

Total cost = 1.6 *
Direct cost

400
300

Total cost = 2.0 *
Direct cost

200
100
0
0

20000

40000

60000

3

Capacity (m )

Diagram 5.8.2: Total unit cost – Capacity for detention tanks
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According to data obtained from Germany, a concrete underground detention tank of
1,500 m3, including equipment, costs around 700 €/m3. Other data from Direction de l’
Eau et de l’ Assainissement, Département de la Seine-Saint-Denis (Claire Cogez,
Directrice Adjointe), estimate the total construction cost for a detention tank of 12,000 m3
at around 500 €/m3.
The above costs refer to top-down technology of construction with depths of 10-15 m.
This is the reason these costs are much higher than those estimated from the diagrams
that are based on the open-excavation method.
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6. DETENTION BASINS

6.1. Description

Detention basins are areas for storage of surface runoff that provide both flood
attenuation and water quality improvement. The main pollutant removal mechanism is
settling with detention time being the key factor. The water held in these basins drains
into the downstream system slowly, allowing the system time to recover. They differ
from wet ponds in that they are usually dry, except from short periods following
rainstorm events.

Figure 6.1.1: Detention basin

6.2. Typology

According to the detention time, there are two types of detention basins:
•

Detention basins: They operate as a flood-control device to reduce flood peaks

and they have a minor impact on water quality.
•

Extended detention basins: They are depressions designed to detain runoff for a

minimum duration (e.g. 24 hours) to meet both attenuation objectives and water
quality criteria.
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6.3. Suitable applications – advantages and disadvantages

6.3.1. Suitable applications:

Detention basins can be used at residential, commercial and industrial development sites
(New Jersey Stormwater Best Management Practices Manual, 2004). In densely
developed urban areas, they cannot be constructed because of the land area they
consume.

6.3.2. Advantages:

Apart from flood attenuation, detention basins provide stormwater quality improvement
due to sedimentation.
They are easier and less expensive to construct, inspect and maintain compared to wet
ponds and constructed wetlands. Detention basins can be used wherever a lack of
sufficient supply water would prevent the use of wet ponds, even though they provide
lower water quality benefits.

6.3.3. Disadvantages:

Detention basins require sufficient area and that is why they cannot be applied in densely
developed urban areas. Generally, they are not effective in removing dissolved and finer
particulate size pollutants from stormwater.
Detention basins may also create mosquito breeding conditions and other nuisances.
(California Stormwater BMP Handbook, 2003)

6.4. Performance

6.4.1. Pollutant removal:

While detention basins have little impact on pollutant removal, extended detention basins
provide better water quality criteria.
The purpose of the extended detention basins is to increase the time the stormwater
remains in the facility, which results in more pollutants settling out (Scholes, Revitt and
Ellis, 2004). However, the sediment must be removed regularly to prevent the

resuspension of pollutants by future runoff events.
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Extended detention basins provide limited removal of soluble pollutants because of the
absence of a permanent pool. (Ciria C609, 2004)
Since the main process for pollutant removal is sedimentation, detention basins should be
designed to maximize the flow path length, in order to maximize the degree of
sedimentation. Basins that are shallow and have larger surface area to depth ratios will
provide better pollutant removal efficiencies than smaller, deeper basins. (New Jersey
Stormwater BMP Manual, 2004)
6.4.2. Hydraulic performance (TDEC, 2002):

The volume of a detention basin consists of two elements: the live pool (the upper portion
of the basin representing detention capability) and the first flush volume (the lower
portion of the basin representing stormwater quality treatment).
The first flush volume is typically drained during a minimum time of 24 hours by using
an orifice with a designed size. Maximum drain time should be less than 72 hours to
allow for sufficient volume recovery prior to the next period of rainfall. The first flush
volume can be filtered by using an underdrain system (figure 6.4.2.1) or by a filter box
with sand or aggregate (figure 6.4.2.2).

Figure 6.4.2.1: Outlet with an underdrain system
[Source: TDEC, 2002]
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Figure 6.4.2.2: Outlet with a filter box with sand or aggregate
[Source: TDEC, 2002]

An emergency spillway should be included in addition to the primary outlet structure on a
detention basin. The purpose of this spillway is to pass storm events that exceed the
design capacity of the basin, in order to prevent overtopping the embankment. The
minimum spillway capacity should be that of handling a 100-year storm event or more,
according to the downstream flooding risk conditions.

6.5. Design criteria

6.5.1. Soil and groundwater requirements:

Detention basins can be used in almost all sites and with design adjustments also for
regions of karst topography or in rapidly percolating soils such as sand. In these areas,
detention basins should be designed with an impermeable liner to prevent groundwater
contamination (Revitt, Ellis and Scholes, 2003).
Concerning groundwater protection, the basic limitation is that the base of the detention
basin should not intersect the groundwater table. Special measures of impermeabilization
have to be considered in the case when detention basins receive hotspot runoff.
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6.5.2. Hydraulic design:

The main features of a detention basin are shown in the following figure (figure 6.5.2.1):

Figure 6.5.2.1: Example details of a detention basin
[Source: Highways Agency et al, 2001]

Generally, the main hydraulic design criteria of detention basins are:
•

Detention basins should be used at sites with a minimum drainage area of 4 ha.
On smaller sites, it may be difficult to provide channel or water quality control
because the orifice diameter at the outlet becomes very small, and is thus prone to
clogging.

•

A maximum depth of 2.5 m is recommended by Georgia Stormwater
Management authority. (Georgia Stormwater Management Manual, 2003)

•

Pretreatment is intended to capture and remove coarse sediment particles before
they enter the detention basin. A sediment forebay is usually used that is able to
contain 5-10% of the total volume of the basin.

•

Flow paths should be designed to minimize potential short-circuiting by locating
the inlets as far away from the outlet structure as possible. The length-to-width
ratio of a basin should be at least 3:1. (TDEC, 2002)

•

Detention basins are usually sized to collect the first flush volume (defined as the
first 10 mm of stormwater runoff over the entire contributing drainage area) and
to release it at a controlled rate over a minimum 24-hour period, in the case of
extended detention basins. (TDEC, 2002)
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•

Side slopes of detention basins and embankment dams must be 3:1 or flatter. This
encourages a strong growth of vegetation on the side slopes, helps to prevent soil
erosion and allows for safer mowing. Steep slopes will contribute to soil erosion
and thereby reduce the effectiveness of a detention basin with respect to water
quality.

6.5.3. Erosion – Extreme events:

As mentioned already, side slopes of a detention basin should be 3:1 or flatter for grassstabilized slopes. Additionally, erosion protection should be provided at inlets and in
watercourses below the outfall. (Ciria C609, 2004)
Detention basins must be provided with a spillway in order to allow the safe routing of
runoff events that exceed the design capability of the basin. The minimum spillway
capacity should be capable of handling a 100-year storm event (TDEC, 2002)

6.5.4. Planting:

A vegetated buffer zone should be maintained around detention basins. Plants within the
detention zone must be able to withstand wet and dry periods. (Ciria C609, 2004)

6.6. Operation and maintenance

Effective and safe operation of a detention basin depends on continuous maintenance of
all system components. Detention basin easements and access must be considered during
the planning stage in order to allow for proper inspection and maintenance. (TDEC,
2002)

A recommended inspection and maintenance schedule for detention basins is provided in
the following table (Table 6.6.1):
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Table 6.6.1: Typical inspection and maintenance activities for detention basins

[Source: California Stormwater BMP Handbook, 2003]
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6.7. Dimensioning

The dimensioning of detention basins is based on the condition of sustainability (the
outflow values achieved with the construction of the detention basin should correspond to
the conditions before urbanization).
The dimensioning of detention basins is similar to that of detention tanks and has been
obtained with several runs of the ‘STORM’ Software.

6.8. Costing

The works and the quantities of the construction materials are calculated per cubic meter
in the following table. The presented unit cost values are based on actual prices in Greece
Table 6.8.1: Direct cost for the construction of a 1 m3 of detention basin

1
2

Unit cost

Direct cost

[€]

[€/m3]

1

12.00

12.00

m3.km

5

0.50

2.50

Works / materials

Unit

Quantity

Excavation

m3

Transportation and deposition of
excavations at a distance of 5 km

3

Supply and installation of the pipe

m

1.00

10.80

10.80

4

Geotextile

kg

0.50

3.00

1.50

TOTAL

27.00

In order to convert direct cost into total cost, the additional charges have to be added.
These additional charges are typically estimated between 60-100% of the direct cost.
Accordingly, the total cost for the construction of a swale is considered to be between 1.6
× 27.00 €/m3 – 2.0 × 27.00 €/m3 = 43.5 - 54.0 €/m3.
In the above estimate, we have not included the cost of the necessary embankment, as it
is totally site specific.
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7. WET PONDS

7.1. Description

Wet ponds (also known as stormwater, retention and wet extended detention basins) are
basins with a permanent pool of water in the base throughout the year. Availability of
temporary storage above the permanent water level increases pollutant removal
performance and contributes to flood attenuation. The primary pollutant removal
mechanism is settling, as stormwater runoff resides in the pond, but pollutant uptake,
particularly of nutrients, also occurs to some degree through biological activity.
Temporary storage designed to promote pollutant removal is based on residence time.
Typically a residence time of 24-48 hours gives a reasonable balance between pond size
and treatment level (Ciria C609, 2004).
Wet ponds differ from constructed stormwater wetlands primarily in having a greater
average depth.

Figure 7.1.1: Schinias Olympic Rowing and Canoeing Centre serving additionally as a

wet pond
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7.2. Suitable applications – advantages and disadvantages

7.2.1. Suitable applications:

Wet ponds are a widely applicable stormwater management practice and can be used over
a broad range of sites and ground conditions. Although they have limited applicability in
highly urbanized settings due to the space required, they are particularly appropriate in
areas with residential land uses or other areas where high nutrient loads are considered to
be potential problems.

