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Abstract

Stormwater infiltration systems are a means obrasj the natural hydrologic cycle where it
has been disturbed by urbanisation. These systeshis to increase soil infiltration,
groundwater recharge and baseflows and reducet ditetace runoff. There is a strong
correlation between the directly connected imperviarea of a catchment and corresponding
declining health of urban waterways due to changethe hydrology and water quality.
Stormwater infiltration systems help to disconneupervious areas from waterways and
protect the waterway ecosystem.

Stormwater infiltration basins and trenches aredus®und the world in the UK, Europe,
Japan, Australia and the USA. Despite the widesbresage, most existing design methods
make a number of simplifying assumptions, suchsasiming one dimensional (1D) saturated
flow. Many existing models have limited capacityrépresent antecedent conditions and the
effects of lateral flows, particularly from the wertying soils which may be significant for
infiltration trench systems. To assess the benefistormwater infiltration systems in terms
of modifying the hydrology of a catchment, it isefarable to simulate the system under a
range of different storm events and intervening miyiods to evaluate measures such as the
hydrologic effectiveness of the system (the praporof the runoff volume captured) and the
frequency of downstream overflows.

While stormwater infiltration systems can be veffeeive in reducing the volume and

frequency of runoff into receiving waters, they akso potentially subject to sediment
clogging, which can lead to reduced performance evehtually system failure. Clogging

risks are typically managed with requirements fag-fpeatment (a wise precaution) and the
use of a ‘clogging factor’ or ‘safety factor. Thefsetors are usually arbitrary and may not
have a sound basis. They also do not allow foptigressive development of clogging with
time or consider the expected lifespan of a system.

In this paper, an overview of a recently developgdamic two dimensional (2D) variably
saturated flow model with representation of theraje and development of clogging is
provided along with results from application of thidel. The model allows a stormwater
infiltration trench with a porous media such asvgtdo be simulated. It models soil moistures
and flows through the surrounding soils to betepresent antecedent conditions and their
influence on system behavior. The model also sitaesléltration of sediment particles by the
storage media and the development of a cloggingrlag sediment accumulates at the
interface with the soil. The clogging module prasdfeedback to the flow modules to
progressively influence the flow behavior over tinfdis allows the long term hydrologic
effectiveness of an infiltration system throughitsitifecycle to be evaluated.
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The model was applied to a number of scenariosudiey open basin and porous trench
systems in Melbourne and Brisbane. Scenarios werelated for two different soil types,

sandy loam and sandy clay, both with and withowigging to evaluate the impacts of
clogging on the performance of the system. Comparigas also made with existing
guidelines for clogging factors to assess the aa®gof these factors.
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Figure 1 A comparison of the hydrologic effectiveness of a range of infiltration basin and trench systems
in Melbour ne with sandy loam and sandy clay surrounding soils with and without clogging

Some key observations from the results were agvist!

Stormwater infiltration systems have substantiaéptal to improve the hydrology by
reducing runoff volumes and also the frequencyaistream discharges.

Comparing results with and without clogging cleashow that clogging significantly
reduces the hydrologic effectiveness of these systehen they are not protected
from sediment inflows and this can compromise fifecéveness of these systems

Sandy loam obviously performed well without cloggitdiowever once clogging was
considered the sandy clay soil performed equallll aeeven better. Clogging has
greater consequences for systems with a highéalio@inductivity. Soils with a lower
initial infiltration rate actually provide more csistent performance over time.

The storage media plays an important role in fitigrsediment to reduce the rate of
clogging at the soil interface

There are difficulties with the present use of gging factors’ to represent clogging

as they usually provide a single factor. Firstyme of these factors may actually not
be conservative enough. Secondly, it is appareat ¢h more flexible approach

allowing different factors for different soil typesd other conditions is needed. This
has important implications for the design of theggtems.
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I ntroduction

It is well known that urbanisation and conventiodedinage increases the frequency, volume
and peak flow rate of stormwater runoff. It leadsnbore frequent and severe flooding,
increased erosion and more frequent habitat dishaod It has been shown that there is a
strong correlation between the directly connectegbervious area of a catchment and
corresponding declining health of urban waterwayal$h, et al., 2005b]. Infiltration systems
increase soil infiltration, groundwater rechargel diaseflows while reducing direct surface
runoff. They can be used to restore a more natoydlologic cycle to urban areas by
disconnecting impervious areas from waterways.

