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Chapter 1 Introduction

1.1 Need for Research

Until recently urban stormwater wetlands were constructed with one function or objective in
mind. In general, this was either flood mitigation or water quality improvement. Increasingly
they are now being constructed to perform a range of different functions including: -

e Flood mitigation

e Water quality improvement

e Stormwater harvesting for reuse

e Providing habitats for flora and fauna

e Recreation

e Public education and research

Each wetland function has specific physical, biological and hydraulic design requirements.

Section 1.1, page 1, following paragraph 2, add:
In this thesis the term wetland is used loosely to refer to a combination of any number
of detention basins and/or macrophyte ponds linked together or a solitary basin or

pond.

1.2 Objectives of Research
The objective of this research is to examine the use of genetic algorithms to aid in the design of
multi-functional constructed stormwater wetlands. The wetland functions included in the

analysis are flood mitigation, pollutant removal and stormwater harvesting for re-use.



Chapter 1  Introduction

The research aims to produce an optimisation framework that can be used by government
authorities and engineering consultants to design more efficient wetlands. Using this
framework, it is proposed to determine an optimal wetland design for a given set of functional
design requirements. An investigation into\nf?ﬂgﬁeffect on the optimal wetland design, of altering
some of the design requirements will also be carried out. Changing some of the design
requirements will enable an examination of the trade-offs that occur when designing multi-

functional wetlands.

1.3 Methodology

The methodology adopted involves the use of a genetic algorithm to optimise the physical
design characteristics of a constructed stormwater wetland. The characteristics are optimised
based on their ability to satisfy the prescribed functional requirements at minimum cost.

The optimisation framework used involves the integration of a flood simulation model and a
long-term simulation model within a simple genetic algorithm. The two simulation models are

used to assess the performance of a particular wetland design in satisfying the functional design

requirements.

1.4 Structure of Thesis

A review of current literature concerning urban stormwater wetland design is presented in
Chapter 2. Specifically, literature related to the design of wetlands for flood mitigation,
pollutant removal and stormwater harvesting for reuse is reviewed. A brief discussion on

groundwater and aquifer storage and recovery is also included.

Chapter 3 contains a brief outline of the operation of a simple genetic algorithm. The various

forms of the three important operators, (selection, crossover and mutation) are presented.

The description of the optimal wetland design framework used in this research is contained in
Chapter 4. The chapter also includes a review of literature concerning the optimisation of

stormwater detention basins.

The South Parklands case study is introduced in Chapter 5. A detailed description of the

proposed wetland site, the catchment, and previous studies is given. The selection and

2
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derivation of the water quantity, water quality models and cost information required by the

framework is discussed.

Chapter 6 presents the results from the optimisation runs conducted for the case study site. A
description of the methods used to obtain these results is given. The results are presented in two
sections. In the first section, results from the numerous optimisation runs, conducted to
examine the multi-functional trade-offs, are presented as contour plots. Three wetland designs
are then selected. Results from the flood and long-term simulation models conducted on these

designs are presented in the second section.

Conclusions and recommendations from the research are presented in Chapter 7. Results from
X
the case study are summarised and recommendations for changes to existing design practices as

well as possible future research paths are outlined.
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2.1 Introduction

The design requirements for the three wetland functions examined in this thesis are different,

consequently the procedures used in their design are also different.

A detailed description of technical information about the planning, design, construction and

operation of constructed wetlands for a range of applications is contained in DLWC (1998).

This chapter reviews current procedures used for designing wetlands for pollutant removal,

flood mitigation and water harvesting for reuse.

2.2 Wetland Pollutant Removal

The wetland processes related to the removal of pollutants in stormwater wetlands are complex.
Consequently, there is a significant amount of literature on pollutant removal related subject

arcas.

Many processes affect a wetland’s ability to remove pollutants from stormwater inflows.
Physical characteristics of the wetland such as the basin shape, basin size and the outlet
s.tructure configuration affect the location of flow paths and velocities, which have a major
influence on pollutant removal performance\Biological characteristics such as the sizes, types
and locations of macrophyte zones affect the efficiency of plant related pollutant removal
processes. The quantity and water quality of inflow events will also affect a wetland’s pollutant

removal efficiency.

The design of stormwater wetlands for pollutant removal involves, firstly, investigating the

pollutant and hydrological characteristics of the source water at the proposed site. Design
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constraints such as available space, location, climate and funding are also taken into account
before establishing the wetland's pollutant removal objectives (ie. the pollutant types and
removal efficiency). Once all the objectives and constraints have been identified the

appropriate wetland design can be determined using a suitable design procedure.

This section contains some background information on stormwater pollutants and pollutant

removal processes and procedures identified in the literature.