7.2.2. Advantages:

Apart from providing flood attenuation and water quality improvement, wet ponds can
add recreation (angling, canoeing, rowing, sailing, wind-surfing etc), fire protection and
aesthetic values to the project area. They can also increase adjacent property values when
planned, sited and designed properly.
Additionally, wet ponds can accept runoff from hotspots (land use or activities that
generate highly contaminated runoff, having pollutant concentrations that exceed those
typically found in stormwater) provided they are lined or located on impermeable soils.

7.2.3. Disadvantages:

Wet ponds need sufficient drainage area (at least 10 acres or 4 ha) to maintain a
permanent pool. If improperly designed and maintained, they may result in stratification
and anoxic conditions that can promote the release of nutrients and metals from the
trapped sediments.
There is also a potential thermic impact to the stream that receives stormwater from the
wet ponds, as the sun will warm the standing water in the pond. Mosquito and midge
breeding is likely to occur in wet ponds.

7.3. Performance

7.3.1. Pollutant removal:

The primary pollutant removal mechanism in a wet pond is settling, due to the presence
of extended open water bodies and the potential for the extended retention of pollutants
(Scholes, Revitt and Ellis, 2004). Significant loads of suspended pollutants, such as
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metals, nutrients, sediments and organics, can be removed by settling. Dissolved
contaminants are removed by a combination of processes: physical adsorption to bottom
sediments and suspended fine sediments, bacterial decomposition, natural flocculation
and uptake by aquatic plants and algae.
The observed pollutant removal of a wet pond is highly dependent on pond volume, inlet
and outlet configuration, pond depth and shape and the time the stormwater resides in the
pool. (Urbonas & Stahre, 1993)
Data for pollutant removal efficiencies of wet ponds are provided in the table below
(Table 7.3.1.1):

Table 7.3.1.1: Pollutant removal efficiency of wet ponds
Pollutant

Removal Efficiency (%)

TSS

80±27

TP

51±21

TN

33±20

NOx

43±38

Metals

29-73

Bacteria

70±32

± values represent one standard deviation
[Source: Winer, 2000]

One technique to increase pond pollutant removal is to increase the volume of the
permanent pool. However, it appears that the difference in performance between two
ponds that differ in size is not as great as expected, given this difference. This is
attributed to short-circuiting in the larger pond, causing the reduction of the detention
time.
The performance of wet ponds reduces in winter due to the reduced biological activity
and eventually in the case of cold climates to a reduced pool volume, because of the
formation of an ice layer on the water surface (Revitt, Ellis and Scholes, 2003).
Consequently, pollutant removal efficiencies will be less effective under snowmelt
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conditions, unless adaptations are made to accommodate meltwater runoff (Oberts, 1990;
Marsalek, 1997)

Pollutant removal rates become asymptotic as the detention time in the pond increases
(Figure 7.3.1.1) and so further retention time beyond 24 hours does not provide
significant improvement in quality (Schueler, 2000b).

Figure 7.3.1.1: Removal rate versus detention time for ponds
[Source: Grizzard et al, 1986, quoted from Schueler, 2000b]

7.3.2. Hydraulic performance:

Wet ponds can also be designed for flood control, by providing flood storage above the
level of the permanent pool.
The relation between inflow, outflow and storage volume is the same as for detention
basins. Dimensioning tables presented in the paragraph of detention basins can
accordingly be applied for the case of wet ponds.
Studies of ponds in Scotland have demonstrated attenuation of flows with reductions in
peak flows of up to 57% (Jefferies, 2001).

7.4. Design criteria

7.4.1. Soil and groundwater requirements:

The soil below a wet pond must be sufficiently impermeable to maintain the required
water levels within the permanent pool. The infiltration rate through the ground is
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preferred to be less than 10-9 m/s (Revitt, Ellis and Scholes, 2003). In highly permeable
ground such as chalk, a liner may be required to prevent water leaking out of the pond.
Unless they receive hotspot runoff, wet ponds can often intersect the groundwater table.
However, some research suggests that pollutant removal is moderately reduced when
groundwater contributes substantially to the pool volume. (Schueler, 1997)

7.4.2. Hydraulic design:

The main features of a wet pond are shown in Figure 7.4.2.1:

Figure 7.4.2.1: Schematic of a wet pond
[Source: Schueler, 1987]

Generally, the hydraulic design criteria of a wet pond are:
•

Pre-treatment, such as a sediment forebay for the retention of sediment and free
hydrocarbons, should be provided near the inlet of the wet pool (Urbonas &
Stahre, 1993). The forebay is typically 10-20% of the volume of the permanent

pool and at least 1 m deep. By removing these particles from runoff before they
reach the main pool, the maintenance burden of the pond is reduced.
•

Good inlet design is also important. To promote good distributed flow across the
pond, strategically placed islands should be used where necessary to direct flows
and the pond shape should be irregular.
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•

Ponds should be designed with a length to width ratio of at least 2:1. A ratio 3:1 is
usually recommended. In addition, the design should incorporate features to
lengthen the flow path through the pond, such as underwater berms. Combining
these two measures helps eliminate short-circuiting and ensure that the entire
pond volume is used to treat stormwater.

•

In order to dimension a wet pool, a design rainstorm should be chosen. The runoff
volume generated from the design rainstorm is called water quality volume. It is
recommended that the volume of the permanent pool of a wet pond should equal
the water quality volume.

•

There must be enough elevation drop from the pond inlet to the pond outlet in
order to ensure that water can flow through the system by gravity. Additionally,
there should be a micropool at the outlet in order to reduce the risk of
resuspension of sediment and of the outlet clogging.

•

A water balance analysis needs to be conducted in order to ensure that sufficient
inflow is available to sustain a permanent pool. This means that the base flow
should be larger than losses due to evaporation and infiltration (Revitt, Ellis and
Scholes, 2003).

•

Wet ponds may be designed with a multi-stage outlet structure (several pipes of
increasing dimensions) to control discharges from different size storms. (Revitt,
Ellis and Scholes, 2003)

•

The outlet structure should have a separate drain pipe with a manual valve that
can completely or partially drain the pond for maintenance purposes. The drain
pipe should be sized to drain the pond within 24 hours. (California Stormwater
BMP Handbook, 2003)

•

In wet ponds the open water area comprises 50% or more of the total surface area.
The permanent pool should be no deeper than 2.5 m and should average 1.2-2 m.
the greater depth of this configuration helps limit the extent of the vegetation to an
aquatic bench around the perimeter of the pond with a nominal depth of about 0.3
m and variable width. The objective of this configuration is to limit vegetation,
which otherwise may reduce the hydraulic function in the pond and restrict
stormwater from mixing with the entire permanent pool, leading thus to less
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pollutant removal (California Stormwater BMP Handbook, 2003; Revitt, Ellis and
Scholes, 2003).

Report 5.1 (Revitt, Ellis and Scholes, 2003) presents concisely the Swedish design details
that have been included for the purpose of completeness of the present text in the table
below (Table 7.4.2.1):
Table 7.4.2.1: Swedish design details for wet ponds
Size/comments
Water depth

Slide slope

Length: Width
Absolute minimum area
Recommended
minimum area
Permeability
Drainage area
Vegetation
Inlet
Inlet and Outlet
Outlet

Outlet

Outlet
Outlet
Maintenance
Groundwater protection
Additional comments

Reference

Average depth 1.5-2 m
Minimum depth 1.2 m
Maximum depth 3.5 m

Urban Drainage and Flood Control District
1999; WEF and ASCE, 1998; SNRA,1998;
SEPA, 1997; Hvitved-Jacobsen et al, 1994;
Larm, 1994
≤ 1:3 (≤ 1:4 over permanent surface); concerning
Urban Drainage and Flood Control District
safety, maintenance and the reduction of pollutant. 1999; Persson, 1999; SNRA, 1998; SEPA,
Minimum 1:2 if the ground is stable. Preferable 1:5 1997; Hvitved-Jacobsen et al, 1994; Larm,
– 1:10, needs bigger area.
1994
>2:1 (≥ 3:1, recommended)
Urban Drainage and Flood Control District
1999; Persson, 1999; Larm, 1994
≥ 150 m2 (minimum width 8 m, minimum length 20 Fransson and Larm, 2000
m)
>0.25 ha (2500 m2)
Schueler, 1987
Infiltration rate of <10-9 m/s is preferable

10-100 ha
Can be planted in the shallow part of the pond.
Water plants can cover up to 20-25 % of the
surface.
The inlet should be constructed to distribute the
incoming water evenly into the pond, e.g. stones
Stairs of stones at the in- and outlet can be used for
aeration.
The outlets should be designed for an emptying
time of 12-24 h (max 48 h).
Emergency exit dimensions are required for rain
events of 25-100-year return intervals (several
emergency exits can be constructed with the
outflow higher up, from rain events for 2 year up to
100 year)
A v-shaped weir or sewer at the outlet provides a
flow compensation effect.
Cleaning bars at the outlet pipe are preferable.
Vehicular access to the inlet- and outlet should be
provided.
The pond can be below the groundwater level. The
benefit of this is that a permanent water body exists
during the dry period.
A sedimentation pond may be provided as a
separate part or as a first part of the pond adjacent
to the inlet. This should be about 10 % of the
permanent water surface and the volume should be
about 5-10% of the main pond volume.

Fransson and Larm, 2000; Urban Drainage
and Flood Control District 1999
Lönngren, 1995; Schueler, 1987
SEPA, 1997, Urban Drainage and Flood
Control District 1999; Schueler, 1992
Urban Drainage and Flood Control District
1999; Persson, 1999; Stahre and Urbonas,
1993
Urban Drainage and Flood Control District
1999; Persson, 1999; Urbonas, Roesner and
Guo, 1996; 20-40 h according to Stahre and
Urbonas, 1993
Urban Drainage and Flood Control District
1999

Persson, 1999
SNRA, 1998
Urban Drainage and Flood Control District
1999
WEF and ASCE, 1998

[Source: Revitt, Ellis and Scholes, 2003]
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7.4.3. Erosion – Extreme events:

Side slope of the pond should be 3:1 or flatter for grass-stabilized slopes. Additionally,
erosion protection should be provided at inlets and in watercourses below the outfall.
Ponds must be provided with an overflow, such as weir or high-level outlet pipe, which
allows the safe routing of runoff from events that exceed the design criteria.
7.4.4. Planting:

A vegetated zone should be established along the aquatic bench or in the shallow portions
of the permanent pool. The optimal elevation for planting wet pond vegetation is within
15 cm vertically of the normal pool elevation (California Stormwater BMP Handbook,
2003).

