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The input needs of the permeable pavement module of EPA SWMM simulator are presented in more detail,
because SWMM is extensively used in the stormwater management area and because many major commercial
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There are numerous published practical site-scale models and procedures that are used for dimensioning
layered permeable pavement structures. Some models that are more for general use and can integrate structural
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Abstract

In the Finnish CLASS-project (Climate Adaptive Surfaces, 2012–14) new pervious surfacing
materials and pervious pavement structures are developed to mitigate climate change
associated with increased rain intensities and amounts. These pervious structures can
decrease flooding for instance in cities with large areas of impervious surfaces. They can be
a part of the overall stormwater system decreasing the need of conventional drainage
systems.

This report serves as background information on pervious pavement dimensioning and
modelling. The report is used as the basis for future Finnish model development within the
CLASS project expected, in 2014.

The first part of this report includes a review of pervious pavement engineering and
dimensioning, including both hydrological and structural aspects and dimensioning methods.
The focus is on the engineering of different pavement types. General information and
examples are presented, as well as information on experiences, guidelines and some
software tools.

The second part of this report is reviewing of available computational models that are able to
integrate permeable pavement systems into the overall urban drainage modelling and can
help in designing and sizing the permeable pavement structures. The other Low Impact
Development (LID) controls are also briefly reviewed, when present in the same modelling
environment, to provide a more comprehensive overview.

The computational models review concentrates mainly on hydrological solutions and on
rainfall-runoff generation and climate change effects for permeable pavement used by design
professionals and stormwater agencies. Some considerations are also given for the
integrated structural and hydrologic dimensioning tools as well as for coupled thermal-
hydrologic-chemical tools.

The input needs of the permeable pavement module of EPA SWMM (Stormwater
Management) simulator are presented in more detail, because SWMM is extensively used in
the stormwater management area and because many major commercial urban drainage
modelling packages use all or some of the SWMM components.

There are numerous published practical site-scale models and procedures that are used for
dimensioning layered permeable pavement structures. Some models that are more for
general use and can integrate structural and hydrologic designs are also discussed.

For the overall dimensioning of pavement structures these dimensioning models should
include  some level of coupling between mechanical, hydrological and sometimes also
thermal processes in order to simulate functionality in different loading, clogging and weather
(freezing and thawing, varying precipitation and snow water content, ice surfaces etc.)
conditions.

It seems that according to this and previous literature reviews that the SWMM and SUSTAIN
type modelling platforms are suitable to model hydrologically stormwater-permeable
pavement environments. These general purpose site-scale sizing tools can be used as the
platform to include the results of dimensioning with detailed models of layered pavement
structures.
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Yhteenveto

Suomalaisessa CLASS projektissa (CLimate Adaptive SurfaceS, 2012–14) kehitetään uusia
vettä läpäiseviä ympäristörakenteiden pinnoitteita sekä niihin oleellisesti liittyviä alusraken-
teita, jotka ovat myös vettä läpäiseviä, mutta toimivat ennen kaikkea vettä varastoivina ker-
roksina. Koko rakenteen toiminnan kannalta oleellista on myös se, että rakenteen kantavuus
ja muut ominaisuudet ovat käyttökohteen asettamien vaatimusten mukaisia. Erityisesti pro-
jektissa kiinnitetään huomiota siihen, että tällaiset rakenteet soveltuvat Suomen ilmasto- ja
muihin olosuhteisiin.

Läpäisevän pinnoiteratkaisun mitoitus ja suunnittelu poikkeaa tavanomaisesta. Läpäisevän
pinnoitteen tulee täyttää sekä rakenteelliset että lisäksi myös hydrologisen toiminnan
vaatimukset. Tähän raportin on kerätty nykytietämystä läpäisevien päällysteiden rakenteel-
lisesta ja hydrologisesta mitoituksesta sekä erityisesti hydrologisen toiminnan mallintami-
sesta. Muissa projektin State-of-the-Art raporteissa käsitellään mm. läpäisevissä rakenteissa
käytettäviä materiaaleja ja tuotteita sekä niiden toimintaa, kaupunkien tarpeita vettä läpäise-
vien rakenteiden osalta, pinnoiterakenteiden ja niissä käytettävien materiaalien
tutkimuksessa, testauksessa ja laadunvalvonnassa käytettävissä olevia standardoituja ja
muita menetelmiä, rakenteiden talvikäyttäytymistä routimisen ja läpäisevyyden kannalta sekä
rakenteiden vaikutusta vesilaatuun.

Raportin ensimmäisessä osassa esitetään olemassa olevaa tietämystä läpäisevien pinnoit-
teiden suunnittelussa huomioon otettavista tekijöistä ja esimerkiksi tyypillisistä pinnoite- ja
rakennekerrosten paksuuksista, niiden ominaisuuksista ja niille asetettavista vaatimuksista.
Vaatimuksia voidaan asettaa mm. eri lujuusominaisuuksille ja jäykkyydelle, huokoisuudelle,
vedenläpäisevyydelle ja -johtavuudelle. Ohjeistuksissa testaus- ja laadunvalvontamenetelmät
sekä asetettavat arvostelukriteerit ovat myös oleellisia.

Raportti sisältää tutkimustietoa sekä tietoa eri maiden ja tahojen ohjeistuksista ja mitoituk-
sessa käytettävistä tietokoneohjelmista. Tämä tietämys on esitetty pääosin erikseen eri-
tyyppisille läpäiseville pinnoitteille ja pinnoiterakenteille. Näitä ovat läpäisevät betonipinnoit-
teet (pervious concrete pavement, PCP), avoin asfaltti (porous asphalt pavement, PAP) sekä
läpäisevät betonikiveykset (permeable interlocking concrete pavements, PICP) ja läpäisevät
luonnonkivikiveykset (permeable natural stone pavement, PNSP), joissa saumat tai aukko-
kohdat ovat läpäiseviä, koska niissä oleva kiviaines läpäisee vettä soveltuvan rakeisuutensa
ansiosta.

Kaikkiaan läpäisevän pinnoitteen suunnittelussa ja mitoituksessa joudutaan ottamaan huo-
mioon useita tekijöitä kuten:

 maaperän kantavuus ja vedenläpäisevyys,
 liikenne – ajoneuvojen painot ja liikennemäärät,
 rakenteellinen mitoitus – kerrospaksuudet, kantokyky, väsytyskestävyys,
 hydrologinen toiminta – vesimäärät, mistä vesi tulee ja minne se menee,
 ympäristötekijät – vesilaatu, haitta-aineiden sitoutuminen päällysterakenteeseen,
 kestävyys, säilyvyys, käyttöikä – jäädytys-sulatuksen kesto, sulatussuolojen kesto,

kulutuksenkesto (erityisesti jos nastarengaskulutusta),
 kustannukset ja projektihallinta.

Hydrologisessa analyysissä selvitetään miten valitut sateet, joita määrittelee sateen voimak-
kuus, kesto ja esiintymisen todennäköisyys, käyttäytyvät pinnoiteratkaisussa. Analyysissä
saadaan tietoa siitä, kuinka paljon pinnoiterakenne kykenee varastoimaan vettä ja miten
nopeasti vesi siirtyy siitä alapuoliseen maaperään. Suunnittelijan valintojen kautta voidaan
vaikuttaa siihen, kuinka paljon vettä ehtii imeytyä maaperään ja kuinka suuri osuus vedestä
johdetaan pois. Tapauksen mukaan joko kaikki läpäisevään rakenteeseen kertyvä vesi, osa
siitä tai koko vesimäärä voidaan imeyttää maaperään. Jos vettä ei imeytetä suoraan
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alapuoliseen maaperään, se voidaan myös johtaa ja varastoida väliaikaisesti säiliöihin tai
hulevesikasettisysteemeihin. Pinnoiterakenteita, jossa vesi imeytetään suoraan alapuoliseen
maaperään, kutsutaan avoimiksi systeemeiksi. Mitoitussateen aiheuttamaa liiallista pinta-
valumaa ei saa syntyä. Liian suurta pintavalumaa voi syntyä, jos pinnoitteen kuten avoimen
asfaltin tai läpäisevän betonikiveyksen läpäisevyys on liian pieni tai rakenteen veden-
varastointikapasiteetti on liian pieni.

Läpäisevien pinnoitteiden normaali ajan kuluessa tapahtuvan tukkeutumisen vaikutus läpäi-
sevyyteen tulee ottaa mitoituksessa huomioon. Voidaan myös olettaa, että kunnossapito
sisältää asianmukaisen puhdistuksen, joka ylläpitää vedenläpäisevyyden riittävästi mitoi-
tusarvoa suurempana. Myös talviolosuhteiden vaikutukset läpäisevien pinnoitteiden
toimintaan on hyvä tuntea ja ottaa huomioon suunnittelussa ja mitoituksessa. Sekä tukkeu-
tumista, puhdistusta että talviolosuhteiden vaikutuksia käsitellään CLASS-projektin muissa
raportoinneissa.

Raportin toisessa osassa tarkastellaan läpäisevien rakenteiden suunnittelussa ja mallinnuk-
sessa käytettäviä mallinnustyökaluja. Katsauksessa esitetään sekä läpäisevien rakenteiden
käyttäytymiseen ja mitoitukseen tarkoitettuja kerrosrakenneohjelmia että laajemmin, hule-
vesien hallintaan eri maakäytön suunnittelun tasoilla soveltuvia valuma-aluelähtöisiä mallin-
nusohjelmia. Tarkastelussa keskitytään pääasiassa hydrologiseen mallinnuksen työkaluihin,
mutta esitetään myös kytkettyihin termo-hydro-kemiallis-mekaanisiin kokonaistarkasteluihin
pystyviä ohjelmistoja. Erityisesti Yhdysvaltojen ympäristönsuojeluviraston kehittämät ja jul-
kaisemat SWMM ja SUSTAIN ohjelmistot todetaan soveltuvan hyvin läpäiseviin rakenteisiin
liittyviin hydrologisiin tarkasteluihin.

SWMM (StormWater Management Model) on pääosin rakennetun ympäristön tarkasteluun
tarkoitettu sadantavaluntamalli, jolla on mahdollista mallintaa sekä yksittäisiä, että pitkäaikai-
sia sadetapahtumia. Ohjelmistoa tai sen pohjalle kehitettyjä kaupallisia ohjelmistoja
sovelletaan erittäin laajasti hulevesien hallintatarkasteluissa. Ohjelmisto jakautuu hydrolo-
giseen ja hydrauliseen osioon siten, että hydrologisessa osassa ohjelma laskee sateen
aiheuttamana pintavalunnan osavaluma-alueilta ja johtaa sen hydrauliseen osioon.
Ohjelmiston uusin versio sisältää myös läpäisevien rakenteiden tarkasteluun soveltuvan
työkalun. Tämän työkalun avulla voidaan läpäisevät rakenteet integroida osaksi valuma-
aluelähtöisiä kokonaistarkasteluja ja vastaavasti linkittää erilliset rakenteiden mitoitus- ja
mallinnustarkastelut alueellisiin kokonaistarkasteluihin.

Ilmastonmuutosten mallinnusta ja ilmastonmuutosten vaikutuksia rankkasateiden toistuvuu-
den ja voimakkuuksien lisääntymiseen on tarkasteltu raportin liitteessä.
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Abbreviations and Acronyms

3D 3-dimensional

AASHTO American Association of State Highway and Transportation

BMPDSS Best Management Practice Decision Support System

CC Conventional concrete

CLASS-project Climate Adaptive Surfaces -project

FCG Finnish Consulting Group Oy

FEM Finite element method

HSPF Hydrologic Simulation program – Fortran

LID Low Impact Development controls

PA Porous asphalt

PANK Päällystealan neuvottelukunta Ry (Finnish Pavement Technology Advisory
Council)

PAP Porous asphalt pavement

PC Pervious concrete

PCA Portland Cement Association (USA)

PCP Pervious concrete pavement

PICP Permeable interlocking concrete pavement

PNSP Permeable natural stone pavement

SWMM EPA Stormwater Management Model

WinSLAMM Source Loading and Management Model for Windows
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1. Introduction

Future climate change will increase the frequency and intensity of the heavy rains in the
Nordic countries. Permeable pavement systems are applied to reduce the runoff rates and
growing volumes of stormwater collected in urbanised areas. They should meet stormwater
demands while providing a hard surface, which can be utilised in urban areas. In the Finnish
CLASS-project (Climate Adaptive Surfaces, 2012–14) new pervious surfacing materials and
pervious pavement structures are developed to mitigate climate change associated with
increased rain intensities and amounts. In that the Finnish climate must be considered. There
is also a need for dimensioning tools and computational models for this implementation.
Pervious pavement dimensioning includes both hydrological and structural dimensioning.
Computational models are able to integrate permeable pavement systems into the overall
urban drainage modelling and can help in designing and sizing the permeable pavement
structures.