2.2.1 Major Stormwater Pollutants
2.2.1a) Suspended Solids

Section 2.2.1 a), page 5, sentence 3, change:
Many contaminants, including heavy metals, nutrients and pathogenic
microorganisms, adhere to suspended sediments.

To:
Many contaminants, including heavy metals, nutrients and pathogenic

microorganisms, are adsorbed onto fine particles that are transported in suspension.

2.2.1b) Nutrients 2,
The nutrients that are of major concern to water quality that are usually present in high
concentrations in stormwater are nitrogen and phosphorus. High nutrient concentrations in
receiving waters can cause excessive algal growth, which has an adverse impact on the aquatic
ecosystem and human health. Algal blooms reduce light transmission and cause unpleasant
odours. Some species of marine algae contain toxins that can be harmful to humans ingesting
affected fish. The die-off and decay of large amounts of algae can cause depletion of dissolved

oxygen in the water column (Kent, 1994).

E@)Nitrogen occurs in stormwater in a variety of different forms, including nitrate, nitrite, ammonia
and organic nitrogen. It can readily change from one form to another depending on the physical
and biochemical conditions present. Soluble forms of nitrogen typically constitute 50% of the

total nitrogen (BCHF, 1992).
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"/Phosphorus is usually present in runoff in two forms, organic phosphorus and orthophosphate
(PO} ) (Mays, 1996). Typically between 30% and 60% of the total phosphorus present in

stormwater is soluble (BCHF, 1992).

N
Sources of nutrients in urban catchments include _organic matter, fertilisers, sewer
overflows/septic tank leaks, animal/bird faeces, detergents, and spillage/illegal discharge (NSW
EPA, 1997a).

2.2.1¢c) Heavy Metals
A variety of trace metals are carried in stormwater, both in soluble and insoluble forms. The
metals that are of most concern to plant and animal health and typically present in high
concentrations are chrg}fhium, copper, lead and zinc. These metals can be toxic to a_guatic
organisms and can poison humans who cat any affected fish or shellfish (Kent, 1994). Sources
=
of trace metals include vehicle wear, sewer overflows/septic tank leaks, weathering of

buildings/structures and spillage/illegal discharge (NSW EPA, 1997a).

2.2.1d) Oxygen Demanding Organics
Oxygen demanding organics carried in stormwater include naturally occurring material such as
soil and plant detritus and man-made materials such as oil and greases. These pollutants are
referred to as oxygen demanding organics and contribute to the biological oxygen demand
(BQD) because they prognote the growth of bacteria that consume oxygen present in the water
column. Sources of oxygen demanding organics include the decay of organic matter, animal
bird faeces, sewer overflows/septic tank leaks, leaks from vehicles, car washing and

spillage/illegal discharges (NSW EPA, 1997a).

e 2.2.1e) Toxic Organics
N A oy

Tbxic organics compriseé syn\t\hétlc* compounds such as industrial chemicals, pesticides,
plasticizers and hydrocarbons (Mays, 1996).4;:(} These compounds can be harmful to aquatic
ecosystems and once they enter the food chain, they can affect other animals. Sources of toxic
organics include pesticides, herbicides, spillage/illegal discharge and sewer overflows/septic

tank leaks (NSW EPA, 1997a).
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2.2.1f) Micro-Organisms &
The principal microorganisms of concern in stormwater include bacteria, algae, protozoa and
viruses.
humans (Mays, 1996).
overflows/septic tank leaks and organic matter decay (NSW EPA, 1997a).

Many of these pathogenic microorganisms carry diseases that can be harmful to

Sources of microorganisms include animal/bird faeces, sewer

2.2.2 Typical Pollutant Concentrations
The concentrations of pollutants in stormwater runoff are highly variable, from catchment to

catchment and from storm event to storm event. Due to the high degree of variability it is very

difficult to accurately estimate stormwater quality. Many summary studies have been

conducted into stormwater quality the results from a few of them are given in Table (2-1).

Table 2-1 Urban Stormwater Quality

NSW EPA dry NSW EPA wet .
weather - weather — event Metcalf & Edd
Follgtant instantaneous mean SRCC (1387) (1991) Y
concentrations concentrations
suspended. — molds ) g 945 20 - 1000 150 - 650 141 - 224
(mg/L) :
Nutrients (mg/L)
Total Phosphorus 0.001 —-2.2 0.12-1.6 0.1-1.5 0.37 - 0.47
Total Nitrogen 0.1-11.6 0.6 — 8.6 05-3.0 3-24-
Oxidised Nitrogen - 0.07-2.8 -
Ammonia - 0.01 -9.8 -
Faecal coliforms
(cfu/100mL) 40 - 40,000 4,000 — 200,000 1,000 — 1,000,000 1,000 - 21,000
BOD (mg/l) - - 10 - 60 10-13
Trace metals (mg/L)
Cadmium - 0.01 —0.09 0.006 -
Chromium - 0.006 — 0.025 0.17 -
Copper - 0.027 - 0.094 0.04 -
Lead - 0.19 - 0.53 0.2 0.161 - 0.204
Nickel - 0.014 - 0.025 - -
Zinc - 0.27 -1.10 0.2 -

Duncan (1997) conducted a statistical overview of urban stormwater quality using data from
many water quality investigations. He discovered that urban zoning (residential, industrial, etc.)
has little effect on runoff quality. The greatest influence was found to be actual land use (road,

roof, etc.).