7.5. Operation and maintenance

If wet ponds are correctly designed, constructed and maintained, they can last
indefinitely.
A recommended maintenance schedule for wet ponds is provided in the following table
(Table 7.5.1):
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Table 7.5.1: Typical maintenance activities for wet ponds
Activity

•

Inspect for damage

•

Note signs of hydrocarbon build-up, and deal with

Schedule

Annual

appropriately
•

Monitor for sediment accumulation in the facility and forebay

•

Examine to ensure that inlet and outlet devices are free of

inspection

debris and operational
•

Repair undercut or eroded areas

•

Clean and remove debris from inlet and outlet structures

•

Mow side slopes

•

Removal of sediment from the forebay

•

Monitor sediment accumulations, and remove sediment when
the pool volume has reduced significantly, or the pond
becomes eutrophic

As needed
maintenance
Monthly
maintenance
5 to 7 year
maintenance
20 to 50 year
maintenance

[Source: WMI, 1997]

7.6. Dimensioning

The dimensioning of a wet pond is similar to that of a constructed stormwater wetland. It
is based upon the performance of pollutant removal and it depends on the catchment area,
the hydraulic load, the retention time of runoff and the depth of the wet pond.
If the catchment area and the hydraulic load are known, then the inflow to the wet pond
can be calculated:
Inflow (m3/sec) = Catchment area (ha) × Hydraulic load (m3/sec.ha)

The volume of the wet pond for any given retention time is estimated by the following
equation:
Volume of wet pond (m3) = Retention time (days) × Inflow volume (m3/day)
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The required surface of the wet pond is obtained by dividing the above volume by the
medium depth of the wet pond:
2

Surface of wet pond (m ) =

Volume of wetland (m 3 )
Medium depth of wetland (m)

Site specific cases may be treated by means of the attached ‘Excel’ sheet, where the enduser introduces his values for the catchment area, the hydraulic load, the retention time
and the desired wet pond depth, and obtains the required surface of the wet pond.
However, when sufficient area is available, the wet pond can be dimensioned in the base
of flood control. In that case, the dimensioning of a wet pond is similar to that of a
detention basin.
The following diagrams present the required surface of a wet pond in relation to the
catchment area, for different values of depth and hydraulic load.

Surface of wet pond (m 2)

Depth of wet pond = 1.5 m
Hydraulic load =
80 l/s.ha

1500000
1200000
900000

Hydraulic load =
120 l/s.ha

600000

Hydraulic load =
180 l/s.ha

300000

Hydraulic load =
240 l/s.ha

0
0

50

100

150

Catchment area (ha)

Diagram 7.6.1: Surface of wet pond in relation to the catchment area for depth of 1.5 m
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Surface of wet pond (m 2)

Depth of wet pond = 2.0 m
1200000

Hydraulic load =
80 l/s.ha

1000000

Hydraulic load =
120 l/s.ha

800000
600000

Hydraulic load =
180 l/s.ha

400000

Hydraulic load =
240 l/s.ha

200000
0
0

50

100

150

Catchment area (ha)

Diagram 7.6.2: Surface of wet pond in relation to the catchment area for depth of 2.0 m

Example of dimensioning:
An example of the dimensioning of a wet pond is presented below:
For a catchment area of 8 ha and a hydraulic load of 0.02 m3/sec.ha, the inflow to the wet
pond is:
Inflow (m3/sec) = Catchment area (ha) × Hydraulic load (m3/sec.ha)
⇒ Inflow = 8 ha × 0.02 m3/sec.ha
⇒ Inflow = 0.16 m3/sec

The volume of the wet pond for a retention time of 24 hr is:
Volume of wet pond (m3) = Retention time (days) × Inflow volume (m3/day)
⇒ Volume of wet pond = 24 hr ×

1 d
24 hr

× 0.16

m3
sec
× 86400
sec
d

⇒ Volume of wet pond = 13824 m3

If the medium depth of the wet pond is considered to be 2 m (permanent water level and
temporary flood storage), then the surface of the wetland will be:
2

Surface of wet pond (m ) =

Volume of wetland (m 3 )
Medium depth of wetland (m)
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⇒ Surface of wet pond =

13824 m 3
2 m

⇒ Surface of wet pond = 6912 m2

7.7. Costing

The costs of a constructed wet pond can be separated in the categories below:
•

Preparatory costs, which include process design, engineering site plans,
preconstruction site preparation and in some cases land acquisition.

•

Construction costs, which comprise earthmoving, labour, equipment, supervision,
indirect and overhead charges, and materials (water control structures, pipes,
gravel, concrete, impermeable liner or membrane, mulch).

•

Post-construction costs, which include maintenance, energy consumption,
monitoring and labour.

A way of calculating the cost of a wet pond is the following equation (Brown & Schueler,
1997):
C = 24.5 × V0.705
where:
C: construction, design and permitting cost ($)
V: volume of wet pond needed to control a 10-year storm (ft3)
Using this equation, typical construction costs are:
$ 45,700 for a 1 acre-foot facility
$232,000 for a 10 acre-foot facility
$1,170,000 for a 100 acre-foot facility
Converting the volume of the wet pond from ft3 into m3, the above equation becomes:
C = 302.4 × V0.705

77

where:
C: construction, design and permitting cost ($)
V: volume of wet pond needed to control a 10-year storm (m3)
Using this equation, typical construction costs are:
$ 122,600 for a 0.5 ha-m facility or $24.52/m3
$200,000 for a 1 ha-m facility or $20.0/m3
$1,013,000 for a 10 ha-m facility or $10.13/m3
In contrast, Caltrans (2002) reported spending over $ 448,000 for a pond with a total
permanent pool plus water quality volume of only 1036 m3 (0.8 acre-foot), while the City
of Austin spent $ 584,000 (including design) for a pond with a permanent pool volume of
3,100 m3 (2.5 acre-foot). The large discrepancies between the costs of these actual
facilities and the model developed by Brown & Schueler indicate that the construction
costs are highly site specific, depending on topography, soils, subsurface conditions, the
local labor, rate and other considerations. (California Stormwater BMP Handbook, 2003)
A rough estimation for wet pond construction costs (based only on one case study) is
around $2,000/ha of catchment according to Fletcher (Fletcher et al, 2003).
The annual cost of routine maintenance for wet ponds has typically been estimated at
about 3-5% of the construction cost. (California Stormwater BMP Handbook, 2003)
The costs of constructing a wet pond may be estimated using the curves shown in the
following figure. Land costs are not included. These curves can be used for preliminary
estimates only.
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Figure 7.7.1: Cost curves for wet ponds
[Source: Lynard, 1980]

The above values are adjusted according to ENR 4000 to the year 1998.
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8. CONSTRUCTED STORMWATER WETLANDS

8.1. Description

Constructed stormwater wetlands are engineered systems designed for treatment of
pollutants in stormwater runoff through wetland vegetation uptake, retention and settling.
Generally, they are simple to construct, operate and maintain, but they need to be
carefully designed (Ciria 180, 1997). They comprise a basin with permanent pool of
water throughout the year and they offer valuable wildlife habitat. Usually, wetlands have
pretreatment in order to remove sediment and a settling pool at the outlet. If temporary
storage for flood control is provided above the permanent water level, they can operate as
a water detention device (Ciria 609, 2004).
Constructed stormwater wetlands differ from wet ponds primarily in being shallower and
having greater vegetation coverage. (California Stormwater BMP Handbook, 2003)

Figure 8.1.1: Constructed stormwater wetland
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8.2. Typology

There are two basic types of wetland:
•

surface-flow systems, where the water to be treated flows above the support

medium
•

subsurface-flow systems, where the water flows through the support medium

either horizontally or vertically
The majority of constructed wetlands used to treat surface water runoff have been
surface-flow systems that resemble natural marshes. (Ciria 180, 1997)

8.3. Suitable applications – advantages and disadvantages

8.3.1. Suitable applications:
Constructed stormwater wetlands are a widely applicable stormwater management
practice and can be used over a broad range of storm frequencies and magnitudes,
drainage areas and land use types.
However, they require a relatively large catchment (at least 10 acres or 4 ha), in order to
maintain the permanent pool and reduce the risk of drying out. At sites where infiltration
is too rapid to sustain permanent soil saturation, an impermeable liner may be required.

8.3.2. Advantages:
If properly designed, constructed and maintained, constructed stormwater wetlands can
provide significant water quality improvement across a relatively broad spectrum of
constituents, including dissolved nutrients. They can also be efficient systems for flood
attenuation and reduction of peak discharges. Constructed wetlands may offer valuable
wildlife habitat, specially for water fowl in Mediterranean environment, if they are
located not far from traditional migration corridors of birds and they are adequately
protected from shooting or other threats.
Supposing sufficient capture volume, constructed wetlands can provide significant
control of channel erosion and enlargement caused by changes to flow frequency
relationships, resulting from the increase of impervious cover in a watershed (California
Stormwater BMP Handbook, 2003). They are systems with relatively low maintenance
costs.
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8.3.3. Disadvantages:
The main disadvantage in the use of constructed wetlands is the amount of space
required, which limits their potential use in urban developments. A risk in their operation
is the possible release of nutrients, if vegetation is not harvested before dying, and
mosquito and midge breeding. It should also be mentioned that a constructed wetland
may act as a heat sink, depending on the retention time, thus discharging warmer water to
downstream water bodies.