A permeable pavement structure allows rainfall to percolate into an underlying aggregate
storage reservoir, where stormwater is stored and infiltrated to underlying soil. A permeable
pavement system consists of a pervious wearing course (e.g. porous asphalt concrete,
porous cement concrete, paver blocks, or open-celled paving grids) and an aggregate sub-
base course installed over native soil. Depending on the paving type and hydrological
conditions, permeable pavement structures can include various other filtering materials, such
as geotextile. As an example of a permeable pavement system, represented as different
units of an interlocking concrete pavement system are presented in Figure 1.

Figure 1. Example cross-section of Permeable Interlocking Pavement (ICPI 2002).

The challenge with constructing a mathematical model for permeable pavement systems lie
in the fact that the physical system is composed of hydro-dynamically different
interconnected pieces due to the variety of physical processes that take place (Figure 2).
These processes include at least [Syrrakou and Pinder 2011]:

- surface recharge from rainfall
- runoff from the porous pavement or surrounding areas
- vertical flow into the porous concrete and crushed stone
- potential storage of water inside the crushed stone excavated area
- evaporation
- flow towards the under-drains
- and infiltration into the subsurface.
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Figure 2. Key physical processes in a typical porous concrete system [Syrrakou and Pinder
2011].

Often the effects of pollution loads, clogging, winter surfaces as well as freezing and thawing
into the flow and infiltration processes should be included into the modelling. In the
watershed/sub-catchment scale modelling also the hydrological characteristics of the
surrounding areas have to be taken into account.

2. Dimensioning

2.1 General

Pervious pavement dimensioning and engineering differs from conventional pavement in that
both structural and hydraulic requirements must be met. Some information and examples are
presented here, as well as information on some available experiences, guidelines and
software tools.

Complete design and dimensioning of a permeable pavement must consider many factors,
including:

 geotechnical – support value and permeability of the soil,
 transportation – traffic weights, volumes, geometrics,
 pavement structural design – layer thickness, load carrying capacity, fatigue life,
 hydraulics and hydrology – the amount of water, where it comes from, and where it

goes,
 environmental – water quality, pollutant capture within the pavement structure,
 durability – resistance to freeze-thaw cycles, de-icing chemicals, abrasion,
 costs and project management.

Hydrological analysis determines if the volume of water from user-selected rainfall events
can be stored and released by the pavement base. Designer-selected parameters determine
how much water infiltrates the soil subgrade and/or is carried away by subdrains. [Smith &
Hunt 2010.] Installations, where the water flows directly downward through the pavement
layers, may be referred to as open systems. [Delatte et al. 2007]

Surface runoff in excess of the desired quantity must not occur in the design rainfall event
due to:

 low permeability of the pervious pavement surface layer, or
 inadequate storage provided in the permeable pavement system.
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Dimensioning of pervious concrete pavement (PCP), porous asphalt pavement (PAP) and
permeable interlocking concrete pavement (PICP), together with permeable natural stone
pavement (PNSP) are mainly discussed separately in the next sections. The size of stone
materials used in the bedding, reservoir and filter layers may also be different in different
pavement systems. [Virginia DCR 2011]

2.2 Pervious concrete pavement

This review includes information on the overall structural and hydrological design of PCP.
Pervious concrete (PC) mechanical and hydrological properties as a material are reviewed
closely in [Kuosa et al. 2013].

For PCP the subbase material should be a clean and permeable aggregate with a maximum
size of up to 38 mm. In most cases, the thickness of the permeable subbase ranges from
150 mm to 300 mm, although a subbase thickness of up to 600 mm is recommended in hard
wet freeze areas. [Tennis et al. 2004, Kuosa & Niemeläinen 2013]

2.2.1 Structural design

Because PC has a much lower flexural strength than conventional concrete, it has been most
widely used for parking lots and light-traffic streets and roads. Structural design of
pavements should be based on material properties, and those material properties should be
measurable through standardized test methods. Design methods should identify the failure
mechanisms for pervious concrete pavements, as well as the layer properties and thickness
and joint detailing necessary to prevent failure. Structural design must also be integrated with
hydraulic design. [Delatte & Cleary 2006]

Rigid pavement design is based on the strength of the pavement, which distributes loads
uniformly to the subgrade. The flexural strength of concrete in a rigid pavement is very
important to its design. As testing to determine the flexural strength of PC may be subject to
high variability, it is common to measure compressive strengths and to use an empirical
relationship to estimate flexural strengths for use in design.

The properties of the pervious concrete should be evaluated carefully since the strength
determines the performance level of the pavement and its service life. A mix design for a
pervious pavement application will yield a wide range of strengths and permeability values,
depending on the degree of compaction [Kuosa et al. 2013]. Tennis et al. (2004)
recommends pre-construction testing to determine the relationship between compressive or
splitting tensile and flexural strength, as well as the unit weight and/or voids content for the
materials proposed for use. The strength so determined can be used in pavement design
programs (in U.S. such as AASHTO, WinPAS, PCAPAV, ACI 325.9R, or ACI 330R). [Tennis
et al. 2004]

According to Tennis et al. (2004) PCP can be designed using either a standard pavement
procedure or using structural numbers derived from a flexible pavement design procedure.
Anyway, guidelines for roadbed (subgrade) soil properties, pervious concrete materials
characteristics, and traffic loads should be considered. [Tennis et al. 2004]

Delatte and Cleary (2006) investigated adaptation of ACPA StreetPave software [Oman &
Grothaus 2012], which is an update of the 1984 U.S. Portland Cement Association (PCA)
concrete pavement design procedure [PCA 1984] with improved fatigue curves. This
software accepted typical pervious concrete material properties of 2.1–2.8 MPa flexural
strength, and appeared to give reasonable results. Because there were no results available
for PC fatigue relationships, it was first expected that it may be necessary to use the 95%
fatigue curve. However, the examples shown in Table 1 are with 85% reliability. It must be
cautioned that the examples for heavy traffic represent much heavier traffic than normally
today used for any PC application. PC flexural strength had a clear effect on the demanded
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pavement thickness. For light traffic areas the needed PC thickness was 190–200 mm with
2.4–2.8 MPa flexural strength. For conventional concrete with 3.8 MPa flexural strength the
needed thickness was 150 mm. [Delatte & Cleary 2006]

Table 1. Heavy traffic and light traffic design examples [Delatte & Cleary 2006].

Experience has been the driving force in making decisions determining the thickness for
pervious pavements. [CPG 2013]

 150 mm is common for parking areas for automobile traffic and an occasional truck,
 200 mm is used for residential streets and more trafficked drive lanes in parking lots.

Consolidation by roller screed does not reach further than 150–200 mm down into the
concrete.

Full-depth PCP sections consist of pervious pavement layers on top of a permeable
subbase. Since PCP is susceptible to traffic loading deterioration due to its lower strength,
daily truck traffic must be estimated accurately. According to Schaefer et al. (2006), to
account for its lower strength values, PCP is typically 25% thicker than conventional concrete
pavement. The minimum thickness for parking areas without truck traffic is ca. 130 mm,
which increases to 150 mm for industrial drive lanes in parking areas. [Schaefer et al. 2006]

Henderson (2012) monitored the performance of five field sites across Canada. Substantial
deterioration in pavement structural performance was identified at one site, and the structural
capacity decreased in one other area. It was considered possible that granular base material
settled into the subgrade or that the granular base material disintegrated over time. At eight
months of age there were no statistical differences in structural capacity between the field
sites but however, statistical differences were detected later on (between 12 to 18 months,
22 to 24 months, 26 to 31 months and 37 to 48 months). Based on this fact it was concluded
that even under personal vehicle loading the structural design of a PC structure should be
considered as differences can exist.

According to Tennis et al. (2004) determining the subgrade’s in-situ modulus in its intended
saturated service condition can increase the design reliability. If the subgrade is not
saturated when the in-situ test is performed, laboratory testing can be used to develop a
saturation correction factor.

Pavement type
Coventional

concrete
(CC)

Normal
strength

permeable
concrete

(PC)

Strucutral
PC

Coventional
concrete

(CC)

Normal
strength

permeable
concrete

(PC)

Strucutral
PC

Reliability
Design life

Traffic

Modulus of subgrade
raction, k

Flexural strength 3,8 MPa 2,4 MPa 2,8 MPa 3,8 MPa 2,4 MPa 2,8 MPa

Design thickness

190 mm
with

32 mm
dowels

292 mm 267 mm 152 mm 203 mm 190 mm

Joint spacing 3,7 m 4,6 m 4,6 m

 27 MPa/m (100 psi/in)

4,6 m

Heavy traffic example Light traffic example

85 %
20 years

4 lane minor highway with 500 ADTT
(Annual Daily Truck Traffic)

+2 % growth

2 lane residential with 3 ADTT
+2 % growth
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2.2.2 Hydrological design

When designing pervious concrete stormwater management systems, two conditions must
be considered:

 permeability and
 storage capacity.

Excess surface runoff – caused by either excessively low permeability or inadequate storage
capacity – must be prevented. [Tennis et al. 2004]

According to Tennis et al. (2004) the permeability of pervious concretes is not a practical
controlling factor in design. The flow rate through the subgrade may be more restrictive.

The total storage capacity of the PC system includes:
 the capacity of the pervious concrete pavement,
 the capacity of any subbase used, and
 the amount of water which leaves the system by infiltration into the underlying soil.

The effect of the subbase on the storage capacity of the pervious concrete pavement system
can be significant. For instance, if 100 mm of pervious concrete with 15% porosity is placed
on 150 mm of clean stone with design porosity 40%, the nominal storage capacity will be
75 mm of rain, and 80% of this is composed of the storage capacity of the subbase (total
storage capacity = 0.15 ×100 mm + 0.40 × 150 mm = 15 mm + 60 mm = 75 mm).

Storage capacity is designed for specific rainfall events. The total volume of rain is important,
but the infiltration rate of the soil must also be considered. According to Wang and Wang
(2011) porous pavement is usually designed to handle the 24-h rainfall amount of a 2-year
storm. [Tennis et al. 2004, CRMCA 2009, Wang & Wang 2011]

Plan thickness requirements for stormwater storage in the aggregate layer of the system,
whether designed for retention, detention, or recharge, may be verified by using a suitable
method and program. Leming et al. (2007) describes the fundamental hydrologic behaviour
of pervious concrete pavement systems and demonstrated basic design methodologies
appropriate for a variety of sites and circumstances. The publication provides an overview of
design techniques for determining hydrological performance and provides an example
spread-sheet for analysis. The critical inter-relationships between precipitation potential,
pervious concrete system characteristics and site geometry are considered.