Stormwater infiltration basins and trenches aredus®und the world in the UK, Europe,
Japan, Australia and the USEIRIA, 2007;Dechesne, et al., 2004a;Galli, 1992;Mikkelsen,

et al., 1996;Wong, 2006]. Despite widespread usage, most existirsigdemethods rely on
simplifying assumptions such as one dimensional) (d&urated flow and clogging factors.
Many existing models have limited capacity to reprg antecedent conditions and the effects
of lateral flows, particularly from the underlyisgils which may be significant for infiltration
trench systems. To assess the benefits of stormwafiération systems in terms of
modifying the hydrology of a catchment, it is prefele to simulate the system under a range
of different storm events and intervening dry pésido evaluate measures such as the
hydrologic effectiveness of the system (the praporof the runoff volume captured) and the
frequency of downstream overflows.

While stormwater infiltration systems can be veffedive in reducing the volume and
frequency of runoff into receiving waters, they aiso potentially subject to sediment
clogging, which can lead to reduced performance awdntually system failure. The
consequences of clogging were vividly illustratgdstudies in the USGalli, 1992;Lindsey,

et al., 1991] which found that a high proportion of infiition basins and trenches failed due
to clogging. On the other hand, many systems imjiiand Japan appear to be operating as
designed Achleitner, et al., 2007;Fujita, 1994] indicating that they can be used effecyivel

Clogging risks are typically managed with requireseor pre-treatment (a wise precaution)
and the use of a ‘clogging factor’ or ‘safety facihere the hydraulic conductivity is divided
by this factor. A factor of 2 is commonly used ingralia pWong, 2006], 1.23 in Japatrbe,

et al.,, 2002] and 1.4 in New ZealandJckland City Council, 2003] while in the UK the
factor varies from 1.5 to 10 depending on riSHRIA, 2007]. These factors are usually
arbitrary and may not have a sound basis. They dtsaot allow for the progressive
development of clogging with time or consider tlkpexted lifespan of a system.

There are few simple models representing cloggwajlable. Furumai [2005] simulated a
catchment containing infiltration systems and reprged clogging by assuming 10% of the
systems had no infiltration (which is similar tetblogging factor approach) to obtain a better
fit to observed data although such approaches livaited predictive potential. Researchers at
INSA have developed a model for infiltration bagiBechesne, et al., 2002;Dechesne, et al.,
2004b; Le Coustumer and Barraud, 2007] based on the Bouwer model of infiltration
[Bouwer, 1969] and have successfully applied it. The masleiffective for well established
clogging although representation of antecedent itiond is limited. There is a need to be
able to predict and understand the likely impadtsclogging on stormwater infiltration
trenches with greater confidence.
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Stormwater infiltration model

Infiltration systems typically consist of a trenoh soakaway filled with gravel or an open
basin. Water enters the system directly or throagbipe and fills the storage. Water then
infiltrates through the bottom and side walls iritee surrounding soils. For infiltration
trenches, the flow patterns are complex with twmeatisional (2D) variably saturated flows
occurring into the surrounding soil and a saturatede forming after prolonged ponding.
Sediment is filtered from the water as it passesuth the storage media and forms a
clogging layer along the bottom and side walls lé tsystem, reducing the infiltration
capacity of the system.

A dynamic 2D variably saturated flow model with regentation of a porous storage and
development of a clogging layer was developed. Mioelel allows a stormwater infiltration
trench or soakaway with a porous media such asebraw an infiltration basin to be
simulated. It models the antecedent soil moistaresflows through the surrounding soils to
represent the influence of antecedent conditionsspsiem behavior. The model also
simulates filtration of sediment particles by therage media and the development of a
clogging layer as sediment accumulates at thefagerwith the soil. The clogging and
filtration modules provide feedback to the flow mé&b to progressively influence the flow
behavior over time. This allows the long term hydgic effectiveness of an infiltration
system throughout its lifecycle to be evaluated.