8.4. Performance

8.4.1. Pollutant removal:
Constructed wetlands are efficient at removing suspended solids and organic matter.
Nutrient removal is the most variable parameter and during seasons that vegetation is not
harvested before dying, wetlands can be net exporters of nutrients (Ciria 609, 2004).
The highest removal efficiencies are associated with wetlands that have pre-treatment to
remove sediment and also a final settling pool.
Plant uptake is considered to be important pollutant removal mechanism in surface-flow
constructed wetlands due to the high contact area presented to the stormwater by these
fully planted systems. However, the potential for plant uptake is higher in subsurfaceflow constructed wetlands, because of the increased contact of the stormwater with
elaborate root systems of the densely planted vegetation. (Scholes, Revitt and Ellis, 2004)
Provision of an adequate treatment volume is critical to the satisfactory performance of a
wetland system. Monitoring of a wetland in the USA with a treatment volume equal to
2.5 mm of rainfall on the catchment, demonstrated the poor performance this gave in
large storms where the runoff exceeded the treatment volume provided in the wetland.
The main conclusions of the study were that pollutant removal is much better when a
storm does not exceed the capacity of the wetland, and that it improves with increasing
volume-to-catchment ratio. (Schueler, 2000n)
Research results about constructed wetlands that receive highway runoff in the UK,
France, Canada and the United States with the pollutant removal efficiencies are
presented in Report 5.1. (Revitt, Ellis and Scholes, 2003).
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The performance of constructed wetlands in pollutant removal declines if they are
covered by ice or receive snowmelt. It also declines during the non-growing season and
during the fall, when the vegetation dies back. Until vegetation is well established,
pollutant removal efficiencies may be lower than expected.
Variations in water levels adversely affect pollutant removal and a consistent baseflow is
required for a wetland if the pollutant-removal performance is to be maximized.
Horizontal flow of water through the root zone of wetland vegetation, which is important
for pollutant removal, should be encouraged by using a gravel support medium in the
base of the wetland.

8.4.2. Flood control:
Constructed wetlands are primarily designed for treatment of pollutants in runoff.
Nevertheless, an additional function of wetlands is the flood control. It has already been
mentioned that wetlands with their large surface can operate as an efficient water
detention device, if a temporary storage can be provided above the permanent water
level.
For example, for an extra depth of 0.50 m above the permanent water level, a wetland
offers 5000 m3/ha of its surface.
The relation between inflow, outflow and storage volume is the same as for detention
basins. Dimensioning tables presented in the paragraph of detention basins can
accordingly be applied for the case of constructed wetlands.

8.5. Design criteria

8.5.1. Soil requirements:
There are no particular soil requirements for wetlands. In case underlying soils are
permeable and groundwater is present at depth, an impermeable liner may be needed to
maintain water levels and prevent groundwater contamination.

8.5.2. Hydraulic design:
The main features of a constructed stormwater wetland are shown in the following figure
(Figure 8.5.2.1):
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Figure 8.5.2.1: Schematic of a constructed stormwater wetland
[Source: Ciria C609, 2004]

Generally, the main hydraulic design criteria of constructed stormwater wetlands are:
•

Pre-treatment, such as sediment forebay for the retention of sediment and free
hydrocarbons, is vital to the successful operation of a stormwater wetland. This
forebay should have a capacity of at least 10% of the total treatment volume,
depth of about 1.2 m, and provide a direct and convenient access for cleanout.
The flow from the forebay in the wetland should be via a level spreader to
promote even, well-distributed flow.

•

Most constructed stormwater wetlands are surface-flow systems, comprising
shallow vegetated areas (0.3-0.6 m deep) and open water areas (25-50% of the
total area) no more than about 1.2 m deep, in which the water flows above the
support medium.

•

Flow from the wetland should be conveyed through an outlet structure located
within the deeper areas of the wetland. Discharging from the deeper areas using a
reverse slope pipe prevents the outlet from clogging. A micropool, having a
capacity of at least 10% of the total treatment volume, about 0.9-1.8 m deep, is
also recommended just prior to the outlet in order to prevent outlet clogging.
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•

Constructed stormwater wetlands must have an emergency spillway capable of
bypassing runoff from large storms without damage to the impounding structure.

•

An orifice or other outlet structure can be used to restrict the discharge to the
required flow.

•

A typical drain may be constructed with an upward-facing inverted elbow. The
dewatering feature eases planting and follow-up maintenance.

•

Surface-flow wetlands operate as an open channel. Pollutant removal is dependent
on the retention time of runoff within the wetland, which varies from 16 to 36 hr.
The retention time is controlled by ground slope, water depth, type of vegetation,
configuration and shape of the wetland.

•

The required volume of wetland for any given retention time is estimated using
the following evident relation:
Volume of wetland (m3) = Retention time (days) × Inflow volume (m3/day)

•

In order to prevent short-circuiting and surface skimming that reduce residence
time and thus pollutant removal, the flow velocity through the wetland should be
maintained below

3 × 10-3 m/s. The assumed flow velocity is obtained by

dividing the inflow volume by the surface area of the wetland. Another way of
increasing residence time is designing shallow marshes with sinuous pathways.
•

A maximum storage time above the permanent water level of 24 hr may be
specified to prevent damage to vegetation, but this has to be weighed against the
need to maximize retention time for pollutant removal and flooding protection.

•

The balance between flood storage and treatment requirements depends on the
land availability and where space is limited, the constructed wetland could be
designed in order to treat only the first flush contained in the initial 5-10 mm of
effective runoff (Revitt, Ellis and Scholes, 2003).

Various design criteria that have been proposed for wetlands are given below (Table
8.5.2.1):
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Table 8.5.2.1: Design criteria for constructed stormwater wetlands

[Source: Ciria C609, 2004]

8.5.3. Erosion – Extreme events:
Protection from erosion should be provided at the inlets to the wetland and below the
outlet. Side slopes of the wetland will tend to erode whenever the detained water surface
fluctuates frequently. For this reason, good vegetation is needed to protect the side slopes,
or even structural measures can be used to supplement vegetation. (Urbonas & Stahre,
1993)
An overflow weir has to be constructed in cases of flows from extreme events that exceed
the design storage capacity of the wetland.

8.5.4. Planting:
Vegetation is important because it promotes the settlement of suspended matter and
stabilizes the sediments in the base of the wetland. The least expensive and most effective
way of planting a wetland is to allow natural colonization. Planting density varies but is
usually between four to eight plants per square meter.
If vegetation covers the majority of the facility, open water is confined to a few well
defined channels. This can limit mixing of the stormwater runoff with the permanent pool
and reduce the effectiveness as compared to a wet pond where the majority of the area is
open water.

87

8.6. Operation and maintenance

If correctly designed and maintained, wetland areas can last indefinitely.
Two points that need to be specially dealt with for the safe operation of a wetland are the
following (Ciria 180, 1997):
•

The most usual pests that infest constructed wetlands are mosquitoes, so their
population has to be maintained below threshold levels for either disease
transmission or nuisance. The use of pesticides is not appropriate where a site has
conservation or habitat objectives. Mosquito control can be achieved by
preventing ponding, since the larvae are easily washed out of surface-flow
wetlands, or by feeding of the influent flow with effective distribution and
effluent recycling. Excessive populations of insects can be also biologically
controlled. Additionally, introducing mosquito fish and providing access for
vector inspectors, could be another way of dealing with mosquitoes (California
Stormwater BMP Handbook, 2003).

•

It is an inescapable fact that treatment of pollutants causes odor. Nevertheless,
odors can be minimized or avoided by appropriate design and operation. One of
the benefits of growing vegetation in a constructed wetland is that the plants and
associated litter layer provide a natural biofilter. Indeed, reeds will themselves
develop a population of de-odorising microorganisms, which will assist in
limiting odors from the system.

Management of constructed stormwater wetlands should include monitoring of wildlife,
specially birdlife, and use of ecological indicators.
A recommended maintenance schedule for constructed wetlands is given below (Table
8.6.1):
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Table 8.6.1: Typical maintenance activities for constructed stormwater wetlands

[Source: Ciria C609, 2004]

Operation and maintenance schedules are also given in Report 5.1 (Revitt, Ellis and
Scholes, 2003).
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8.7. Dimensioning

The dimensioning of a wetland depends on the catchment area, the hydraulic load, the
retention time of runoff and the depth of the wetland.
If the catchment area and the hydraulic load are known, then the inflow to the wetland
can be calculated:
Inflow (m3/sec) = Catchment area (ha) × Hydraulic load (m3/sec.ha)
It has already been mentioned that the volume of the wetland for any given retention time
is estimated by the following equation:
Volume of wetland (m3) = Retention time (days) × Inflow volume (m3/day)
The required surface of the wetland is obtained by dividing the above volume by the
medium depth of the wetland:
Surface of wetland (m2) =

Volume of wetland (m 3 )
Medium depth of wetland (m)

Dimensioning criteria:
•

The flow velocity through the wetland should be maintained below

3 × 10-3 m/s

in order to prevent short-circuiting and surface skimming:
u (m / sec) =
•

Inflow volume (m 3 / sec)
Surface of wetland (m 2 )

The surface area of the wetland has to be at least 1% of the catchment area.