Based on the work by Leming et al. (2007) there is also available “the Pervious Concrete
Hydrological Analysis Program” for the plan thickness requirements for stormwater storage in
the system whether designed for detention or recharge. This software (by Malcolm, Leming
and Nunez; Civil Engineering Department, North Carolina State University, Raleigh, North
Carolina) is available e.g. from U.S. Portland Cement Association. It is intended solely to
illustrate the behaviour of pervious concrete systems in relatively simple situations. It
provides for simulation of a pervious concrete pavement system loaded with a selected
design storm in hourly increments through five days. The software assumes a flat subgrade,
and calculations may require adjustments for the subgrade slope. The minimum total
thickness of coarse aggregate for stormwater storage should be 150 mm. [Leming et al.
2007]

The FHWA DRIP 2.0 software is also a common tool in the USA used to design the
permeable subbase using either the depth of flow or time to drain methods. The software
includes a library of drainable base materials. [Mallela et al. 2002, Wang and Wang 2011,
Tennis et al. 2004]

Tennis et al. (2004) provide discussions of the hydraulic design considerations for pervious
concrete pavements, e.g. how to manage in areas with poorly draining soils. For design
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purposes, the total drawdown time (the time until 100% of the storage capacity has been
recovered) should be as short as possible, and generally should not exceed five days.
Another option in areas with poorly draining soils is to install wells or drainage channels
through the subgrade to more permeable layers or to traditional retention areas. [Tennis et
al. 2004]

In an open system, the water drains from the subbase downward through the underlying soil.
Therefore, the drainable subbase only has to handle the difference between the inflow and
outflow for the design storm. Careful design and detailing may be needed on sloped
pavements to keep water from shooting up as a fountain at the lower end of the pavement.
[Delatte & Cleary 2006]

Permeability is, in general, not a limiting or critical design feature of a permeable pavement
structure. The permeability of the PC and any underlying base course will be much higher
than the steady state infiltration rate of almost all soils as long as the pavement surface is
adequately maintained. A moderate porosity pervious concrete pavement system will
typically have a permeability of 143 liters/m2/min, which is equivalent to an infiltration rate in
excess of 2.4 mm/s (8.6 m/h), more than 100 times the infiltration rates of most natural,
saturated sands. The exfiltration rate of captured runoff from the PCP system into the
underlying subgrade is controlled by the soil infiltration. [Leming et al. 2007]

Infiltration of rainfall into the soil increases the effective storage capacity. Evaporation of
stormwater after the storm will also contribute to storage capacity recovery. Runoff is also
affected by the nature of the storm itself; clearly a heavier rain results in more runoff. For
example, a storm which occurs on average once in 20 years is designated a “20-year storm”
and will be larger than a “10-year storm.” The 2-year storm is often used as the “service load”
storm for the watershed for water quality purposes. The 10-year storm has traditionally been
used in the design of stormwater collection systems. Other storms, such as the 20-year, 50-
year, and 100-year storms are generally used when analyzing much larger basins for flood
control.Pervious pavements alone are intended to reduce flooding associated with relatively
usual weather, i.e. for instance 10-year storms. [Leming et al. 2007]

Some of the PC voids may be disconnected, some may be difficult to fill, and air may be
difficult to expel from others. It is appropriate to discuss PC´s effective porosity. A 100 mm
thick PC with 15% effective porosity can hold up to 15 mm of rain. The effect of the base
course on the storage capacity of the pervious concrete pavement system is significant.
Figure 3 presents an example on the total storage capacity of a pavement. The storage
capacity of curbs is also included in this case. [Leming et al. 2007]
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Figure 3. Example cross-section of a pervious concrete pavement system. Curbs (on both
sides) will increase the storage capacity. [Leming et al. 2007]

According to Leming et al. (2007) several additional factors must be considered in the design
of PCP systems in areas with prolonged freezing temperatures, including:

 frost durability of the material and
 frost heave of the subgrade.

Frost durability of PC is reviewed closely in [Kuosa et al. 2013]. In areas of freezing and
thawing, it is probably best to ensure that the subbase is thick enough to hold all of the water
so as to keep the pervious concrete at least mostly unsaturated.

The water supply with a pervious concrete will be adequate, and frost heave must be
considered in areas with susceptible subgrade soils. The techniques for mitigating potential
damage associated with frost heave in pervious concrete pavement systems have not been
fully established. A general rules-of-thumb is that the pavement system should extend to at
least half, more conservatively to two-thirds, the depth of the frost line. This may require a
base course depth in excess of that required for water storage capacity alone. The effects of
ice and frozen soil on infiltration rates and draw-down time must also be considered. In areas
with very deep frost penetration, alternate methods of draining the system may be required.
[Leming et al. 2007]

Winter performance of pervious pavements as the whole structure is reviewed more closely
in a separate Finnish CLASS-project State-of-the-Art Report. [Kuosa & Niemeläinen 2013]

2.3 Porous asphalt pavement

A porous pavement structure is designed for support traffic loads and manage stormwaters.
The components of porous asphalt pavement structures are mainly the same compared to
other permeable pavement structures: having a distinct surface and base layers. The surface
may be porous, so the liquid flows vertically down to base layers, or overlay structure, when
the base is a conventional dense road structure and porous asphalt on the top allows liquid
flow only horizontally. In the porous surface structure the base course has the reservoir and
convective function at the same time. To enhance the convection there may be an outlet
system in the base course and on the base course edges. The structure may also have filter
layers and/or dense liners depending on the specific case (Figure 4). [Ferguson 2005]
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Figure 4. Schematic illustration of porous asphalt structure (modified from: [Minnesota
Stormwater Manual 2013])

Finnish asphalt mixture designing is described in the PANK norms (2011) [PANK 2011]. In
the following section designing is focused on the principles of structural and hydrological
dimensioning.

2.3.1 Structural design

There are many guidelines for dimensioning layer thickness and other properties. Dooley et
al (2009) and Alvarez et al (2006) have collected and compared many specifications for open
graded friction courses around the world. Countries, which haves structural guidelines for
northern (freezing, frosty) climates are i. e. Switzerland, Canada and some regions of the
USA/Oregon. In example in the USA the guide Porous Asphalts Pavements for Stormwater
Management [Hansen 2008[, is based on AASHTO Guide for Design of Pavement Structures
[AASHTO 1993]. Some specific states, such as Minnesota and New Hampshire, have their
own guides and recommendations taking into account the local climate and empirical
experiences.

The asphalt structure on the aggregate base is flexible. Traffic loads on the pavement will be
gradually spread down through the structure [Ferguson 2005], so designing the right
thicknesses of different pavement layers is important, though the loads are usually light. The
thickness is dependent on the strength and bearing properties of different layers and
subgrade soils. Also freeze-thawing, soil saturation and other locate and climate factors
affect choosing the dimensions [Minnesota Stormwater Manual 2013].

The bearing requirements are higher in upper layers of pavement [Ferguson 2005]. In the
USA the California Bearing Ratio (CBR) is used to describe the bearing capacity. CRB is
tested by penetrating a standard piston and the amount of used force and piston movement
are monitored (standard test: ASTM D 1883, AASHTO T 193). When the CBR is near 100,
the material is hard, like dense-graded crushed aggregate or natural gravel. CBR of clay is
under 5. In Table 2 are relative ratings of CBR values in different pavement layers. [Ferguson
2005]
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Table 2. Relative ratings of CBR values in pavement structural layers [Ferguson 2005].

Other characteristic to take into account when dimensioning pavement layers under traffic
loads is the layer coefficient. Layer coefficient is a relative, empirical ratio that describes the
stiffness rate of an asphalt material compared to a standard dense asphalt sample. When
modelling the pavement structure, this ratio would be used to calculate the resilient modulus.
Usually the resilient modulus of porous asphalt is about 32% of the conventional, dense
asphalts. The recommended layer coefficient is dependent on layers: an upper layer needs a
higher LC ratio than lower layers. The minimum thickness of 178 mm (7 inch) requires a
minimum California bearing ratio of the subgrade being 10-15 [Ferguson 2005, Hansen
2008]

In Nordic circumstances, frost and frost depth affects the pavement thickness design. Frost
may cause damages and heaving. However, it is recommended that some frost penetration
to the pavement is allowed [Ferguson 2005, Hansen 2008]. The designed thickness of
pavement and subbase layers can be about 65% of the frost depth (10 years freezing event)
(e.g. [Briggs et al. 2009]. 65% of the upper thickness would be constructed with non-frost
susceptible material while the lower 35% material may be susceptible to frost. According to
Ferguson (2005) the designing could be done first for non-frozen conditions and make the
modifications against frost if needed. However, it would be possible that a non-frozen
structure is sufficient for protecting the structure against frost damages.

Subgrade soil properties may require compaction, if the strength is not sufficient. It means
that the infiltration rate may reduce. The balance between density and infiltration must be
assessed. [Minnesota Stormwater Manual 2013]

According to Ferguson (2005) the minimum distance to the highest groundwater table or
bedrock has to be more than 60 cm for maintaining the infiltration capacity to soil. The
bottom of the subbase must be as flat as possible or then it is recommended to use a water
conveyance system. Longitudinal and lateral slopes should be less than 1% for the best
performance [Minnesota Stormwater Manual 2013]. Terrace or berm structures are also
allowed, if achieving the flat bottom is difficult (Ferguson 2005). Small surface slopes ( 1%)
are recommended for allowing water flow in case of clogging or flood. [Minnesota
Stormwater Manual 2013]

2.3.2 Hydrological design

Designing base structures of permeable pavements is highly dependent on hydrological
factors and base soil properties. These features are described in Figure 5. Stormwater flows
to the porous structure as surface onflow and runoff, rain and snow, and/or melting water.
Water goes away from the surface by runoff, evaporation and/or infiltration to the subbase
storage layer. Infiltrated water discharges from the storage layer evaporating to air, infiltrating
to subsoil or flowing via perforated pipes to other areas, detention storages or ditches. The
pavement structure must also be capable for bearing loads and possibly protect the subsoil
and ground water against pollution. All these processes must be estimated and taken into
account when designing the permeable pavement hydrology and functionality. The most
important dimensional factors are storage volume and infiltrating/recharging rates. These can
be calculated when designer knows maximum amount of stormwater in some time frame,
e.g. 2 or 10 year maximum storm events, infiltration capacity of structure and subbase soil,
and recharging rates. The drain system to be designed includes sufficient thickness of the
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reservoir layer, possible pipes and detention structures, route excess flows to another
detention/conveyance system, and also observation wells for maintenance purposes.
[Ferguson 2005, Minnesota Stormwater Manual 2013]

Figure 5. Hydrologic features and processes in porous pavement (collected and modified
from different sources by Ferguson (2005)).

Subsoil characteristics and structure are essential in designing the hydrology of porous
pavement. Infiltration is strongly depended on soil properties (Ferguson 2005). Subsoil is not
always uniform and homogenous; it consists of horizons having different permeability. If
there is an impermeable layer near to the bottom of pavement, the infiltration rate of soil has
to be greater to maintain the ability to convey water. Hansen (2008) recommends soil
infiltration rate to be at least 0.25–25.4 cm/h (0.1–10 inch/h) dependent on the reservoir
discharge design. If the subsoil is less permeable, there must be additional drainage systems
in the storage layer, such as discharge pipes or detention cassettes. Soils are also sensitive
for compaction and disturbance. Handling of subsoil in construction phase has to be done
carefully avoiding excessive changes for measured infiltration rate. Often a safety factors for
soil infiltration rate (e.g. 2.5) is used to ensure permeable structure function, or the infiltration
rate should be measured after excavating and compaction. [Hansen 2008, Minnesota
Stormwater Manual 2013.]

The distance from the bottom of a pavement structure to the seasonal high water or bedrock
layer is recommended be more than 0.6–1 m dependent on source. If the water table is too
high, it may cause seepage into the pavement and prevent drainage. Also the soil filtering
function cannot work completely, if the soil layer is very thin. Also distances to adjacent
structure foundations, groundwater wells etc. have to be sufficient, see Table 3. [Hansen
2008, Minnesota Stormwater Manual 2013]
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Table 3. Minimum setback requirements, in Minnesota Stormwater Manual. (2013)

Minimum setback requirements Minimum distance (m)
Property Line 30
Building Foundation* 30
Private Well 15
Public Water Supply Well 15
Septic System Tank/Leach Field 11
* Minimum with slopes directed away from the building

Permeable pavement may be surrounded by impervious areas, which supply runoff water to
the permeable structure. The general recommendation is that the adjacent impervious area
should not exceed twice the permeable area (2:1) [Minnesota Stormwater Manual 2013]. The
maximum impervious versus pervious area ratio is 5:1 [Hansen 2008]. The landscape around
the structure should be evaluated: are there slopes, hollows or other formations, which may
affect to the runoff and drainage processes, or clogging. If the porous pavement should be
installed on steep >5% ground, terraces and berms are recommended (Hansen 2008);
infiltration bottom must also be flat for avoid erosion and deformation of the pavement base
layers.