The model contains five main blocks representimgsiiynificant processes:
e Storage
» Saturated soil zone
* Unsaturated soil zone
e Filtration
» Clogging layer

A diagrammatic representation of the model is showlrigure 2. It is assumed that the
system is symmetrical and can be represented hylaimg half of the system. The equations
used in each of the above blocks are summarizEdyure 3, while their origins are discussed
below.
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Figure 2 Diagrammatic repr esentation of the stormwater infiltration model
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Figure 3 Model equations after Browne [submitted 2010]
Storage
The storage is represented using a reservoir mambelunting for stormwater inflows, direct

rainfall, infiltration, evaporation (for open bas)rand weir overflows. The storage may be an
open pond with porosity of 1 or a storage medi@ofosity of about 0.4 is typical for gravel.
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Satur ated zone

The saturated soil zone is determined using a mgeftiont tracking algorithm and used to
represent the area surrounding the storage withiygressure heads. Following ponding,
the wetting front expands out from the storage witdes becoming part of the saturated zone
once they reach a threshold saturation. If the pondevel recedes, outer areas of the
saturated zone may also retract and when pondiagesethe saturated zone ceases to exist
and all nodes are simulated as part of the ungatusmil zone.

Unsatur ated zone
The unsaturated soil zone is represented usingaRl&h equation expressed in the soil
moisture based form.

Filtration model

The filtration model is based on the Yao model itifation [Yao, et al., 1971]. The Yao
model predicts the effectiveness of a packed bedetfia for removing sediment patrticles. It
relies on the single collector efficiency and alismn efficiency factor which is the
proportion of collisions resulting in adhesion. Tewlision efficiency factor depends on the
chemistry of the system and must be determined dpration. Newton INewton, 2005]
proposed a modification to use the interstitiaheatthan macroscopic velocity. In a parallel
study of clogging by Siriwarden&fiwardene, 2007;Sriwardene, et al., 2007a; c], a single
collision efficiency divided by the sediment paicdiameter was added. Siriwardene
extended the model for use in stormwater infilmatisystems, proposing the use of a
correction factor to account for remobilisatioragtumulated sediment.

In this study, the Siriwardene model was adaptedige with nodal fluxes and concentrations
for nodes at the storage/soil interface. Calcutatiovere undertaken for two fractions, clay
(<2 um) and fine silt (2-um).

Clogging model

Clogging typically occurs at the interface betwélea storage and the soil where a layer of
sediment accumulates. It has been fousidWardene, 2007;Sriwardene, et al., 2007a; b; c]
that clogging for stormwater infiltration trenche®stly depends on sediment particles with a
diameter less than@n. A clogging model was developed to determinectofafor clogging
using the cumulative mass of fine sediment lese tham at the storage/soil interface. The
factor is applied to the unclogged potential fldvine Siriwardene model assumes a constant
depth or the average of a regularly varying de@tdibration to laboratory experiments with
constant depth and regular filling and drainingvited good results.

In this study, the Siriwardene model was extendgdapplying it to the instantaneous
potential nodal outflow rate at each node. The rhades depth from the flow modules and
provides feedback in the form of nodal cloggingtdéas allowing changing conditions to be
continuously updated. This allows the model to beduin a dynamic 2D environment with
irregularly varying depths. The use of nodal fluxeshe filtration and clogging models also
allows for differential development of the cloggiteyer along the bottom and side walls
depending on flow volumes and the length of ovadyfilter.

Numerical model

The model is discretised using a Godunov-type diniblume scheme. An explicit non-
iterative variable-timestep is used. The resultimgdel handles rapid infiltration and sharp
wetting fronts into dry and freely draining soilsck as sands without difficultly which is
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important as these conditions are common for mtilbn systems. The method allows rapid
simulation of the intervening dry periods betweeerds while it is slower for continuously
saturated conditions such as clay soils with st drainage. Further details of the model
have been published previousBrpwne, submitted 2010Browne, et al., 2008].

The model represents the main physical processesvarg for stormwater infiltration
systems. The model simulates variably saturatedl@®s, antecedent moisture conditions
and the progressive development of clogging tonafoediction of the long term hydrologic
effectiveness of a system as a clogging layer d@gelThe flow model has been tested using
commonly used cases for variably saturated flow eteodnd laboratory data and found to
produce good result®fowne, et al., 2008; 2009].