Site specific cases may be treated by means of the attached ‘Excel’ sheet, where the enduser introduces his values for the catchment area, the hydraulic load, the retention time
and the desired wetland depth, and obtains the required surface of the constructed
stormwater wetland.
The following diagrams present the required surface of a constructed stormwater wetland
in relation to the catchment area, for different values of depth and hydraulic load.
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Diagram 8.7.1: Surface of constructed stormwater wetland in relation to the catchment

area for depth of 0.5 m

Surface of constructed
wetland (m 2)

Depth of constructed wetland = 1.0 m
2500000

Hydraulic load =
80 l/s.ha

2000000
1500000
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Hydraulic load =
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500000

Hydraulic load =
240 l/s.ha

0
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50

100

150
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Diagram 8.7.2: Surface of constructed stormwater wetland in relation to the catchment

area for depth of 1.0 m

Example of dimensioning:
An example of the dimensioning of a wetland is presented below:
For a catchment area of 6 ha and a hydraulic load of 0.02 m3/sec.ha, the inflow to the
wetland is:
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Inflow (m3/sec) = Catchment area (ha) × Hydraulic load (m3/sec.ha)
⇒ Inflow = 6 ha × 0.02 m3/sec.ha
⇒ Inflow = 0.12 m3/sec
The volume of the wetland for a retention time of 16 hr is:
Volume of wetland (m3) = Retention time (days) × Inflow volume (m3/day)
1 d

m3
sec
⇒ Volume of wetland = 16 hr ×
× 86400
× 0.12
24 hr
sec
d
⇒ Volume of wetland = 6912 m3
If the medium depth of the wetland is considered to be 0.8 m (permanent water level and
temporary flood storage), then the surface of the wetland will be:
2

Surface of wetland (m ) =

Volume of wetland (m 3 )
Medium depth of wetland (m)

⇒ Surface of wetland =

6912 m 3
0.8 m

⇒ Surface of wetland = 8640 m2

8.8. Costing

The costs of a constructed wetland can be separated in the below categories:
•

Preparatory costs, which include process design, engineering site plans,
preconstruction site preparation and in some cases land acquisition.

•

Construction costs, which comprise earthmoving, labour, equipment, supervision,
indirect and overhead charges, and materials (water control structures, pipes,
gravel, concrete, impermeable liner or membrane, mulch).

•

Post-construction costs, which include maintenance, energy consumption,
monitoring and labour.

Construction costs quoted in the UK: for surface flow systems are 16-100 £/m2 and for
subsurface-flow systems 35-300 £/m2 (Ciria 180, 1997).
Design and construction costs for constructed stormwater wetlands in Penrith/Blacktown
have been estimated at around $500,000 per ha of surface area. (Taylor, 2004)
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Another source of calculating the cost of a constructed stormwater wetland is the
following equation (Brown & Schueler, 1997):
C = 30.6 × V0.705
where:
C: construction, design and permitting cost ($)
V: wetland volume needed to control a 10-year storm (ft3)
Using this equation, typical construction costs are:
$ 57,100 for a 1 acre-foot facility
$289,000 for a 10 acre-foot facility
$1,470,000 for a 100 acre-foot facility
Converting the volume of the wetland from ft3 into m3, the above equation becomes:
C = 377.8 × V0.705
where:
C: construction, design and permitting cost ($)
V: wetland volume needed to control a 10-year storm (m3)
Using this equation, typical construction costs are:
$ 153,100 for a 0.5 ha-m facility or $30.6/m3
$250,000 for a 1 ha-m facility or $25.0/m3
$1,265,000 for a 10 ha-m facility or $12.65/m3
Wetlands occupy about 3-5% of the land that drains to them, which is relatively high
compared with other stormwater management practices. In areas where land value is
high, constructed wetlands are becoming an infeasible option. (California Stormwater
BMP Handbook, 2003)
Annual operating costs in the USA for surface-flow wetlands are calculated at generally
less than 400-600 £/ha. This includes pumping energy, mechanical maintenance and pest
control. (Brown & Reed, 1994)
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Generally, the annual cost of routine maintenance for constructed wetlands is estimated at
about 3-5% of the construction cost. (California Stormwater BMP Handbook, 2003)
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9. PAVEMENTS WITH A STORING STRUCTURE

9.1. Description

Pavements with a storing structure are pavements designed to minimise surface runoff.
They allow rainwater to enter into the underlying construction layers, where water is
stored prior to infiltration to the ground, reuse or being released to a drainage system.

Figure 9.1.1: Pavement with a storing structure in a parking area

9.2. Typology

There are three main types of pavements with a storing structure:
•

Porous pavings, when the surface can itself be porous such that water infiltrates

across the entire surface of the material, e.g., grass and gravel surfaces, porous
concrete and porous asphalt. (California Stormwater BMP Handbook, 2003)
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Figure 9.2.1: Porous paving
[Source: Urbonas & Stahre, 1993]

•

Permeable pavings, when the surface is built up of impermeable blocks

separated by permeable spaces and joints, through which the water can infiltrate
(California Stormwater BMP Handbook, 2003)

Figure 9.2.2: Permeable paving
[Source: Urbonas & Stahre, 1993]

•

Impermeable pavings with side or central gutter leading to drains storing inflow

into the underlying construction layer (chaussée à structure reservoir)
(Encyclopédie de l’ Hydrologie Urbaine et de l’ Assainisement, 1997)
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Figure 9.2.3: Impermeable paving
[Source: Encyclopédie de l’ Hydrologie Urbaine et de l’ Assainisement, 1997]

9.3. Suitable applications – advantages and disadvantages

9.3.1. Suitable applications:
Pavements with a storing structure can be used on a wide variety of sites, such as roads,
sidewalks, trails, residential driveways and parking areas, for both infiltration and
attenuation of surface water, collected from paved areas and roof catchments. In terms of
flood attenuation, pavements with a storing structure are quite efficient as they can
temporarily store runoff from events with an annual probability of less than 1% (T≥100).
They are also suitable for incorporation into rainwater reuse projects.

9.3.2. Advantages:
Pavements with a storing structure reduce the volume and rate of runoff and improve
water quality. They can be used in confined urban situations, with a reduced need for
excavations for drainage. Another advantage of pervious surfaces is that costs are
comparable to or lower than conventional surfacing and drainage solutions. (Ciria C582,
2002)
Pavements with a storing structure permit groundwater recharge, thus contributing to the
restoration of the natural water cycle. By reducing runoff, they contribute to the reduction
of soil erosion. They also support, by a kind of sub-surface irrigation, the adjacent
vegetation and they are better integrated into the environment, as their hydraulic
performance is internal and not visible (Encyclopédie de l’ Hydrologie Urbaine et de l’
Assainisement, 1997).
Additionally, pervious pavements improve traffic security allowing a better visibility of
road signalisation and reducing the risk of ice formation. They are also systems that
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eliminate surface ponding over parking areas and reduce the projection of water on cars
and pedestrians.

9.3.3. Disadvantages:
Pavements with a storing structure need to be frequently sweeped in order to maintain the
infiltration rate and avoid clogging. They are unsuitable for industrial areas where a large
sediment load in the runoff can cause early blockage of the pavement. (Ciria C582, 2002)
Porous block paving has a higher risk of abrasion and damage than solid blocks.
Moreover, clogging risk can be increased by repair works or works related to the
installation of utility networks.
In comparison to conventional pavements, the cost of pervious pavements can be 20%
higher due to additional material costs.

9.4. Performance

9.4.1. Pollutant removal:
The main pollutants in urban runoff are sediment (dirt and debris), heavy metals (from
the brake linings of cars) and hydrocarbons.
The main mechanisms that reduce the concentration of pollutants in pervious pavements
are the following:
•

Retention of pollutants within the pervious construction layer by physical
entrapment or adsorbsion on materials

•

Entrapment of hydrocarbons and other organic materials in the upper layers of the
construction and degradation by micro-organisms

The pollutants are trapped within the construction at various locations according to the
type of pervious construction. In cases where a geotextile is installed, much of the
pollution is retained on it, regardless of whether it is in the upper layers or at the base. It
has been found that the geotextile retains 60-90% of the oil entering the construction,
with some 99% from the runoff being trapped in the construction as a whole over a fouryear period (Pratt, 1999).
The pollutant removal efficiencies of two pervious pavements in France are presented in
the following table (Table 9.4.1.1):
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Table 9.4.1.1: Average values of pollutants removal
Site

Parc d’échange
(Bordeaux)
Avenue porte

Composition

COD

TSS

Pb

89%

50%

93%

54%

70%

78%

Draining layer (5 cm) + porous concrete (17 cm)
Comparison with conventional neighboring
parking area
Porous concrete (16 cm) + concrete

de Vitry (Paris) Comparison with cobbled pavement
[Source: Encyclopédie de l’ Hydrologie Urbaine et de l’ Assainisement, 1997]

Regardless of the efficiency of pervious pavements in pollutant removal, the groundwater
level should be at least 1 m below the pavement construction, in order to avoid the risk of
ground water contamination.

9.4.2. Hydraulic performance:
Whereas impermeable surfaces drain most efficiently when laid to a gradient, pervious
pavements are most advantageous when laid horizontally, so that rainfall infiltrates where
it hits the surface with no tendency to flow laterally, achieving the largest water storage
capacity (Revitt, Ellis and Scholes, 2003). However, even when laid at gradients up to
10%, laboratory results have shown rapid infiltration can occur with limited downslope
movement on a pervious surface.
Once the rainwater has entered the pervious surface, it may flow out of the construction
through the base to groundwater or, if the construction is undersealed, the water will be
intercepted by a drainage network and discharged from the sub-base to a suitable
receiving drainage system.
Peak runoff can be reduced through retention of the stored water into the constructed
underlying layers with or without an impermeable geomembrane to the base.
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9.5. Design criteria

9.5.1. Soil requirements:
Pavements with a storing structure can be constructed in all soil types. If infiltration is
required, then the hydraulic conductivity should be greater than 10-6 m/s (Ciria 21, 1995;
Ciria 156, 1996). This means that clayey soils are not suitable for infiltration.

9.5.2. Hydraulic design:
In the hydraulic design of a pavement with a storing structure, the parameters that need to
be taken under consideration are the infiltration of rainwater through the surface, if this is
the case, the storage of the water volume within the construction and the flow of water
out of the pavement structure.
Generally, the main hydraulic design criteria are:
•

The design surface infiltration rate must exceed the design rainfall intensity, if
surface ponding of rainwater is to be avoided. The infiltration rates of most
pervious surfaces are so much greater than rainfall intensity that even when left
unmaintained, the infiltration rate of pervious surfacing may still be sufficient to
allow infiltration of the design rainfall events. It is, however, important to
properly maintain the permeable pavement, especially during the construction
phase. (Revitt, Ellis and Scholes, 2003)

•

Storage volume can be calculated based upon the volume and porosity of the
underlying storage construction. The storage volume should correspond to a
duration between 24 hours and 48 hours to empty.