The material of storage layer should consist of washed, open-graded and single sized
aggregate (e.g. ASTM no. 57 stone), which has a porosity 30–40%, includes no fines and is
rather angular than rounded. Perforated pipes, stormwater cassettes and other similar
constructions may increase storage capacity having clearly higher void space, up to 90%
[Ferguson 2005]. A steep ceiling of storage layer may cause an empty space in upper part of
layer, so it reduces the effective storage capacity. [Ferguson 2005]

Storage/reservoir course and its thickness

The water balance in the reservoir layer is dependent on inflow and storage outflow over the
time increment. The void space (Vd) and storage thickness are equal to the storage capacity.
The thickness to hold a predetermined depth of stormwater is calculated according to
Ferguson (2005):

Vd = void volume/total material volume

Thickness of reservoir material = water storage depth/Vd

Ponding time is the time in which water occupies a reservoir following a design storm or
snowmelt event; it takes into account the local stormwater circumstances. If a certain
ponding time is required, the thickness can be calculated with the following formula
[Ferguson 2005]:

Thickness of reservoir material = (discharge/ponding time)/Vd

Discharge is the sum of all infiltration and pipe discharge per hour. The allowable ponding
time can be calculated by setting the average proportion of time the reservoir is permitted to
be wet (i.e. 10%). This proportion is multiplied by the average length of time between storm
events (i.e. five days, so the allowed ponding time is 0.1 × 5 days = 0.5 days, i.e. 12 hours).
This calculation supposes that the reservoir fills entirely in one rainfall event; usually the
average rainfall is smaller. This conservative calculation also does not take into account
infiltration during a storm event, so that a smaller thickness may be adequate. According to
Hansen (2008), an acceptable reservoir detention rate is usually 12–72 hours. [Ferguson
2005]
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If the thickness of the storage layer is not adequate or the base layer and/or subbase soil
infiltration rates are not sufficient to pond or discharge stormwater within the designated time
period, it is necessary to install an extra recharge system, e.g. pipes or stormwater storage
cassettes for avoiding overflow. The recharging can therefore be limited by pipe, reservoir
(Figures 6 and 7), subsoil or both. One alternative discharge path is soil infiltration and
controlled surface overflow. In areas where there is risk to groundwater or subsoil pollution,
soil swelling, structural challenges etc., water infiltration to soil should be restricted by liners
and recharging should occur via pipes and other collector systems. [Ferguson 2005,
Minnesota Stormwater Manual 2013]

In addition to the pipe diameter, a pipe elevation in the storage layer affects the drainage
process. Choosing the elevation can be dependent on how much stormwater is allowed to
infiltrate into soil. The water layer above the pipe drains rapidly, while the water segment
below the pipe elevation may drain only by infiltrating to the subsoil. The upper part of the
layer is free from frost hazards. This method can be used when designing the structure for
both bigger and smaller storms: in extreme storms the pipes in the higher elevation prevent
overflowing. If the pipe is on the bottom of layer, the majority of water drains thorough pipes
and less water infiltrates into the soil. This can be used in areas where subsoil is sensitive or
there is a liner in the bottom of the storage layer.

Figure 6. Water ponded in a reservoir with pipe-limited discharge. [Ferguson 2005]

Figure 7. Water ponded in a reservoir with reservoir-limited discharge. [Ferguson 2005]

The Minnesota Stormwater Manual (2013) describes the calculation method for reservoir
thickness including underdrains. The pipe elevation level can also be calculated manually. If
recharging is limited by soil infiltration, the calculation method can be found in [Ferguson
2005]. There are also many computer aid modelling possibilities for pavements, but they are
often designed for dense-graded, traditional structures. Hydrological modelling of porous
pavements is covered later in this report.

Specification examples

Specifications and guidelines for designing hydrological structures vary. As noted earlier, the
site circumstances like amount of stormwater and infiltration of subgrade soil remarkably
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affect selecting base structures, layer thicknesses and materials of porous pavement. This
section presents a few design guidelines.

Structural design guidance is not as common as mixture design guidance. Dooley et al.
(2009) have collected guidelines from different countries concerning layer thicknesses and
other factors which affect the choosing thickness of pavement structure. The majority surface
layer thicknesses of porous asphalt pavement are between 19 and 32 mm, however, the
common thickness is less than 25 mm. These are often selected using layer coefficient or
calculating thickness, i.e. 60% of similar dense asphalt which has sufficient strength. [Dooley
et al. 2009]

Table 4 presents layer thicknesses and their selection criteria collected by Dooley et al.
(2009). Table 5 gives a guideline for asphalt thicknesses based on traffic loading [Hansen
2008]. Table 6 presents a Canadian suggestion for thicknesses of surface and reservoir
courses for cold climates [Schaus 2007]. The subgrade type is the first thing which affects
the permeability, so the thicknesses follow the soil permeability. The surface thickness is
determined for the traffic levels and thickness of reservoir layer for the surface thickness.
[Schaus 2007]

Table 4. Pavement surface layer thicknesses in various countries [Dooley et al. 2009].

Spain
The
Netherlands Switzerland Belgium USA: Oregon

Layer
thickness: 40 mm 50 mm

28… 42 mm or
43…50 mm 25 or 40 mm

50 mm or 100
mm (in 2 lifts)

Based on
/dependent on:

Volume of
potential
rainfall or rain
intensity

Typical rainfall
rates
experienced  Aggregate size

Thicker if noise
problems Deflection test

Table 5. Suggested minimum compacted porous asphalt thicknesses. [Hansen 2008]

Minimum compacted thickness
Traffic loading inches mm
Parking - little or no trucks 2,5 6,4
Residential streer - some truck 4,0 10,2
Heavy truck 6,0 15,2

Table 6. Canadian structural design recommendation for cold climates. [Schaus 2007]

Subgrade
type

Surface thickness
mm, 17 % porosity

Reservoir thickness
mm, 40 % porosity

Sand
50 300

100 300
150 200

Silt
50 400

100 400
150 400

Clay
50 400

100 400
150 400
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If there is no local guidance or empirical experiences for designing minimum thickness of
pavement surface course, an unvalidated design curve system created by Dooley et al.
(2009) can also be used. This does not consider frost, so it is suitable only for tentative
designing in freezing climates. The system supposes that the pavement structure is an
unconfined aquifer having an impermeable layer underneath and a free water surface at the
top [Dooley et al. 2009]. The layer coefficient is an uniformly 3-dimensional and the structure
is recharging with water. The design curve takes into account precipitation (rain intensity
90%), permeability, lane width, cross slope and gives a layer thickness as the result (Figures
8 and 9). The required properties are presented in Table 7.

Figure 8. PA layer simulating an unconfined aquifer with constant recharge (Dooley et al.
2009)

Table 7. Required properties for design chart. [Dooley et al. 2009]

The design chart user (see Figure 9) can notice that rainfall intensity and permeability have
significant roles when choosing right thickness. If the rainfall intensity requires some
permeability rate which is difficult to achieve, the thickness, slope and length rates can be
adjusted. Wide length rate, high slope percentage and high permeability decrease thickness,
whereas low rainfall intensity increases thickness. If the final thickness is more than the
calculated thickness by using Figure 9, it probably makes the pavement able to maintain the
permeability and functionality longer depended on clogging circumstances. However, the
minimum thickness should be about 2 times the maximum aggregate size and a tolerance of
6 mm is allowed [Dooley et al. 2009]. The clogging phenomenon is an essential factor that
must be taken into account when using and maintaining the porous asphalt after
construction, because it can reduce the permeability significantly. [Dooley et al. 2009]
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Figure 9. Design chart for PA lift thickness based on cross slope. [Dooley et al. 2009]

Specifications from different countries concerning dimensioning and general requirements of
features of porous asphalts are collected in Tables 8, 9 and 10 (Alvarez et al. 2006). These
tables include gradations, aggregate, binder, and mixture properties used in the United
Kingdom, Spain, Denmark, Switzerland, the Netherlands, Belgium, Italy, Australia, South
Africa and the USA National Center for Asphalt Technology (NCAT) and Texas department
of Transportation (TxDOT).
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Table 8. Specifications for porous asphalts in different countries, part 1 of 3. PA = Porous
asphalt. Modified from [Alvarez et al. 2006]
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Table 9. Specifications for porous asphalts in different countries, part 2 of 3. Modified from
[Alvarez et al. 2006]
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Table 10. Specifications for porous asphalts in different countries, part 3 of 3. NCAT =
National Center for Asphalt Technology, TxDOT = Texas. Modified from [Alvarez et al. 2006]

The Minnesota Stormwater Manual (2013) includes design criteria for dimensioning a
pavement structure below porous asphalt. A general specification is provided in Table 11.
The minimum thickness of the asphalt layer is 2.5 inch (6.4 cm) and the void content is 16 –
 20%. A reservoir layer must support the structural loads. [Minnesota Stormwater Manual
2013]
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Table 11. Summary of specifications for material under the pavement surface (porous
asphalt), according to [Minnesota Stormwater Manual 2013].

Material Specification Notes

Bedding/choker layer 1 inch (2.5 cm) of AASHTO No. 57
stone (2.4-37.5 mm) Washed free of fines

Reservoir Layer
AASHTO No. 2 (19-75 mm), 3 (25-
50 mm), or 5 (13-25 mm) stone

Stone layer thickness based on the
pavement structural and hydraulic
requirements. Stone washed and
free of fines. Recommended
minimum void ratio = 0.4.

Underdrain (optional)

Use 4 to 6 inch (10.2 - 15.2 cm) diameter perforated PVC (AASHTO M-
252) pipe or corrugated polyethylene pipe. Perforated pipe installed
for the full length of the permeable pavement cell, and non-
perforated pipe, as needed, connected to storm drainage system.

Filter Layer (optional)

Sand filter layer is separated
from base above and native soils
with geotextile. Sand layer
typically ASTM C33 gradation, 6
to 12 inches (15.6 - 30.5 cm)
thick.

The sand layer may require a
choker layer on surface to provide
transition to base layer stone.

Geotextile (optional)

Comply with AASHTO M-288 Standard Specification for Geotextile
Specification for Highway Applications, drainage and separation
applications, Class I or II. Porous asphalt industry recommends non-
woven geotextile.

Impermeable Liner
Use a minimum 30 mil PVC liner covered by 12 ounce/square yard
(1.02 kg/m3) non-woven geotextile. EPDM and HDPE liner material is
also acceptable.

Observation Well
Use a perforated 4 to 6 inch (10.2 - 15.2 cm) vertical PVC pipe
(AASHTO M-252) with a lockable cap, installed flush with the surface
(or under pavers).

The UNHSC Design specification [Briggs et al. 2009] provides gradation guidelines and
minimum thickness requirements for different layers below a porous surface. The layers from
top to bottom are (see also Figure 10):

 Minimum 10–20 cm thick layer of chocker course of crushed stone (8” is preferable).
 Minimum 20 cm to 30 cm layer of filter course of poorly graded sand.
 Minimum 8 cm filter blanket that is an intermediate setting bed (pea gravel).
 A reservoir course of crushed stone, thickness is dependent on required storage and

underlying native materials. Alternatively, the pea gravel layer could be thickened and
used as the reservoir course depending upon subsoil suitability.

 For lower permeability native soils, perforated or slotted drain pipe is located in the
stone reservoir course for drainage. This drain pipe can be e.g. connected into other
stormwater management infrastructure (wetland, storm sewer, etc.).

 Optional nonwoven geotextile filter fabric (geotextile) for stabilizing the sloping sides
of the porous asphalt system excavation.