Experiments

The model was tested for clogging conditions ugiiaga from experiments conducted at
Monash University in collaboration with Nilmini Siardene [2007]. The experimental rig
represents a 2D slice of an infiltration trench avas 2.15 m wide, 2.1 m high and 0.25m
deep. It was constructed in a steel frame with rehperspex segments at the front and wood
walls for the rear and sides. In this paper we digcuss one of the four experiments, (2DE4)
[Browne, submitted 2010]. The rig was filled with loamyngacompacted with a mechanical
vibrator. A gravel storage of width 0.5m and hei@t8m representing an infiltration trench
was formed in the top left corner. Pressure sengers used to monitor positive pressures in
the soil and depth in the storage while Time Donkéflectometry (TDR) probes were used
to monitor soil moisture. During the experiment gherage was filled to a depth of 74cm and
allowed to drain repeatedly to a depth of 7-10cm7dours each weekday. Initially clean
water was introduced to obtain data to calibragesthil parameters of the model and establish
a benchmark. Sediment was then mixed into the wiatdhe supply tank with a target
concentration of 150 mg/L to simulate the introduttof typical sediment-laden stormwater.
The experiment was continued until the flow ratel heduced by 90% after 30 days. The
model was calibrated by varying the soil parametersa single day of clean inflows using
PEST Doherty, 1994], a popular optimisation software. The mosdas$ then calibrated to the
experimental clogging data through adjustment @& ¢togging and filtration parameters.
Further details of the experiments can be fourttiéntheses prepared for this studdr,dwne,
submitted 2010] andjriwardene, 2007].

Applications

The model was applied to a number of scenariosudiey open basin and porous trench
systems providing filtration. Climate conditionsrfdMelbourne and Brisbane which
respectively have moderate oceanic and humid suib&bclimates respectively with rainfall
as shown in Table 1 were simulated. A climate tseges from July 1996 to June 2006 was
selected, representing decreased future rainfadinsisipated with climate changdohes, et

al., 2004]. Inflows and concentrations to the stornawanfiltration systems were predicted
using MUSIC Version 3 \[long, et al., 2005] assuming a catchment area of 1H0m
impervious fraction of 100% and a unit infiltratisgstem sized at 1% of the catchment area
or 1nt. It was assumed that 1% of the total suspendeédssebuld be less than@n and 2%
within the range 2-@m as assumed by Siriwardene .
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Table 1 Mean annual rainfall volume and intensity for Melbourne and Brisbane

Parameter M elbour ne (086017) Brisbane (040223)
Mean annual rainfall 1950-1998hm) 653 1172
1996-2006 rainfall (mm) 525 927

1in 1 year, 6 minute duratioainfall intensity (mm/hr)* 44 110

1in 1 year, 1 hour duration rainfalitensity (mm/hr)*’ 14 36

Scenarios were simulated for two different soiléyp sandy loam and sandy ¢ with
saturated hydraulic conductivities of 36 mm/hr 4n2l mm/hr respectivel Simulationswith
and without cloggingvere undertaketo evaluatelte impacts of clogging on the performai
of the systemThe model was first run using the 10 year datasit mo clogging to create
benchmark. Clogging was then modeled with 50 yehdata (five repetitions of the data <
to calculate the impactg$ ologging after 10 and after 50 years relativéh® benchmark

Comparison was made with existing guidelines fogglng factors to assess the adequac
these factorsThis was achieved by rerunnithe scenarios for Melbourmeith ‘no clogging’
andthe hydraulic conductivity of the surrounding satluced by a clogging fac of 2 as

suggested by Australian Runoff Qual[Wong, 2006].

Experimental Results

The experimental results show tloutflows decrease with time aftite system drains mo

slowly as clogging develops shown itFigure 4 and Figure.9 he drainage time increas

from less than 2 hours initially to 4 hours by O&yand mre than 7 hours by Day 30. the

clogging layer begins toamninate, soil moistures decret It can be seen thathile there are

variations at the instantaneous lethe moderepresents the clogging patterns quite \
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Figure 5 Comparison of model and experimental resultsfor depthsand soil moisturesfor selected days

Application Results

The results from the scenario models were comparegtaluate how clogging may impact on
the potential for a stormwater infiltration systeém effectively infiltrate water and reduce
flows to downstream waterways. Two measures wemsidered, the hydrologic effectiveness
or proportion of water captured and the frequerfayverflow, see Figure 6 and Figure 7.