•

For outflow via piped systems the storage below the pavement should be designed
as a tank system with a limiting discharge rate.

•

The available internal storage volume should be carefully assessed, particularly
where the subgrade is sloping. There is a major advantage to horizontal pervious
constructions, as the available storage is then the full rectangular cross-section of
the structure. Where the subgrade is sloping, a wedge storage volume is available
and care is needed to ensure that water does not rise in depth within the
downstream end of the wedge in order to avoid surface flooding. (Ciria C582,
2002)
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Figure 9.5.2.1: Schematic of pavement with a storing structure inclined with partitions
[Source: Encyclopédie de l’ Hydrologie Urbaine et de l’ Assainisement, 1997]

9.5.3. Erosion – Extreme events:
Erosion of pervious pavements is not usually a problem (although the underlying
materials must be specified so that it does not occur). However, erosion of adjacent areas
must be avoided, because it introduces fine materials onto the surface of the pervious
pavements and increases the risk of clogging.
The storage capacity of pavements with a storing structure is often quite large to confront
extreme events, as the pavement thickness is based on structural requirements rather than
drainage needs.

9.5.4. Structural design:
The design of each layer of the pavement is determined by the expected traffic loadings
and its required operational life.
Conventional pavement design methods can be used for the design of pervious
pavements, taking under consideration the following characteristics of pervious surfaces:
•

Pervious pavements use materials with high permeability and void space.

•

Water is present within the construction and can soften and weaken materials.

•

Existing design methods assume full friction between layers. Any geotextiles or
geomembranes must be carefully specified to minimise loss of friction between
layers.
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•

Porous asphalt loses adhesion and becomes brittle as air passes through the voids.
Its durability is therefore lower than conventional materials.

Depending upon the surface material and use of the pavement, the underlying
construction may consist of or include (Ciria C582, 2002):
•

soil, sharp sand, crushed rock

•

one or more layers of different materials, e.g. granular and/or geosynthetic layers

•

a permeable geotextile or an impervious geomembrane

It may also be equipped with drainage networks to discharge water entering or flowing
through the construction. Drainage networks are specially important to collect the
infiltrated water where the surrounding soils possess low hydraulic conductivity values
(Revitt, Ellis and Scholes, 2003).

9.6. Operation and maintenance

Like any environmental filter, porous paving requires maintenance. A minimum sixmonthly ‘brush and suction’ cleaning is recommended in order to maintain the
performance efficiency of the porous paving surface. (Revitt, Ellis and Scholes, 2003)
Inadequate maintenance will almost certainly become evident through standing water on
the pervious surface for unacceptably long periods. If cleaning does not restore
infiltration rates, then reconstruction of part or the whole of a pervious surface may be
required. When correctly designed and maintained, pervious pavements can provide a
design life of at least 20 years (Ciria C609, 2004).
A recommended maintenance schedule for pervious pavements is provided below (Table
9.6.1):
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Table 9.6.1: Maintenance requirements for pervious pavements

[Source: Ciria C609, 2004]

9.7. Dimensioning

Figure 9.7.1: Schematic of a pervious pavement
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The system is designed taking into consideration that the runoff capacity of the filter
drainage pipe is negligible in relation to infiltration and the storage volume of the subbase.
The total area drained to the BMP is given by the following equation:
At = Ai + Ap,
where,
At: is the total area drained to the porous surface
Ai: is the adjacent impermeable areas drained to the porous surface
Ap: is the porous surface
The necessary depth (dp) of the sub-base under the porous surface is calculated according
the following equation (Ciria C582, 2002):

dp =

td
e

⎛ At
⎞
⎜
⋅i − K ⎟
⎜A
⎟
⎝ p
⎠

The parameters regarding the analysis are the variables of the above equation:


The ratio of total area drained to the porous surface to the porous surface area:
At/Ap, with values ranging from 1 to 4.



Rainfall duration, td [hours], with values ranging from 10 min to 60 min



The porosity of sub-base material (voids volume/total volume), e (%), which is
considered to be 40% for the following analysis.



Rainfall intensity reduced to the area, i [l/(s.ha)], with values ranging from 80
l/(s.ha( to 200 l/(s.ha), converted to mm/h from 28.8 to 86.4



The infiltration coefficient of the sub-base material, K [mm/h], ranging from 10
mm/h (2.78 x 10-6 m/s) to 80 mm/h (2.22 x 10-5 m/s). If infiltration to groundwater
is not desirable and there is a drainage network, then K represents the outflow
from the system.
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The required depth of the sub-base is calculated from consideration of the steady-state
mass balance of inflow to and outflow from the pavement.
The designer can estimate the values of the two variables: At/Ap and i. He chooses then
the product of the above variables from Table 9.7.1.

Table 9.7.1

1
i

i

[l/(s.ha)]
80
120
180
240

[mm/h]
28,8
43,2
64,8
86,4

80
120
180
240

At/Ap
2
(At/Ap)* i
[l/(s.ha)]
160
240
360
480

4

320
480
720
960

For each value of the results of Table 9.7.1 (i.e. for 10 values, from 80 to 960) there are
10 tables.
The tables that follow contain certain extremely small values of depth that are structurally
unfeasible. This is owed to the small difference between the intensity of rainfall and the
infiltration coefficient of the sub-base material.

Table 9.7.2
(At/Ap)* i =80
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

0,78
1,57
2,35
4,70

0,37
0,73
1,10
2,20

-

-
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Table 9.7.3
(At/Ap)* i =120
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

1,38
2,77
4,15
8,30

0,97
1,93
2,90
5,80

0,13
0,27
0,40
0,80

-

Table 9.7.4
(At/Ap)* i =160
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

1,98
3,97
5,95
11,90

1,57
3,13
4,70
9,40

0,73
1,47
2,20
4,40

-

Table 9.7.5
(At/Ap)* i =180
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

2,28
4,57
6,85
13,70

1,87
3,73
5,60
11,20

1,03
2,07
3,10
6,20

-
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Table 9.7.6
(At/Ap)* i =240
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

3,18
6,37
9,55
19,10

2,77
5,53
8,30
16,60

1,93
3,87
5,80
11,60

0,27
0,53
0,80
1,60

Table 9.7.7
(At/Ap)* i =320
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

4,38
8,77
13,15
26,30

3,97
7,93
11,90
23,80

3,13
6,27
9,40
18,80

1,47
2,93
4,40
8,80

Table 9.7.8
(At/Ap)* i =360
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

4,98
9,97
14,95
29,90

4,57
9,13
13,70
27,40

3,73
7,47
11,20
22,40

2,07
4,13
6,20
12,40
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Table 9.7.9
(At/Ap)* i =480
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

6,78
13,57
20,35
40,70

6,37
12,73
19,10
38,20

5,53
11,07
16,60
33,20

3,87
7,73
11,60
23,20

Table 9.7.10
(At/Ap)* i =720
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

10,38
20,77
31,15
62,30

9,97
19,93
29,90
59,80

9,13
18,27
27,40
54,80

7,47
14,93
22,40
44,80

Table 9.7.11
(At/Ap)* i =960
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

13,98
27,97
41,95
83,90

13,57
27,13
40,70
81,40

12,73
25,47
38,20
76,40

11,07
22,13
33,20
66,40

Each one of the 10 tables can be used as follows:
The designer estimates the two variables K and td and their intersection yields the
required Depth dp [cm] of the porous surface.
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Example 1
If the designer has estimated the product of the two variables: (At/Ap)* i equal to 720
l/(s.ha) he would then have to refer to Table 9.7.10.

Table 9.7.10
(At/Ap)* i =720
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

10,38
20,77
31,15
62,30

9,97
19,93
29,90
59,80

9,13
18,27
27,40
54,80

7,47
14,93
22,40
44,80

The designer then, selects the infiltration coefficient of the sub-base material 10 mm/h
and the rainfall duration 10 min and from Table 9.7.10 he obtains the depth of the subbase 10.38 cm, so that the quantity of the remaining water over the porous surface is
limited to acceptable values.
Example 2
If the designer has estimated the product of the two variables: (At/Ap)* i equal to 840
l/(s.ha) he would then need to interpolate between two tables: Table 9.7.10 and Table
9.7.11.
Table 9.7.10
(At/Ap)* i =720
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

10,38
20,77
31,15
62,30

9,97
19,93
29,90
59,80

9,13
18,27
27,40
54,80

7,47
14,93
22,40
44,80
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Table 9.7.11
(At/Ap)* i =960
K [mm/h]

10
td
[min]
10
20
30
60

20

40

80

Depth dp [cm]

13,98
27,97
41,95
83,90

13,57
27,13
40,70
81,40

12,73
25,47
38,20
76,40

11,07
22,13
33,20
66,40

The designer then selects the infiltration coefficient of the sub-base material 10 mm/h
and the rainfall duration 10 min and he obtains the depth 10.38 cm from Table 9.7.10 and
13.98 cm from Table 9.7.11.

The final depth is 12.18 cm that is the interpolation between the values 10.38 cm and
13.98 cm.