A pavement structure must have a sufficiently high air void content and the aggregates of the
reservoir course must consist of uniformly graded crushed stone for maximizing storage
capacity and water infiltration between storm events. The reservoir course acts also a
capillary barrier preventing vertical water movement and winter freeze-thaw and frost
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heaving [Briggs et al. 2009]. If the underlying soil is well drained (hydrological group A), the
minimum thickness for reservoir course is 10 cm. If the soil is not well drained, the structure
may need underdrains. The minimum thickness is thus 30 cm and underdrains have to be
elevated 10 cm above the reservoir course bottom to enhance groundwater recharge. If the
bottom is lined, the thickness must be adjusted to have sufficient storage capacity for the
design stormwater. According to the UNHSC Design specification the pavement system and
subbase thickness are also calculated against the frost if needed; where thickness must be >
0.65 × design frost depth for the area. [Briggs et al. 2009]

Figure 10. Typical Parking area Cross-Section for Pervious Pavement System [Briggs et al.
2009]

Hansen (2008) presents a storage layer depth calculation based on 2 or 100 years storm
event. The nomogram in Figure 11 supposes that there is no discharge and the layer collects
and detents all stormwater. The water is alternatively collected only from the porous
pavement surface or in addition from adjacent impervious pavement as runoff. The stone
recharge bed is typically 30.5–91.4 cm (12–36 inch) and depends on the amount of water,
subsoil infiltration capacity. Traffic loads mostly affect the thickness of the asphalt layer
according to Hansen (2008). Overflow structures, such as special edge structures, may be
needed if there is risk for water rising over the surface.
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Figure 11. Bed depth requirement for zero discharge. [Hansen 2008]

2.4 Permeable interlocking concrete pavement

It is important to perform a preliminary assessment, including all normal geological and soil
assessments, before conducting detailed permeable interlocking pavement (PICP) design.
Also topographical assessments, identifying drainage patterns, and all kind of relevant
features such as streams, wetlands, wells, structures, stormwater hotspots, and current and
future land uses should be included. [Smith 2011]

The overall actual design process for PICP is explained in [Smith 2011], which is also
presented in Figure 12 as a flow chart. In many cases the hydrological requirements will
require a thicker base than required for supporting traffic. [Smith 2011, Swan and Smith
2009]

Figure 12. Flow chart of the permeable pavement design process. [Smith 2011]
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The load distribution and transfer of loads through the surface and base is similar to flexible
pavement systems. The key input values are the values characterizing the stiffness of each
pavement layer.

Layer coefficients for open-graded materials in PICP are generally lower than for dense
graded materials. One problem facing the designer of PICP is to choose the moisture content
at which the base and subbase materials must serve because this affects the stiffness of the
materials. Shackel (2006) suggests an open graded base resilient modulus (Mr) of 250–
400 MPa, but qualifies it with reductions between 40% and 70% due to saturation and stress
dependency (i.e. base stiffness depends on the applied load). [Smith 2011]

In the solutions presented by Beeldens et al. (2009), the combination of bearing capacity and
water storage is assured by splitting up these tasks over the different layers in the structure.
The bearing capacity is provided by the base layer, the storage is provided by the subbase
layer. In this way, the influence of saturation on the behaviour of the structure is limited.
[Beeldens et al. 2009]

The use of lower Mr values than are commonly selected for the structural design of
conventional pavements will lead to some increase in base or subbase thicknesses for PICP.
However the final design thickness for a PICP is the greater of the thicknesses need for
stormwater management and for carrying traffic. According to the experience by Shackel
(2006), the thickness needed for water management is often greater than that needed for
traffic. This means that there is usually no economic disadvantage in requiring greater
structural thicknesses for PICP than for conventional pavements because stormwater
considerations often determine the final design.

Factors influencing the design of permeable pavements are critically assessed in [Shackel et
al. 2008]. The systematic development and implementation of a new comprehensive design
method specific to Australian conditions is also described. This method embraces all types of
pavements including roads and industrial applications. The designer needs answers to the
following questions:

1. What pavers and pavement materials are suitable for use in permeable pavements?
2. How can the pavers and pavement materials be characterised for design purposes?
3. What design methodology should be used?
4. What levels of stormwater management and structural performance can be achieved?

Shackel et al. (2008) presents also case histories of permeable pavements both in Australia
and internationally, to illustrate the scope and application of permeable pavements.

PICP structural capacity derived from the subbase, base and surface thicknesses can be
determined from the flexible pavement design methodology, as presented e.g. in the
AASHTO Guide for Design of Pavement Structures (1993). (Figure 16a) Since PICP typically
is used for low traffic volume applications, it is common to make general assumptions for the
design traffic loads rather than conduct detailed traffic surveys. Experience has shown that
while traffic volumes are typically low, PICP can withstand also some higher axel loads.
Permeable Design Pro software enables the user to characterize traffic for roadways and
parking lots. [Swan and Smith 2009]

Numerical models permit a more realistic description of the load-bearing behaviour of
pavement structures. [Ascher et al. 2006] Using numerical models, the effects of different
external factors or structural parameters may be systematically assessed for practical
engineering applications. In order to analyze the load-bearing behaviour of pavement
structures, 3D models should be chosen.

The aim of the research by Asher et al. (2006) was to implement concrete block pavements
into an analytical pavement design program (Figure 13). Full-scale dynamic laboratory tests
on block pavements formed the basis of the investigation. Asher et al. (2006) describes in
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detail the possibilities for modelling concrete block pavements using the 3D FEM program
REFEM. By using this program it was possible to model different paving blocks and laying
patterns under dynamic loading. The nonlinear deformation behaviour of the base course
and subbase materials was taken into account in the modelling process. According to Asher
et al. (2006), using the results of 3D FEM-calculations it should be possible to determine the
influences of joints and bedding materials on the deformation behaviour of concrete block
pavements. Also Finite Element back-calculation results of full-scale dynamic laboratory tests
are presented in [Asher et al. 2006] (Figure 14).

Figure 13. Block pavement mode. [Ascher et al. 2006]

Figure 14. Laboratory test results (thin lines) versus results of numerical simulations (dashed
line). [Ascher et al. 2006]

Nishizawa (2003) presents a tool for structural analysis of block pavements based on 3D
FEM. According to him it is difficult to model block pavements by finite elements, because
their surface layer consists of a large number of very small blocks with complicated laying
patterns. In his study, a program package for the structural analysis (BLPAVE3D) was
developed based on 3D FEM. The package consists of a mesh generator, a solver and a
post processor.

The pavement structure was modelled as a combination of solid elements and interface joint
elements, as shown in Figure 15. The blocks, base, subbase and subgrade are divided into
the solid elements and the joints and the cushion layer are represented by the interface
elements. In the joints, the shear springs (ks,  kt) model the shear load transfer due to
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interlocking of the sand between the blocks. In the cushion layer, the normal spring (kn)
represents the support function of the layer and has a value depending on the vertical
stiffness of the layer, while its shear spring constants (ks,  kt) are assumed small values
because of weak shear interaction in the layer. [Nishizawa 2003]

The user has to input information only on loading and pavement structural conditions
including block size, laying pattern, mechanical characteristics of cushion layer, bases and
subgrade (see the example values in Table 12). The solver computes displacements,
stresses and strains not only in the blocks but also those in the bases and subgrade using a
3D FEM model, where the blocks, bases and subgrade are divided into solid elements and
the cushion layer and joints are modelled by a general interface element. The post processor
displays deformations and stress contours of the entire or partial region of the pavement
structure. [Nishizawa 2003]

Figure 15. 3D FEM model for a block pavement as presented in [Nishizawa 2003].

Table 12. Input data for 3D FEM simulation of different (Cases A–D) concrete block
pavements in [Nishizawa 2003].

PICP hydrological design generally relies on the following variables:
 design storm or storms, typically issued by the local stormwater agency,
 long-term soil infiltration rate, estimated from soil samples or field measured with an

appropriate safety factor added by the designer,
 base/subbase reservoir thickness and storage capacity. [Smith & Hunt 2010]

The stormwater quantity entering the pavement surface is described as a water balance
among sources and destinations. These are shown in Figure 16b. The USA´s Permeable
Design Pro software is one tool that manages the volume of water in the pavement system.
The analysis procedure uses small time steps to estimate the expected water inflow from
precipitation and any surrounding areas that drain into the PICP. The rainfall events can be
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selected from 2 year to 100 year storm events, while the rainfall timing may also be
important. [Swan & Smith 2009, Smith &Hunt 2010]

The outflow from surface runoff to groundwater recharge and subsurface drainage during
each time step is also estimated. Permeable Design Pro estimates the water infiltrating into
the soil subgrade and into pipe subdrains. The drains are typically used with low in-filtration
soils. The user can specify the pipe size, slope, horizontal spacing, and height above the soil
subgrade. Water harvesting can be modelled by limiting the subgrade infiltration rate. [Swan
& Smith 2009.]

Figure 16. a) Distribution of traffic loads into underlying layers; b) Inflow and outflow of water
on permeable pavement. [Swan & Smith 2009]

As another example, the LOCKPAVE software is also used in the USA, Canada and many
other countries around the world, to model permeable pavers and permeable base and
subbase materials. [Shackel 2006.]

Guide specifications for PICP construction are available in ICPI-pages (http://www.icpi.org/)
including:

 methods for quality control and quality assurance for construction planning and
execution,

 a software program for hydrologic and structural PICP design (Permeable Design
Pro).

In addition to structural and hydrological design, there are also additional design factors such
as:

 paver type and configuration,
 available stormwater systems,
 adjacent land uses,
 aggregate filter requirements,
 geotextile,
 maintenance,
 edge restraint design, and
 constructability.

An example

The Port Authority of New York and New Jersey constructed the first port pavement in North
America to combine solid and permeable interlocking concrete pavements (PICP) for
container handling equipments (Figure 17). The PICP was designed to provide service for at
least 200 000 passes of the top pick vehicles over an estimated 20 years of service. A top
pick vehicle provides movement of the containers while exerting wheel loads in excess of
22 700 kg. The only other documented permeable port pavement in the western hemisphere
before that was at Santos Container Port, Brazil, with 132 000 m2. [ICPI 2002]
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Structural design of the North America pavement for container handling was developed using
the British Ports Association design method. In addition, engineers used two other
computerized layered elastic models to characterize the loads and resulting stresses and
strains in the pavement materials. Various layer thicknesses and strengths were examined
using a 25 mm rutting failure criteria. They found the combination of material strengths to
provide at least 20 years of pavement service while maintaining deformations below this
criterion. The resulting cross section, taking into account these loads and the winter
environment, consisted of 80 mm thick concrete pavers over 25 mm of bedding sand. The
base consisted of 200 mm of Asphalt Concrete Bottom Course constructed in accordance
with a Port Authority specification on 450 mm thick compacted recycled concrete aggregate
base. The base was placed over a sandy subgrade reinforced with geogrids and geotextile.
The Howland project included an observation well to monitor water levels, drainage rates,
and sample water quality. (Figure 17)

Figure 17. A test section of permeable interlocking concrete pavements for container yards.
[ICPI 2002]

2.5 Subgrade

In general, and as applicable, subgrade dimensioning is based on normal geotechnical
design methods and related investigation and testing methods. As also according to
Eurocode [EN 1997-2: 2007] the need for more advanced testing or additional site
investigation as a function of the geotechnical aspects of the project, soil type, soil variability
and computation model should be considered. [EN 1997-1: 2004, EN 1997-2: 2007]

In installations where the water flows directly downward through the pavement layers (open
systems), the subgrade material should be a permeable soil that provides good support.
During construction, the natural subgrade must be protected from over compaction to avoid
creating an impermeable surface, unless additional mechanical drainage is installed.
[Schaefer et al. 2006, Tennis et al. 2004]

If the underlying soils have a low bearing capacity, they may need to be compacted. This
generally rules out their use for infiltration. [Virginia DCR 2011]

The thickness of the subbase is often controlled by the permeability of the natural subgrade
soil and the hydrologic loading to the pavement. [Tennis et al. 2004]
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3. Review of hydrological permeable pavement models

3.1 General

Balmforth et al. (2006), Elliott and Trowsdale (2007), Bosley II (2008) and Ellis et al. (2008)
have extensively reviewed computational models that can be potentially utilized for
permeable pavement and for other Low Impact Development (LID) controls modelling. These
LID controls are understood as structural and nonstructural practices that promote processes
such as infiltration, filtration, onsite storage and detention, evapotranspiration, absorption,
adsorption, precipitation, biodegradation, phytoremediation and percolation, among others,
which reduce the need for a centralized best management practice [USEPA 2000,
Ahiablame et al. 2012]. Stormwater management, before increased application of LID
techniques, primarily focused on the reduction of peak runoff discharge rate by removing
water quickly from a site to avoid flooding [USEPA 2000]. Even though new models have
been developed or enhancement of exiting models with new algorithms has been completed
since these publications, they provide a good understanding of the fundamental capabilities
of individual models to handle different temporal and spatial scales. These studies should be
consulted for additional details. During the time of the Elliott and Trowsdale (2007)
publication only one reviewed model included green roofs explicitly, and none of them
included permeable pavement modules.