The results show that infiltration systems can pgdly significantly reduce both the volume
and frequency of stormwater runoff. Prior to claggithe hydrologic effectiveness ranges
from 20% to 80% while frequencies are reduced bgast a third and down to as low as 10
days per year. These changes would likely resulsigmificant benefits for downstream
waterways.

However, the potential consequences of cloggingas® clear. The basin and trench systems

constructed in sandy loam show a rapid decline nfiltration performance with the
hydrologic effectiveness falling by half within M@ars. This is in stark contrast with the
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systems in sandy clay which declined more slowly anded up with similar performance to
the systems in sandy loam after clogging, partityfar reducing overflow frequency. These
results indicate that not only ispbssible to construct systems in less rapidly drainingssoil
but that it may even bareferable in the long term. Such systems will achieve meable and
consistent performance with time and will have ldgterence between the predicted design
performance (based on measured infiltration rateend design) and the real performance.
Over the long term of 50 years, it can be seentti@hydrologic effectiveness of all systems
declines to a comparable low level of around 10%whych time most systems would have
failed to meet their design objectives.
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Figure 6 A comparison of the hydrologic effectiveness of a range of infiltration basin (porosity 1) and
trench systems (n = 0.4) in Melbourne and Brisbane with sandy loam and sandy clay surrounding soils
with and without clogging
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Figure 7 A comparison of the number of overflow daysfor arange of infiltration basin and trench system

The importance of the storage media is apparerthéosandy loam systems. While the trench
has just 40% of the volumetric capacity of the batie hydrologic effectiveness results after
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10 and 50 years of clogging are comparable fortwesystems. This indicates that while a
system with gravel will have less storage voluneyill also clog more slowly and over the
long term will have similar performance. This hagportant implications for the development
of proprietary storage media where the emphasishisterically been on increasing the
proportional storage volume but not filtration eiéincy.

The results above paint a somewhat depressingrejcand it is easy to see why some
systems, particularly basins, have failed earlyhiir lifespan Galli, 1992;Lindsey, et al.,
1991]. However, the modeling here has assumed thst wase of untreated stormwater. Most
guidelines recommend or require the use of prertreat and it is readily apparent why this is
necessary for stormwater. Furthermore, some sysbaitggeceive relatively clean rainwater,
are over-sized for their catchment or in Japanctganed. Therefore, we could hypothesise
that the actual performance of most systems willSamewhere between the clogged and
unclogged results shown above.

The performance results with the proposed clogfmetpr of ‘2’ are significantly better than
the models with clogging for a sandy loam and betwihe 10 and 50 years clogging results
for sandy clay. This indicates that these guidsliag probably not conservative enough for
freely draining soils, while they would be reasdedior a system with slowly draining soils
and a lifespan of perhaps 10-20 years. If a systeme subjected to significant clogging,
performance would be far worse than would be ptedicHowever, most guidelines also
have recommendations to provide pre-treatment.ri@lsach pre-treatment will need to be
quite effective if the predicted performance lewaals to be achieved and it would appear that
guidelines should likely be more conservative wrsais with high infiltration rates are used
or the capability of pre-treatment systems to reenfave clay and silt particles is uncertain.

Conclusions

A stormwater infiltration system model for infiltran basins and trenches was developed.
The model is a continuous simulation model thatesgnts 2D variably saturated flows
through the surrounding soils and filtration andgging processes. The model allows the
long-term performance of a system to be predideddng into account the effects of filtration
and development of a clogging layer.

The model was calibrated to experimental data &oas to be able to predict storage depths
and soil moistures for a stormwater infiltrations®m throughout the development of a
clogging layer.

The model was applied to a range of scenarios deneg different treatment configurations
(open storage basin and gravel trench), climatelitons for Melbourne and Brisbane and
sandy loam and sandy clay soils with and withoogging.

The results indicate that stormwater infiltratigrstems have substantial potential to improve
the hydrology by reducing runoff volumes and alse frequency of downstream discharges.
However, clogging significantly reduces the hydgitoeffectiveness of these systems when
they are not protected from sediment inflows and tdan compromise the effectiveness of
these systems.