9.8. Costing

In the following tables the works and the quantities of the materials used for the
construction of the pervious surfaces of two different types are described. The presented
unit cost values are based on actual prices in Greece.
The first table is concerning the case of porous paving material (asphalt), whereas the
second table refers to the case of paving with intermediate pervious layer of soil.
The works and the quantities of the construction materials are calculated per m2 and for
depth of sub-base 0.5 m.
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Table 9.8.1: Direct cost for the construction of 1 m2 of pervious pavement with

permeable asphalt

1
2

Unit cost

Direct cost

[€]

[€/m2]

0.70

12.00

8.40

m3.km

0.70

0.50

0.35

Works / materials

Unit

Quantity

Excavation

m3

Transportation and deposition of
excavations at a distance of 5 km

3

Coarse aggregate 0.5 m

m3

0.50

11.00

5.50

4

Supply and installation of the pipe

m

1.00

10.80

10.80

5

Permeable asphalt material 0.15 m

m2

0.15

105.00

15.75

tn.km

0.04

31.00

1.24

TOTAL

42.04 €/m2

6

Transportation of pipes (at a
distance of 10 km)

Table 9.8.2: Direct cost for the construction of 1 m2 pervious pavement with pavement slabs

1
2

Unit cost

Direct cost

[€]

[€/m2]

0.70

12.00

8.40

m3.km

0.70

0.50

0.35

Works / materials

Unit

Quantity

Excavation

m3

Transportation and deposition of
excavations at a distance of 5 km

3

Coarse aggregate 0.5 m

m3

0.50

11.00

5.50

4

Supply and installation of the pipe

m

1.00

10.80

10.80

5

Concrete pavement slabs 0.05 m

m2

0.04

135.81

5.43

6

Sand 10 cm

m3

0.10

20.04

2.00

tn.km

0.04

31.00

1.24

TOTAL

33.73 €/m2

7

Transportation of pipes (at a
distance of 10 km)

The direct cost that has been estimated above includes only materials and labour. In order
to convert direct cost into total cost, taxes, overhead and financial charges, bonds, etc
have to be added. These additional charges are typically estimated between 60-100% of
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the direct cost. Accordingly, the total cost for the construction of a porous pavement is
considered to be between 1.6 × 42.04 – 2.0 × 42.04 €/m2 = 67.0 – 84.0 €/m2, while the
equivalent cost for a permeable pavement is 1.6 × 33.73– 2.0 × 33.73 €/m2 = 54.0 – 67.0
€/m2.

According to data obtained from Germany, the cost for a new porous pavement is around
50 €/m2. If the old pavement has to be removed first, the cost is about 65 €/m2.
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10. GREEN ROOFS

10.1. Description

A green roof is a multi-layer system that covers the top of a building with vegetation.
Below the surface, green roofs can include various layers of soil or substrate, drainage,
protection, waterproofing and insulation. They are systems that provide an innovative
stormwater management solution and are included among BMPs techniques. In addition,
green roof systems fight the Urban Heat Island Effect (the phenomenon where there is a
temperature increase in cities in comparison to their surrounding areas) and they upgrade
aesthetically buildings and neighborhoods (Santamouris et al, 2002).

Figure 10.1.1: Green roof

10.2. Typology

There are two main types of green roofs:
•

Extensive, which covers the entire roof area with low-growing, low-maintenance

plants. It is a simple, lightweight, cost-effective system that can be used in a wide
variety of locations with minimal maintenance.
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Figure 10.2.1: Extensive green roof

•

Intensive, which includes planters or trees and in some cases water features and

storage of rainwater for irrigation. This system generally imposes far greater loads
on the roof structure and requires significant ongoing maintenance.

Figure 10.2.2: Intensive green roof

10.3. Suitable applications – advantages and disadvantages

10.3.1. Suitable applications:
Green roofs can be used on most roofs but are ideal for use on flat or gently sloping roofs
(roof slope less than 5%) (Revitt, Ellis and Scholes, 2003) to commercial buildings, sports
centers, schools and similar buildings.
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10.3.2. Advantages:
They are suited to high-density urban areas where there is limited space for other
techniques and they are feasible on most roofs because of the development of
geosynthetics to provide lightweight drainage layers.
Green roofs also improve air quality by producing oxygen and filtering rain and provide
valuable wildlife habitat (especially birds and butterflies), helping generally the urban
ecology. (Scholz-Barth, 2001)
They are systems that slow building heat gain and loss, as the vegetation prevents rapid
air exchange, which improves the energy performance of a building. They primarily help
natural cooling of buildings, because of the plants that transform heat and soil moisture
into humidity through evapotranspiration processes. (Scholz-Barth, 2001)

10.3.3. Disadvantages:
If there is lack of proper inspection and maintenance, the water may pond for prolonged
periods and damage the waterproofing membrane, causing leakage into buildings.
(Urbonas & Stahre, 1993)
If green roofs is the only BMP that may be used in an area, then a high percentage of
green roofs is necessary to achieve substantial stormwater control.

10.4. Performance

10.4.1. Pollutant removal:
Pollutant removal mechanisms in green roofs include filtering and adsorption by the
substrate and drainage layers and retention by plants. The removal efficiency depends on
factors like plant layer, season, nature of pollutants, temperature and light levels.
However, pollutant removal is not of great concern, because rain that hits a green roof
carries only atmospheric fallout in relatively low concentrations (mostly heavy metals
and suspended solids).
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10.4.2. Hydraulic performance:
The green roof influences the runoff hydrograph in two ways (Figure 10.4.2.1):
•

Interception and retention of rainfall from the early part of a storm.

•

Limiting the maximum release rate of runoff.

When rain hits a green roof and after the field capacity of the soil layer is reached, the
water drains through to the drainage layer below at a rate that is roughly equal to the
saturated hydraulic conductivity of soil or growth medium. Temperature, wind speed,
substrate depth and growing season are three factors that affect water removal from
system and the total volume of runoff released to the drainage system.

Figure 10.4.2.1: Runoff hydrograph from a green roof
[Source: New Jersey Department of Environmental Protection, 2000]

The composition of the substrate is a major factor in the performance of green roofs. The
mineral components commonly used have a water retention capacity of 15-50%. Studies
of the performance of green roofs in Germany indicated that green roofs can generally
retain 40-100% of rainfall depending on the season (Tarr, 2002).

10.5. Design criteria

10.5.1. Hydraulic design:
The main features of a green roof are shown in the following figure (Figure 10.5.1.1):
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Figure 10.5.1.1: Example details of a green roof
[Source: Tarr, 2002]

Generally, the hydraulic design criteria of a green roof are:
•

It is suggested that green roofs are designed to attenuate storms with up to a 50%
annual probability of exceedance (T=2). Nevertheless, they do contribute to
attenuation of flows from larger storms and this should be taken into account
when sizing other BMPs devices on a site (New Jersey Department of
Environmental Protection, 2000).

•

Another suggestion for the design of green roofs is the condition of sustainability
in an area (the runoff of an area’s remaining surfaces is equal to the runoff before
urbanization).

•

The drainage system should be designed to carry the necessary volume of water
from the roof, based on the transmissivity of the layer, without ponding on top of
the waterproofing. A minimum transmissivity of at least 186 lt/min.m, but the
value for any site depends on the site-specific parameters (New Jersey
Department of Environmental Protection, 2000).

•

The plants in a green roof system remove a significant proportion of rainfall by
transpiration and evaporation, so that the overall volume of runoff is reduced.
This should be taken into account when quantifying the performance of a green
roof.

•

Multiple outlets should be provided to green roofs in order to accept runoff from
both the drainage layer and the system surface and minimize the risk of a
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blockage. It is recommended that every point on a green roof should be less than
30 m from an outlet, and that each gutter drains a maximum roof area of 700 m2.
The water depth on the roofs depends on the return period of the storm selected
and the acceptable flow rate at the outlet of the building to the public drainage
system. (Revitt, Ellis and Scholes, 2003)

10.5.2. Erosion – Extreme events:
Erosion is caused by the following three mechanisms: wind blow, wind suction and
rainfall.
It can be minimized by:
•

specifying the correct substrate formulation

•

using rapidly stabilizing plant cover

•

ballasting vulnerable areas

The green roof should be designed in order to deal with short-duration extreme events, so
that the runoff does not compromise the performance of the structure.

10.5.3. Structural design:
Typically, a green roof applies a load of between 0.7 kN/m2 and 2.4 kN/m2 depending on
factors such as soil thickness and water-retention capacity. The design load should
assume a saturated soil.
The waterproofing layer is a vital component of the green roof system. Usually, the types
of membrane that are used are:
•

rubberized asphalt applied directly to the roof as a hot liquid

•

single-ply thermoplastic sheet membranes that are typically installed over a
vapour barrier and insulating layer.

Also, the waterproofing membrane may need to be anchored to the roof in order to resist
wind uplift forces.
The drainage layer is located over the waterproofing layer and is connected to the gutters
and downpipes. It keeps the growing medium aerated, holds some water for times of
drought and drains excess water. Usually, geocomposite drainage systems are used, as
they are lightweight and provide efficient drainage.
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The geotextile separation layer prevents clogging of the drainage layer and also roots
penetration of both the drainage layer and the underlying waterproofing layer.
The lightweight soil/growth medium is kept as thin as the planting will allow (typically,
75-100 mm thickness is acceptable). Low-density soils with good water retention are
required including mixtures of organic and mineral material.