During the development process of the SUSTAIN model [Shoemaker et al. 2011, EPA 2013]
a very extensive review effort was carried out for available models and modelling
frameworks, in order to identify candidate models or portions of models that could be
integrated or adapted into SUSTAIN [USEPA 2009].

There has been in recent years a clear trend towards introducing LID devices into
conventional stormwater drainage models, either by modifying conventional models, building
new models based on conventional modelling approaches, or documenting how methods to
model LID devices indirectly. Many standard hydrologic stormwater management/urban
drainage models have been recently augmented to allow evaluation of LID practices. SWMM
[Rossman 2010], HSPF [Bicknell et al. 2001, WinSLAMM (http://winslamm.com/) and the
newest one, SUSTAIN are examples of this LID inclusion trend.

In the recent review of Ahiablame et al. (2012), monitored models were described that also
include permeable pavement options together with other LID (bioretention, green roof and
swale systems) practices. The urban drainage models presented in more detail in the review
were SWMM (Stormwater Management Model: http://www.epa.gov/nrmrl/wswrd/wq/models/
swmm) and SUSTAIN. Both models have different levels of complexity and use different
approaches to represent LID practices. They concluded that SUSTAIN and SWMM can be
used to accurately evaluate fundamental processes occurring within the practices. These
models were developed for in-depth analysis.

According to the above literature reviews, the limitations of many modelling approaches lie
on the simplifying assumptions, especially in the case of 1-D flow models, and the lack of
validation of the equations used against real data. Finally, it appears that most models focus
on one part of the problem and neglect the interconnection of the various pieces that
comprise the complicated overall system. SWMM and SUSTAIN seem to be the most
complete general-purpose models. In the following sections, the capabilities of SWMM,
SUSTAIN and WinSLAMM models are described in more detail. All these three models
include modules for permeable pavement systems, have different levels of complexity, each
have their own unique capabilities, use different approaches to represent LID practices and
can handle both watershed/subcatchment as well as local/site/structure scale modelling.

SWMM has been used extensively used in the stormwater management area. It takes into
account a wide range of physical processes that can occur inside the permeable pavement.
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SWMM is a dynamic rainfall-runoff model used for simulation of single event or continuous
runoff quality and quantity from urban areas [Rossman 2010]. It is moderately complex and a
widely used model for planning, research, and design related to stormwater runoff e.g. [Abi
Aad et al. 2010, Shuster & Pappas 2011, FCG 2012]. Runoff is perceived as the sum of
inflows from various subcatchment areas that receive precipitation. SWMM uses a routing
subroutine to transport this runoff through pipes, storage areas, pumps and regulators.
Eeach simulation period is comprised of multiple time-steps, the runoff generated from each
sub-catchment is calculated using an explicit finite-difference solution of the complete Saint-
Venant equations. Flow rate, flow depth and quality of water in each pipe are also calculated.
The EPA has extended the newest version of SWMM to explicitly model the hydrologic
performance of specific types of LID controls, such as: permeable pavements, rain gardens,
green roofs, street planters, rain barrels, infiltration trenches, and vegetative swales.

The input parameter needs for the permeable pavement module of SWMM are presented
and discussed in detail in Chapter 3.3.

Many major commercial urban drainage modelling packages uses all or some of the SWMM
components, e.g. InfoSWMM, H20MAP SWMM, PCSWMM and Mike Urban. These other
products usually add both front-end data collection and GIS support and post-processing
tools. In many cases, the integration of these additional tools is seamless. A good example of
this is the PCSWMM model  (http://www.chiwater.com/Software/PCSWMM/ )  that  is  a  GIS-
based, graphical decision support system for SWMM. It implements additional tools for
streamlining sewer collection system model development, optimization and analysis.
PCSWMM offers direct support with the latest GIS data and formats. The GIS engine is
completely scalable, allowing a wide range of site conditions to be evaluated (Figure 18).

Figure 18. Example screen view into the PCSWMM/SWMM catchment/sub-catchment
modelling.

SUSTAIN is a complex multi spatial-scale model developed to assist decision making
regarding selection and placement of LID practices for runoff reduction and water quality
protection in urban watersheds [USEPA 2009]. SUSTAIN uses multiple techniques to
estimate runoff and water quality constituents including modules from SWMM (atmospheric,
land surface and groundwater compartments) and HSPF models (conveyance and pollutant
routing compartments). SUSTAIN currently supports the simulation of a variety of LID
practices, which include bio-retention, cistern, constructed wetland, dry pond, grassed swale,
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green roof, infiltration basin, infiltration trench, porous pavement, rain barrel, sand filter (non-
surface and surface), vegetated filter strip, and wet pond (USEPA 2009). The model uses a
process-based representation approach to simulate storage, infiltration, filtration,
evapotranspiration, and pollutant routing and removal, among others, within individual or
aggregated LID practices. SUSTAIN is the only reviewed model that includes optimization
module to perform cost estimating and systematically compares performance and cost data
of various LID options and their placement scenarios (Figure 19). The model can be used to
explore the benefits of LID practices, including permeable pavement practices prior to
implementation, identify management practices for practical implementation, and evaluate
the performance of implemented practices.  Permeable pavement and other selected LID
modules in SUSTAIN are from the BMPDSS model [Tetra Tech 2008, Tetra Tech 2009]. The
input parameters of the permeable pavement module are presented in Chapter 5 together
with Belgian and Australian approaches to carry out detailed site scale planning and sizing of
permeable pavements. The application example of SUSTAIN can be found in [Shoemaker et
al. 2011].

Figure19. SUSTAIN components and conceptual diagram.

The WinSLAMM (Source Loading and Management Model for Windows) model is the only
Urban Stormwater Quality Model that evaluates runoff volume and pollution loading for each
source area within each land use for each rainfall event. The WinSLAMM model is a good
example of the possibilities to simplify the input process for the LID-facility design and sizing
in otherwise general-purpose and advanced modelling environment. In Figure 20 the input
screen for the pavement module is presented. Evaluation at the source area level allows
stormwater quality professionals the ability to target the highest loading areas and
recommend improvements to reduce runoff volume and pollution loading from those areas.
WinSLAMM utilizes small storm hydrology – the concept that the majority of the runoff
volume and pollutant loadings in urban areas are a result of the small and medium rainfall
events. WinSLAMM can model a growing list of stormwater control measures including
infiltration/biofiltration basins, street cleaning, wet detention ponds, grass swales, filter strips,
porous pavement, catch basins, water reuse, and various proprietary devices.
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Figure 20. The input design screen for the pavement module of WINSLAM.

3.2 Rainfall-Runoff generation and climate change effects

Most of the models are similar in the way that they handle as input both single storm events
as well as long-term rain and evaporation. Outputs are then peak flow rates and durations as
well as continuous runoff (see examples in Figure 21). Thus it is flexible to include historical
or predicted future precipitation and evaporation behaviour as time series or simply single-
event design and sizing rainfall into the modelling process.

Figure 21. Example how the rainfall input are presented for single-event storm events as well
as for long-term rain data [Kirschbaum and Lancaster 2013].

Models are also very similar in how runoff from impervious areas is generated. The runoff is
the dominant effect of urbanisation on runoff generation. The models mostly use simple
conventional rainfall-runoff methods for generating runoff from pervious areas. For example,
SWMM includes a Green-Ampt infiltration option (see Chapter 4). The SWMM model
estimates runoff based on a collection of subcatchment areas that receive rainfall and
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generate runoff and water quality constituents as influenced by evaporation and infiltration
losses from the subcatchments. There is no clear advantage of one of the runoff generation
methods over another in relation to modelling of LID. They are all likely to need calibration or
development of suitable regional parameters, and all are somewhat coarse in relation to
treatment of the effects of vegetation (on soil moisture and interception). Several models also
include a base-flow runoff component, which is relevant to LID because maintenance of the
base-flow is often a goal of LID.

In Table 13 is an example of the information of the heavy rains that Finnish Consulting Group
Oy (FCG) has used in their stormwater management considerations in some Finnish cities
[FCG 2012]. These rains represent the average rain intensities for the 1 km2 regional
precipitations and are based on weather radar information from the years 2000–2005 in
southern Finland [Aaltonen et al. 2008].

Table 13.. Examples of the rain events (durations, annual frequencies, mean rain intensities
and amounts of rainfall) that has been used in SWMM modelling by FCG (2012).

In Finland it has been predicted that climate change will increase the intensity of the heavy
rains by 15–20% by the years 2071–2100. These estimates are based on the prognosis of
the Finnish Meteorological Institute. It has been recommended that this change can be taken
into account in the stormwater modelling by using 20% heavier rains in calculations
[Aaltonen et al. 2008]. In Appendix A of this report the climate change modelling of the
CLASS project are described in detail and these estimates will be applied in the future
simulations. Relevant information about urban impacts of climate change can also be found
in Wahlgren & Kling (2013).

3.3 SWMM and Permeable pavement systems

SWMM can account for various hydrologic, hydraulic and water quality processes and
techniques that are important in understanding runoff and pollutant loads in urban areas with
and without permeable pavement facilities. Some of the most essential ones are listed below
[Rossman 2010, EPA 2010]:

- time-varying rainfall
- evaporation of standing surface water
- snow accumulation and melting
- rainfall interception from depression storage
- infiltration of rainfall into unsaturated soil layers
- percolation of infiltrated water into groundwater layers
- interflow between groundwater and the drainage system
- nonlinear reservoir routing of overland flow
- runoff reduction via Low Impact Development (LID) controls
- dry-weather pollutant build-up over different land uses
- pollutant wash-off from specific land uses during storm events
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- direct contribution of rainfall deposition
- reduction in dry-weather build-up due to street cleaning
- reduction in wash-off load due to LID controls
- entry of dry weather sanitary flows and user-specified external inflows at any point in

the drainage system
- routing of water quality constituents through the drainage system
- reduction in constituent concentration through treatment in storage units or by natural

processes in pipes and channels.

Spatial variability in all of these processes is achieved by dividing a study area into a
collection of smaller, homogeneous sub-catchment areas, each containing its own fraction of
pervious and impervious sub-areas. Overland flow can be routed between sub-areas,
between sub-catchments, or between entry points of a drainage system.

SWMM also contains a flexible set of hydraulic modelling capabilities used to route runoff
and external inflows through the drainage system network of pipes, channels, storage/
treatment units and diversion structures. These include the ability to:

- handle drainage networks of unlimited size
- use a wide variety of standard closed and open conduit shapes as well as natural

channels
- model special elements such as storage/treatment units, flow dividers, pumps, weirs,

and orifices
- apply external flows and water quality inputs from surface runoff, groundwater

interflow, rainfall-dependent infiltration/inflow, dry weather sanitary flow, and user-
defined inflows

- utilize either kinematic wave or full dynamic wave flow routing methods
- model various flow regimes, such as backwater, surcharging, reverse flow, and

surface ponding
- apply user-defined dynamic control rules to simulate the operation of pumps, orifice

openings, and weir crest levels.

LID modules of SWMM are integrated within the sub-catchment and further refinement of the
overflows, infiltration flow and evaporation in rain barrels, vegetative swales, porous
pavement, bio-retention cell and infiltration trench are allowed. The  LID controls within a
sub-catchment can be placed either in an existing sub-catchment that will displace an equal
amount of non-LID area from the sub-catchment or a new sub-catchment that is entirely
devoted to a single LID practice can be created.