Infiltration systems constructed in sandy loam ohbsly performed well without clogging.
However once clogging was considered the slowenithgasandy clay soil performed equally
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well or even better. It can be concluded that dlogdias greater consequences for systems
with a higher initial infiltration capacity. Soilsvith a lower initial infiltration capacity
actually provide more consistent performance ovee.t

It was found that the storage media plays an inapontole in filtering sediment to reduce the
rate of clogging at the soil interface. The tresgiatem in sandy loam soil outperformed the
basin system with a relatively larger storage vauine to filtration and reduced clogging.

There are difficulties with the present use of gging factors’ to represent clogging as they
usually provide a single factor. It appears thatsome cases these factors may not be
conservative enough. It is apparent that a moxeblle approach allowing different factors for
different soil types and other conditions is needBus has important implications for the
design of these systems.

The model developed can be used to predict thectafémess of stormwater infiltration
systems for mitigating the impacts of urbanisationthe hydrology of urban streams, taking
into account the likely impacts of clogging ovee fliespan of the system.

It would be beneficial for further research to blertaken to understand the effects of pre-
treatment on clogging and performance. In partigulghile concentrations can readily be
predicted, the particle size distribution is alsgportant, particularly for fine particles less
than 6um and there is a need to be able to predict thec®@feness of treatment systems to
capture these fine particles and the correspondittiow proportions. Further work could
also be undertaken on the effectiveness of cleasystiems and the combined impact of
stormwater infiltration systems and rainwater/steater reuse on hydrologic effectiveness.
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Notation

Agorage (mz)is the plan area of the storage

c¥en . (g/m’) is outflow concentration for a clean filter fogaven fraction

¢, (g/n?) andc, (-) are calibration coefficients for the cloggimpdel

Cuog (-) is the outflow rate as a fraction of the iméémeous potential unclogged outflow rate
Cin (9/n?) is inflow concentration

Cou (g/nT) is concentration of sediment for all given fracs at the soil interface

cw (H)is the weir coefficient

dn (M) is equivalent particle diameter of the stoffiljer media

d, (m) is median particle diameter of the inflow sadnt fraction

D(0) (m?/s) is diffusivity defined aB(d) = K(6) a(y) / 90

E (m/s) is evaporation rate from the storage

F. (g/nT/m) andF, (g/nT) are calibration constants fBfoecion

Feorrection (g/r’r13) is correction factor for a clogged filter

g (m/S) is acceleration due to gravity

H (m) is depth of water in storage (assumed to be ‘watigonent in filtration model)

Hy (M) is the level of the weir above the bottomldd storage

I (m/s) is rainfall intensity

K (J/K) is Boltzmann’s constant

L (m) is the length of the weir

Mass, (g/nT) is mass of sediment for all given fractions réaghhe soil interface at a given timestep
MaSScumuative,out (g/n12) is cumulative mass of sediment for given fracsiosaching the soil interface
PVamuative (-) 1S cumulative pore volumes that have passealititr the storageffilter

g is Darcy flux (m/s) in the direction of the coamdte

Oavaitable (M/S) is maximum infiltration rate if all availabWater infiltrated within the timestep
gin (M/s) is stormwater inflow rate

gire (M/S) is nodal soil infiltration rate

gs (M/s) is saturated flow rate

Jover (M/S) is weir overflow rate from the storage

G, (-) is specific gravity of the sediment particles

t (s) is time

T (K) is absolute temperature

Veumulative (m3/m2 of storage area) is cumulative flow volume that passed through the storagef/filter
x andz (m) are the horizontal and vertical coordinatepeetively

S (-) is universal collision efficiency factor

At (s)is timestep length

n (-) is single collector efficiency (sum of diffusi, interception and sedimentation efficiencies)
@ is soil moisture (-)K(8) (m/s) is hydraulic conductivity

¢ (-) is porosity of thestoragemedia

w (M) is pressure head

1 (kg.ms) is dynamic fluid viscosity

Vo (M/s) is macroscopic velocity

Vi = Vo / ¢ (m/s) is interstitial flow velocityNlewton, 2005]

v (m?s) is kinematic fluid viscosity
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