10.5.4. Planting:
The roof-top microclimate is a difficult environment for plants to survive in. That’s why
the vegetation has to cope with periodic rainfall interspersed with hot and dry drought
periods. Plants also have to contend with high winds and low winter temperatures.
The choice of plants also depends on the other layers in the roof design and on sun and
shade conditions. The plants chosen should be appropriate for the substrate used, its
thickness and the environmental conditions.
Most commonly used plants are succulents and other low growing plants that are capable
of storing water in either leafs, bulbs or roots. Plants successfully used in shallow soil
beds on roof surfaces include various species of sedum, sempervivum, creeping thyme,
allium, phloxes, anntenaria, armeria and ambrieta. What makes these plants good green
roof candidates is their ability to adapt to alpine conditions with little soil, no water, high
winds and high sun exposure. (Scholz-Barth, 2001)
Sod is not used for extensive green roof applications because it is maintenance-intensive,
requiring constant irrigation and cutting, and it provides only very limited ecological
benefits. Mosses are also best avoided as green roof vegetation. While their sponge-like
forms do soak up and retain a lot of water, they can pose a fire hazard in a drought.
(Scholz-Barth, 2001)

10.6. Operation and maintenance

Green roofs have relatively low maintenance requirements once they are established. If
correctly designed and maintained they will prolong the life of the roof waterproofing
system.
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Rooftop maintenance specially includes removal of litter and other debris, such as leaves,
in order to eliminate the nuisance of ponding water on the roof (Urbonas & Stahre,
1993).
The recommended maintenance schedule for green roofs is provided below (Table
10.6.1):

Table 10.6.1: Recommended maintenance schedule

[Source: Ciria C609, 2004]

10.7. Dimensioning – Design tables

The objective of the following design tables is to determine the contribution of green
roofs in flood attenuation.
The type of green roof that is used for the formation of the design tables has the
following technical characteristics:
•

Total thickness of green roof layer 10 cm

•

Infiltration rate 10-3 m/s

•

Porosity 40%

•

Overflow height 0.06 m

•

Max throttle 25 l/(s.ha)

•

Depth of drainage layer 6 cm

•

Porosity of drainage layer 40%

•

It is assumed that the surface around buildings, inside the blocks, is permeable

The parameters that define the runoff before and after the use of green roofs in the
following tables are:
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•

Total surface of reference, S = 1000 ha

•

Concentration time, tc = 20 min

•

Surface of roads, Sr

•

Surface of blocks, Sb

•

Surface of buildings, Sbl

•

Surface of green roofs, Sgr

•

Road coefficient, m1 = Sr/S (20%, 40%)

•

Construction coefficient, m2 = Sbl/Sb (30%, 50%)

•

Green roof coefficient, m3 = Sgr/Sbl (20%, 60%, 100%).

•

Rainfall duration, td, (20, 40 min)

•

Rainfall intensity, i (80, 120, 180 l/(s.ha) ) = (28.8, 43.2, 64.8 mm/h)

The data presented in the following tales have been obtained with several runs of the
‘STORM’ Software.

Table 10.7.1
Road coefficient
Rainfall duration td [min]

m1 = 20%
Construction
coefficient m2 = 30%
Rainfall intensity i
[l/(s.ha)]

20

40

20

40

Runoff before green roofs Runoff after green roofs
construction(m3/s)
construction (m3/s)
Green roof coefficient m3 = 20%

80
120
180

23.03
36.85
62.30

80
120
180

23.03
36.85
62.30

80
120
180

23.03
36.85
62.30

32.96
55.45
93.03

20.76
33.12
56.39

29.51
50.18
85.55

Green roof coefficient m3 = 60%
32.96
55.45
93.03

16.22
25.65
44.56

22.61
39.63
70.60

Green roof coefficient m3 = 100%
32.96
55.45
93.03

11.68
18.18
32.73

15.71
29.46
56.14
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Table 10.7.2
Road coefficient
Rainfall duration td [min]

m1 = 20%
Construction
coefficient m2 = 50%
Rainfall intensity i
[l/(s.ha)]

20

40

20

40

Runoff before green roofs Runoff after green roofs
construction (m3/s)
construction(m3/s)
Green roof coefficient m3 = 20%

80
120
180

30.60
49.23
80.48

80
120
180

30.60
49.23
80.48

44.42
71.43
114.51

26.82
43.00
70.62

38.67
62.64
102.05

Green roof coefficient m3 = 60%
44.42
71.43
114.51

19.25
30.56
50.91

27.17
45.05
77.14

Green roof coefficient m3 = 100%

80
120
180

30.60
49.23
80.48

44.42
71.43
114.51

11.68
18.12
31.20

15.67
27.47
53.29

Table 10.7.3
Road coefficient
Rainfall duration td [min]

m1 = 40%
Construction
coefficient m2 = 30%
Rainfall intensity i
[l/(s.ha)]

20

40

20

40

Runoff before green roofs Runoff after green roofs
construction (m3/s)
construction(m3/s)
Green roof coefficient m3 = 20%

80
120
180

31.88
50.09
80.95

80
120
180

31.88
50.09
80.95

44.20
70.90
113.82

30.18
47.29
76.52

41.62
66.95
108.21

Green roof coefficient m3 = 60%
44.20
70.90
113.82

26.77
41.69
67.65

36.44
59.03
97.00

Green roof coefficient m3 = 100%

80
120
180

31.88
50.09
80.95

44.20
70.90
113.82

23.37
36.09
58.78

31.27
51.12
85.78
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Table 10.7.4
Road coefficient
Rainfall duration td [min]

m1 = 40%
Construction

20

coefficient m2 = 50%
Rainfall intensity i
[l/(s.ha)]

40

20

40

Runoff before green roofs Runoff after green roofs
construction (m3/s)
construction(m3/s)
Green roof coefficient m3 = 20%

80
120
180

37.55
59.37
94.59

80
120
180

37.55
59.37
94.59

52.80
82.88
129.94

34.72
54.71
87.20

48.49
76.29
120.59

Green roof coefficient m3 = 60%
52.80
82.88
129.94

29.04
45.38
72.41

39.87
63.10
101.90

Green roof coefficient m3 = 100%

80
120
180

37.55
59.37
94.59

52.80
82.88
129.94

23.37
36.04
57.63

31.24
49.91
83.21

The above design tables are presented in the following diagrams:

3

Runoff [m /s]

Road coefficient m1 = Sr/S=20%, Construction coefficient m2 =
Sbl/Sb=30%
td=20min, i=80 l/s/ha

100
80
60
40
20
0

td=20min, i=120 l/s/ha
td=20min, i=180 l/s/ha
td=40min, i=80 l/s/ha
td=40min, i=120 l/s/ha
td=40min, i=180 l/s/ha

0

20

40

60

80

100

Green roof coefficient m3=Sgr/Sbl [%]

Figure 10.7.1
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3

Runoff [m /s]

Road coefficient m1 = Sr/S=20%, Construction coefficient m2 =
Sbl/Sb=50%
td=20min, i=80 l/s/ha
td=20min, i=120 l/s/ha
td=20min, i=180 l/s/ha
td=40min, i=80 l/s/ha
td=40min, i=120 l/s/ha
td=40min, i=180 l/s/ha
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Green roof coefficient m3=Sgr/Sbl [%]

Figure 10.7.2

3

Runoff [m /s]

Road coefficient m1 = Sr/S=40%, Construction coefficient m2 =
Sbl/Sb=30%
td=20min, i=80 l/s/ha
td=20min, i=120 l/s/ha
td=20min, i=180 l/s/ha
td=40min, i=80 l/s/ha
td=40min, i=120 l/s/ha
td=40min, i=180 l/s/ha
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Green roof coefficient m3=Sgr/Sbl [%]

Figure 10.7.3
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3

Runoff [m /s]

Road coefficient m1 = Sr/S=40%, Construction coefficient m2 =
Sbl/Sb=50%
td=20min, i=80 l/s/ha
td=20min, i=120 l/s/ha
td=20min, i=180 l/s/ha
td=40min, i=80 l/s/ha
td=40min, i=120 l/s/ha
td=40min, i=180 l/s/ha
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Green roof coefficient m3=Sgr/Sbl [%]

Figure 10.7.4

Example
If we use the Table 10.7.1 the region before the use of green roofs had 200 ha of roads,
560 ha of vegetation and 240 ha of roofs and afterwards 192 ha of roofs and 48 ha of
green roofs. If the rainfall intensity is 180 l/(s.ha) and the rainfall duration 40 min, the
runoff is estimated to reduce from 93.03 m3/s to 85.55 m3/s (Table 10.7.1).
If on the other hand, all buildings are equipped with green roofs, then runoff may be
reduced from 93.03 m3/s to 56.14 m3/s.
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Table 10.7.1
Road coefficient
Rainfall duration td [min]

m1 = 20%
Construction
coefficient m2 = 30%
Rainfall intensity i
[l/(s.ha)]

20

40

20

40

Runoff before green roofs Runoff after green roofs
construction (m3/s)
construction(m3/s)
Green roof coefficient m3 = 20%

80
120
180

23.03
36.85
62.30

80
120
180

23.03
36.85
62.30

32.96
55.45
93.03

20.76
33.12
56.39

29.51
50.18
85.55

Green roof coefficient m3 = 60%
32.96
55.45
93.03

16.22
25.65
44.56

22.61
39.63
70.60

Green roof coefficient m3 = 100%

80
120
180

23.03
36.85
62.30

32.96
55.45
93.03

11.68
18.18
32.73

15.71
29.46
56.14

10.8. Costing

In the following table the works and the quantities of the materials used for the
transformation of a flat roof into a green roof are given. The presented unit cost values
are based on actual prices in Greece.
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Table 10.8.1: Direct cost for the construction of 1 m2 of green roof
Works / materials

Unit

Quantity

Unit cost [€]

Direct cost [€/m2]

1

Vapour barrier

m2

1.00

1.60

1.60

2

Insulation (30 mm)

m2

1.00

6.70

6.70

3

Water protection layer (30 mm)

m2

1.00

2.60

2.60

Kg/m2

0.20

3.00

0.60

m3/m2

0.07

11.00

0.77

Kg/m2

0.20

3.00

0.60

Geotextile filter layer placed above
4
the water protection layer
5

Coarse aggregate (70 mm)
Geotextile- filter placed between

6
the two soil materials
7

Clay (50 mm)

m3/m2

0.05

3.50

0.18

8

Planting

m2

1.00

10.00

10.00

TOTAL

23.05 €/m2

The direct cost that has been estimated above includes materials and labour. In order to
convert direct cost into total cost, taxes, overhead and financial charges, bonds, etc have
to be added. These additional charges are typically estimated between 60-100% of the
direct cost. Accordingly, the total cost for the construction of a green roof is considered
to be between 1.6 × 23.05 – 2.0 × 23.05 €/m2 = 37.0 – 46.0 €/m2.
According to data obtained from a Greek company called ‘GreenHellas’, the cost for the
construction of a green roof is around 40 €/m2.
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