SWMM can explicitly model five different generic types of LID controls [Rossman 2010]:

- Bio-retention cells are depressions that contain vegetation grown in an engineered
soil mixture placed above a gravel drainage bed. They provide storage, infiltration and
evaporation of both direct rainfall and runoff captured from surrounding areas. Rain
gardens, street planters, and green roofs are all variations of bio-retention cells.

- Infiltration trenches are narrow ditches filled with gravel that intercept runoff from
upslope impervious areas. They provide storage volume and additional time for
captured runoff to infiltrate the native soil below.

- Pervious pavement systems are excavated areas filled with gravel and paved over
with a porous concrete or asphalt mix. Normally all rainfall will immediately pass
through the pavement into the gravel storage layer below it where it can infiltrate at
natural rates into the site's native soil. Block Paver systems consist of impervious
paver blocks placed on a sand or pea gravel bed with a gravel storage layer below.
Rainfall is captured in the open spaces between the blocks and conveyed to the
storage zone and native soil below.



RESEARCH REPORT VTT-R-08227-13
40 (63)

- Rain barrels (or cisterns) are containers that collect roof runoff during storm events
and can either release or re-use the rainwater during dry periods.

- Vegetative swales are channels or depressed areas with sloping sides covered with
grass and other vegetation. They slow down the conveyance of collected runoff and
allow it more time to infiltrate the native soil beneath it.

- Bio-retention cells, infiltration trenches, and porous pavement systems can all contain
optional under-drain systems in their gravel storage beds to convey captured runoff off
of the site rather than letting it all infiltrate. They can also have an impermeable floor
or liner that prevents any infiltration into the native soil from occurring. Infiltration
trenches and porous pavement systems can also be subjected to a decrease in
hydraulic conductivity over time due to clogging.

Although some LID practices can also provide significant pollutant reduction benefits, at
present SWMM only models their hydrologic performance.

Porous pavement LID as well as other LID controls are represented by a combination of
vertical layers whose properties are defined on a per-unit-area basis [Rossman 2010]. This
allows pavement systems of the same design but differing areal coverage to easily be placed
within different sub-catchments of a study area. During a simulation, SWMM performs a
moisture balance that keeps track of how much water moves between and is stored within
each pavement system layer. As an example, the layers used to model a porous pavement
module and the flow pathways between them are shown in Figure 22.

Figure 22. Conceptual diagram of the LID module for porous pavement cell.

The layers consist of the following components:

- The Surface Layer correspond to the pavement surface that receives direct rainfall
and runoff from upstream land areas, stores excess inflow in depression storage, and
generates surface outflow that either enters the drainage system or flows onto
downstream land areas. The Surface Layer page of the LID Control Editor is used to
describe the surface properties of the porous pavement. The input properties of the
LID are presented in Figure 23.

- The Pavement Layer is the layer of porous concrete or asphalt used in continuous
porous pavement systems, or in the paver blocks and filler material used in modular
systems. The Pavement Layer page of the LID Control Editor and the corresponding
properties of a porous pavement are presented in Figure 24.
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- The Storage Layer is a bed of crushed rock or gravel that provides storage in porous
pavement. LID storage layers can contain an optional under-drain system that collects
stored water from the bottom of the layer and conveys it to a conventional storm drain.
The Storage Layer page of the LID Control Editor describes the properties of the
crushed stone or gravel layer porous pavement systems as a bottom storage/drainage
layer. The page and the data fields are displayed in Figure 25.

- The Under-drain System conveys water out of the gravel storage layer of porous
pavement systems into common outlet pipe or chamber. The Under-drain page of the
LID Control Editor describes the properties of this system. The data entry fields of this
page are presented in Figure 26.

Figure 23. The Surface Layer page of the LID Control Editor and the needed input
parameters.
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Figure 24. The Pavement Layer page of the LID Control Editor and the needed input
parameters.
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Figure 25. The Storage Layer page of the LID Control Editor and the needed input para-
meters.
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Figure 26. The Under-drain Layer page of the LID Control Editor and the needed input
parameters.

All of the LID controls provide some amount of rainfall/runoff storage and evaporation of
stored water (except for rain barrels). Infiltration into native soil occurs in porous pavement
systems if those systems do not employ an optional impermeable bottom liner. The porous
pavement systems can also be subjected to clogging. This reduces their hydraulic
conductivity over time, proportional to the cumulative hydraulic loading on the trench or
pavement.
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SWMM offers three choices for modelling normal infiltration rates into the soil: Horton’s
Equation, the Green-Ampt Method and the Curve Number Method. Of these three, both the
Horton and Green-Ampt Methods are most used:

- Horton's Equation: This method is based on empirical observations showing that
infiltration decreases exponentially from an initial maximum rate to some minimum
rate over the course of a long rainfall event. Input parameters required by this method
include the maximum and minimum infiltration rates, a decay coefficient that describes
how fast the rate decreases over time, and the time it takes a fully saturated soil to
completely dry (Figure 27).

- Green-Ampt Method: This method for modelling infiltration assumes that a sharp
wetting front exists in the soil column, separating soil with some initial moisture
content below from the saturated soil above. The input parameters required are the
initial moisture deficit of the soil, the soil's hydraulic conductivity, and the suction head
at the wetting front (Figure 28).

Figure 27. The Horton Infiltration page of SWMM and the needed input parameters.



RESEARCH REPORT VTT-R-08227-13
46 (63)

Figure 28. The Green-Ampt Infiltration page of SWMM and the needed input parameters.

The performance of the LID controls placed in a sub-catchment is reflected in the overall
runoff, infiltration, and evaporation rates computed for the sub-catchment, as normally
reported by SWMM. SWMM-output's Status Report contains a section entitled LID
Performance Summary that provides an overall water balance for each LID control placed in
each sub-catchment. The components of this water balance include total inflow, infiltration,
evaporation, surface runoff, under-drain flow and initial and final stored volumes, all
expressed as inches or mm over the LID's area.

3.4 Site-scale models/dimensioning tools for permeable pavement
structures

There are numerous software/spreadsheet/nomogram approaches to help with hydrologic
design and sizing of the permeable pavement systems. These are commonly conceptual
layered-structure approaches for estimating/calculating rainfall-runoff and infiltration
processes of permeable pavements. These approaches often have many embedded
assumptions. They can be targeted to the certain geographical area with fixed rainfall events,
to certain permeable pavement type and they can aggregate fundamental processes
occurring within the practice into a few parameters to characterize the impacts of LID
practices without the possibility to vary layer properties. Most of these types of models are
quick screening and simplified sizing tools developed to summarize information about LID
scenarios. They are not necessarily suitable for design or study of optimum solutions.

In the following sections, three more general and advanced designing approaches from the
United States, Belgium and Australia are presented shortly in order to give ideas how these
layered structure tools at their best can help in sizing permeable pavement systems and to
produce parameters for the watershed/sub-catchment scale considerations.
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BMPDSS (The Best Management Practice Decision Support System) is the LID module that
was chosen after extensive evaluation process to represent LID processes in the SUSTAIN
modelling/optimization framework [USEPA 2009]. This module uses simplified process-
based algorithms to simulate LID controls of either observed time series or modelled flow
and water-quality time series generated from runoff models such as HSPF. The design and
evaluation methodology for the LID Module has five basic aspects:

- the incorporation of input runoff data,
- design and representation of a site plan,
- configuration of LIDs of various sizes and functions,
- schematic representation of flow routing through a network of LIDs, and
- evaluation of the impact of the site design and BMP configurations on hydrology and

water quality.

The module platform of BMPDSS provides interactive linkages between the first four of these
design aspects. The LID module’s assessment post-processor offers a series of evaluation
methods for measuring the impact of the design and LID configurations on hydrology and
water quality. An example of the pavement parameters of LID typical cross-sectional design
for porous pavement with the corresponding hydrological parameters is presented in Figure
29.

Figure 29. Example of typical porous pavement design and corresponding BMPDSS
parameters. This design was used in a demonstration project in Three Upper Charles River
Communities [Terra Tech, 2009].
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Beeldens et al. (2009) have presented guidelines for hydraulic design of permeable
pavements that have resulted in standard structures related to the traffic intensity and soil
characteristics. This has been done incorporating the results of a research project executed
at the Belgian Road Research Center between 2003 and 2007. They have shown that in
order to come to an optimum design, different stages have to be looked at, starting from the
soil and the necessary drainage system to the choice of pavement blocks over the material
and dimensions of the sub-base and base layer.

They have designed a decision tree with different design steps (Figure 30). First the drainage
system is determined as a function of the soil permeability. In the next step, the thickness of
the base layer and type of material is fixed in relation to the traffic on the structure.
Subsequently the thickness of the sub-base layer is determined either by the necessary
thickness to protect the soil against frost or by the necessary thickness to provide the
buffering capacity. The largest thickness between them is then adopted for the design.
Finally, a choice of pavement blocks is made and with this, the choice of joint filling material
and base layer material. A geotextile is added at the bottom of the structure to prevent the
infiltration of fines into the structure and above the base layer, in the case that pervious lean
concrete is used.

Beeldens et al. (2009) have also presented that the application of pervious paving systems
can be brought back to standard systems, related on one hand to the permeability of the soil
and on the other hand to the traffic which is present on the pavement. The choice of these
parameters will determine the drainage system as well as the thickness of the base layer.
For the latter, a choice between an unbound granular material and a bound pervious lean
concrete can be made. The choice of material influences the final thickness of the base
layer. An overview of the standard structures is also given in Figure 30.

Field tests during the Belgium research projects have indicated that the storage capacity can
be calculated from the water accessible porosity of the different layers. Figure 31 gives an
example of the calculation for the structure of a test parking area. In Flanders, a storage
capacity of 2000 l/100m² is necessary in order to meet local legislation. Their research has
also developed software capabilities to help with the design process [Beeldens 2013] (Figure
32).
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Figure 30. The decision tree to design permeable pavement structures [Beeldens et al. 2009]
and standard structures in relation to soil permeability and traffic. The soil permeability
alternatives in the decision tree are k<10-8 m/s, 10-8 m/s <k<10-6 and k>10-6 m/s [Beeldens
2013].

Figure 31. The calculation of the storage capacity of the structure [Beeldens et al. 2009].
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Figure 32. The screen view example of the Belgium Permeable block pavement design
software [Beeldens 2013].

Another example of a similar kind of approach for the detailed design of permeable
pavement systems is a computer program PERMPAVE developed in Australia [Shackel and
Pezzaniti 2010]. Using a simple Windows interface, PERMPAVE analyses and designs
permeable pavement systems for structural integrity, stormwater runoff quantity (flood
control), water quality and harvesting and reuse. From Figure 33 it may be seen that there
are two major components in the design process. These are a hydraulic analysis for
managing water supplemented, and a structural analysis. Usually the thickness needed for
water management will be different from that required to carry traffic and the greater of the
two thicknesses will need to be adopted. Thicknesses are normally calculated iteratively,
where a designer will need iteratively to try different materials, types of paver or cross-
sections. The water management software PERMPAVE is  linked  to  the LOCKPAVE
structural design program [Shackel 2000]. As earlier noted one problem facing the designer
of permeable pavements is to choose the moisture content at which the base and sub-base
materials must serve because this affects the stiffness of the materials. The use of lower
stiffness values than are commonly selected for the structural design of conventional
pavements will lead to some increase in base or sub-base thicknesses for permeable
pavements [Shackel et al. 2008].
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Figure 33. Schematic of the hydraulic and structural design process (PERMPAVE- and
LOCKPAVE-software) for the permeable pavements [Shackel 2006].

3.5 Coupled hydro-thermo-chemical models to model permeable
pavement systems

In cases of innovative, complex three-dimensional permeable pavement and neighbourhood
considerations (e.g. terraces, obstructions to slow down the water flow etc.), in cases of
highly variable weather conditions as well as in cases of salt and pollutions loads, the
numerical finite element/finite difference simulations may also be a useful and powerful
analyses tool. Three-dimensional simulations can be used in evaluating special design
problems and producing/checking assumptions in the sizing models. Syrrakou and Pinder
(2011) have verified that the percolation equation used in the conventional models for flow
through the coarse stone material may be unsuitable and has not been properly validated.
They concluded that there is a need for a three-dimensional general model that treats the
system as a whole and uses the correct representation of the flow through the coarse stone.

These simulations can incorporate in 3D the “physics” of unsaturated as well as saturated
processes, and can include properties specific to the layers that comprise a pavement
section. Material properties and configurations can be varied, permitting relative rapid
parametric studies to be conducted without the need for expensive and time-consuming
experimentation.

A program for simulating pavement drainage must in principle be capable of handling
transient, two or three dimensional, saturated/unsaturated flow together two-dimensional
surface flow (see Figure 34). In addition, the simulation program should have relatively
sophisticated models of near-surface processes and be able to utilize past, present and
future climatic data as input (such as precipitation, temperature, humidity, wind speed as well
as snow and ice effects on the surface). In addition it is often important to include subsurface
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freezing-thawing processes as well as water quality (reactive solute transport with water-
mineral interactions) considerations into simulations.

Pollution exists on the road and car park surfaces as a result of oil and fuel leaks, drips, tyre
wear, and dust from the atmosphere. Rainwater washes the pollutants off the surfaces.
Typical processes that can affect the concentration of pollutants in the pavement systems
and that should be taken into account in water quality simulations in the unsaturated zone
are sorption, filtration, degradation, volatilization, and water transport. Sorption tends to be
the dominant process [Abustan et al. 2012]. More details about water quality with pervious
pavement can be found in [Loimula & Kuosa 2013].

Figure 34. Surface and subsurface flow are often integrated in 3D site scale considerations.

There are also many other capabilities of a simulation program that might in certain
considerations be desirable in terms of describing pavement drainage, including water
vapour transport; heat transport; hysteresis in the moisture characteristic curve; and inverse
solution modelling to calibrate model parameters against laboratory and/or field observations.

The HYDRUS [Šim nek et al. 2012] and TOUGH (e.g. [Pruess et al. 1999]; Lawrence
Berkeley National Laboratory) code families are examples of approaches that can handle
most of the characteristics listed above. Both models are able to simulate the one-, two- and
three-dimensional movement of water, heat, and multiple solutes in variably-saturated media.
They both solve numerically the Richards equation for saturated-unsaturated water flow and
the convection-dispersion equation for heat and solute transport. The flow equation
incorporates a sink term to account for water uptake by plant roots. The heat transport
equation considers transport due to conduction and convection with flowing water.

Of these two tools, HYDRUS has been applied by Illgen and Harting (2006), Illgen et al.
(2007) and Illgen (2008) to analyse the physical infiltration phenomenon of permeable
pavement systems and is therefore described in more detail.

In these studies Illgen et al. (2007) have determined hydrological parameters from over 300
field and lab scale experiments for different permeable pavement, bedding layer and base
materials. They have especially provided suitable saturated and unsaturated flow parameters
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that describe the moisture characteristic curve (the water content – suction head relationship)
and the hydraulic conductivity function (hydraulic conductivity as a function of water content
or suction head) for permeable pavement and fillings/bedding materials as well as for
different base course materials. The unsaturated characteristics are described using van
Genuchten’s functions (1980). The initial conditions for the simulations are usually
established by assuming the model is in equilibrium with, for example, a water table. Thus,
the materials assume conditions (water contents, saturations and hydraulic conductivity)
corresponding to the equilibrium suction heads based on their moisture characteristic curves
and unsaturated hydraulic conductivity functions. Seepage boundary conditions, which
permit water to exit the model, are located for example at the pipe and along the surface
water ditches.

The solute transport equations consider convective-dispersive transport in the liquid phase,
as well as diffusion in the gaseous phase. The transport equations also include provisions for
nonlinear non-equilibrium reactions between the solid and liquid phases, linear equilibrium
reactions between the liquid and gaseous phases, zero-order production, and two first-order
degradation reactions: one which is independent of other solutes, and one which provides
the coupling between solutes involved in sequential first-order decay reactions. In addition,
physical non-equilibrium solute transport can be accounted for by assuming a two-region,
dual-porosity type formulation which partitions the liquid phase into mobile and immobile
regions.

The program may be used to analyse water and solute movement in unsaturated, partially
saturated, or fully saturated porous media. HYDRUS can handle flow regions delineated by
irregular boundaries. The flow region itself may be composed of non-uniform soils having an
arbitrary degree of local anisotropy. Flow and transport can occur in the vertical plane, in the
horizontal plane, in a three-dimensional region exhibiting radial symmetry about the vertical
axis, or in fully three-dimensional domain. The water flow part of the model can deal with
prescribed head and flux boundaries, boundaries controlled by atmospheric conditions, free
drainage boundary conditions, as well as a simplified representation of nodal drains using
results of electric analogue experiments. The two-dimensional part of this program also
includes a Marquardt-Levenberg type parameter optimization algorithm for inverse estimation
of soil hydraulic and/or solute transport and reaction parameters from measured transient or
steady-state flow and/or transport data for two dimensional problems. HYDRUS includes also
modules for simulating transport and reactions of major ions as well as the freezing and
thawing processes and it calculates and reports surface runoff, evaporation and infiltration
fluxes for the atmospheric boundary (Figure 35).
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Figure 35. A presentation slide about the reactive transport (geochemical water-soil mineral
interactions) modelling capabilities of the HYDRUS software.

3.6 Conclusions

According to the literature reviews, the limitation of many modelling approaches lie on the
simplifying assumptions, especially in the case of 1-D flow models, and often the lack of
validation of the equations used against real data. Also variables such as storage, infiltration,
evaporation, evapotranspiration, soil moisture accounting, subsurface flow, runoff and
overflow are not equally captured in all methodologies.

Very few of the reviewed models can handle the water quality questions and if they can
these considerations are very rare and/or highly simplified. Although many LID practices can
also provide significant pollutant reduction benefits, at present for example SWMM only
models their hydrologic performance.

There are still many open process related questions that can be difficult to manage with the
current stormwater-LID modelling practices like the evaporation estimates, the potential
evaporation inside the pavement structure as well the suitability of the applied Darcy’s
equation to model the percolation in the stone materials.

In spite of some limitations and open questions, it seems that according to this and previous
literature reviews that the SWMM and SUSTAIN type modelling platforms are suitable to
model hydrologically stormwater-permeable pavement environments and the general
purpose site-scale sizing tools can be used to complement hydrological and structural
considerations. Both SWMM and SUSTAIN are open source codes and it is possible to
develop new modules or properties into these models if needed in the course of CLASS
project.

For the overall dimensioning of pavement structures, some level of coupling (at least
iteratively inside time steps) between mechanical, hydrological and thermal processes (THM)
is needed to simulate functionality in different loading, clogging and weather (freezing and
thawing, varying precipitation and snow water content, ice surfaces etc.) conditions. The
TOUGH family of codes of Lawrence Berkeley National Laboratory are good examples of
coupled THM and even of fully coupled thermal-hydrologic-chemical-mechanical (THCM)
capabilities [Rutqvist and Tsang 2003].
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In the CLASS modelling for the design and dimensioning tasks, the hydrological parameters
will be obtained through standard laboratory experiments, for example using a testing rig for
the materials individually and for the whole pavement structure. These will be supplemented
by in-situ field measurements, for example using a double ring infiltrometer, and even
through combined consideration of test measurements and simulations of these tests. There
has also been discussions about the possibility to complement standard field tests in order to
monitor soil infiltration as well as freezing and thawing processes using time-lapse (regularly
repeated) tomographic electrical resistivity and induced polarization measurements. The
infiltration rate of the native soil is often a key element in determining the depth of the storage
layer or for determining whether an underdrain is appropriate.

The results of laboratory development of CLASS materials and structures will be combined
with modelling expertise in Finland to provide guidelines for implementation (expected in
autumn 2014).
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APPENDIX A: Estimation of climate change in the CLASS project

Author: Maria Tikanmäki (28.6.2013)
Reviewed: Erika Holt (28.6.2013)

Climate change is affecting the amount of precipitation which thus affects urban flooding.
The changes are often different when concerning precipitation on average and in extreme
cases. The extreme precipitation cases are more relevant when concerning urban flooding.

Changes in weather events for changing climates can be estimated based on climate model
simulations. There exist both global and regional climate simulations. They include different
emission scenarios for the future and different ways to model climate. The regional climate
models done in Rossby Centre, Sweden, (Rossby Centre, 2009) and climate models produced
by European ENSEMBLES project (ENSEMBLES, 2012) have been utilized earlier at VTT
[Makkonen et al. 2007, Vajda et al. 2011]. Appropriate regional climate simulations will be
selected for the CLASS project. These simulations produce meteorological data from past to
future for a certain geographical area.

From this data, yearly maxima of different variables including precipitation can be obtained.
From the maxima, the value exceeding once in certain time period can be calculated. This
could be for example the maximum amount of precipitation in 6 hours in Helsinki occurring
once in 10 or 50 years. The changes in extreme values can be estimated when this values are
calculated both for the past and future climate.

The method which will be used for this purpose in the CLASS project was developed at VTT
following the principles outlined in (Makkonen, 2008). First the observations of yearly
maxima xm in a certain place are sorted from the smallest to the largest value x1  x2  … 
xm  …  xN, where m is the rank and N is the number of observations. The true
probabilities P [Makkonen 2008] of each observation are used as plotting positions:

P = m/(N+1) .

The return period R of the observation is

R = 1/(1 – P) .

The GEV-distribution function is fitted in the direction of the observations. Thereby the fitted
function is the inverse of the distribution function, i.e.

 =  +  [– 1 – (– ln P)- ],

where ,  and  are parameters of the distribution. Fitting is made with the weighted least
squares method, i.e. by minimizing the sum as:

min  wm (xm – m)2,

where wm are the weights determined iteratively so that they correspond to the inverse of the
true variance m2 of the observation, i.e.

wm = 1/ m2.
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This method was applied earlier for the calculation of meteorological extremes and ice
thickness maxima, e.g. [Vajda et al. 2011, Tikanmäki et al. 2012]. Meteorological extremes
and their change in the changing climate affecting transport systems in the Europe was
analysed by Vajda et al. (2011) presents the maximum amount of precipitation in five days
(mm) occurring once in 50 years in the Europe.

An earlier study by Makkonen et al. (2007) concerns changes in extreme values in the Nordic
countries. In general, the 50-year return values of minimum temperature, maximum
temperature, the amount of 6 hour precipitation, 5 day precipitation and 6 hour snow
precipitation are estimated to increase in Finland in 2071-2100 compared to 1961-1990. The
50-year return values of freezing and thawing cycles and snow water equivalent are estimated
to decrease. However, local variance can be significant due to different geography. The
results from that study suggest that when adapting structural design and community planning
to climate change, the emphasis should be in the design practices with regard to flooding.

The effect of climate change for the extreme weather events for different locations in Finland
have already been studied in VTT, e.g. [Wahlgren et al. 2008]. More details about these
climate forecasts related to urban planning for various Finnish cities and regions can be found
in the CLASS WP1 state-of-art review [Wahlgren & Kling 2013].

Figure A1. The maximum amount of precipitation in five days (mm) occurring once in 50
years in the Europe. The calculation is based to 30 years observation period from years
1971-2000. [Vajda et al. 2011]

Similar climate studies can be done in the CLASS project to estimate the change of extreme
values in the future. These studies can be done locally to estimate the changes, for example in
the selected city demonstration sites using the permeable surfacing solutions. The earlier
studies are also utilized in the project when designing and modelling the impact of permeable
surfacing. The most important values to be utilized CLASS project are suggested to be the 6
hour precipitation, 5 days precipitation, snow water equivalent and the amount of freezing and
thawing cycles. The results of the climate forecasts will be integrated to the CLASS
Deliverable 5 report on engineering design tools (expected autumn 2014) and indirectly
supported to the Finnish guidelines for using permeable surfacing (Deliverable 6 report,
expected at the end of 2014).
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