There are many models in the literature that attempt to predict the washoff of pollutants from

urban catchments (Huber & Dickinson, 1988; Sivakumar & Boroumand-Nasab, 1995; XP
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Table 2-2 Settling Velocity Distribution of Urban Sediment (Source Based on NURP
Studies; USEPA 1986)

Mean settling Equivalent
velocity (m/hr) diameter (um) *
0.009 2
0.091 5
0.46 12
2.1 35
20 82

* Calculated from settling velocity, assuming spherical particles with specific gravity 2.68 and
water at 20°C.

Sedimentation of very fine particles (diameter < 5 pm), referred to as colloids, is dependent on
their coagulation behaviour. Settling rates for particles of this size are influenced by slight
movements in the water column. Walker (1995) found those suspended particles with particle
diameters less than 15 pm required horizontal flow velocities less than 0.00013 m/s in order to
settle out of the water column. The coagulation of suspended particles is influenced by their
surface charge, the density of particles, the amount of water agitation and the ionic composition

of the water (Lawrence & Breen, 1998).

Physical re-suspension of settled particles may occur if a wetland is subject to high horizontal
velocities. The velocity required to tear a particle loose from the sediment bed is dependent on
the particle’s size and the characteristics of the wetland. Wetland plants stabilize wetland soils
and sediments reducing the amount of re-suspension. There are three other re-suspension
mechanisms that occur in wetlands: wind-driven turbulence, bioturbation, and gas lift (Kadlec

& Knight, 1996).

2.2.3b) Filtration 3 g, i
g . %&J ‘J@f . :
Filtration involves the interception 6f suspended particles by wetland vegetation. The extent of
the role that filtration plays has not been quantified, however several researchers have observed
o
particle cgg’tﬁlgs on plant surfaces. Wetland characteristics that increase the mass of particles
removed from the water column through filtration include, uniform flow velocities and the

presence of dense, uniformly distributed vegetation in the flow path (Lawrence & Breen, 1998).
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2.2.3c) Adsorption
b_@gp_l\gd nutrients and metals can be adsorbed onto sediment particles by various physical and
chemical processes. Once adsorbed the previously dissolved pollutants can be removed from

the water column via sedimentation and filtration.

2.2.3d) Plant Uptake
Wetland plants play an important role in removing dissolved and colloidal nutrients from the
water column. Colloidal nutrients are adsorbed by the benthic biofilm and transferred to the
sediments. The benthic biofilm is a gelatinous sheath of algae and polysaccharides located on
the bed or substratum of the pond. Dissolved nutrients are taken up by algae attached to both

the pond bed and plants (Lawrence & Breen, 1998).

The benthic and epiphytic biofilm can be flushed out of the pond if the pond is subject to flow
velocities greater than 0.05 m/s (Lawrence & Breen, 1998). Algae flushed out of the pond can

cause a significant increase in BOD and a potential source of nutrients, downstream.

2.24 Wetland Water Quality Models
There has been a considerable amount of research conducted into wetland water quality
processes. Much of this research has focused on the efficiency of wetlands in removing one or
more key pollutants from the inflow water. Pollutant removal efficiency has been adopted by
several authors as the most important indicator to the ability of a wetland to perform effectively
as a pollutant removal device. Pollutant removal efficiency for a particular pollutant is defined

as

average output concentration

Pollutant Removal Efficiency = (1 ]x 100 (2-2)

average input concentration

The pollutant removal efficiency of a wetland is generally determined through water quality
monitoring of inflow and outflow concentrations for one or more storm events. Results from
water quality monitoring indicate that pollutant removal efficiency can vary significantly
between different wetlands and between storm events for an individual wetland (Murphy et al,

1998; Wu et al, 1996; Pettersson, 1998; Martin, 1988).

10
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Many factors influence wetland pollutant removal efficiency including pollutant inflow
concentration, wetland size and shape, inlet and outlet configuration, climate, and plant and soil
types. The water quality sampling technique, used during monitoring, will also affect the
accuracy of the estimate. Since these characteristics are different for each wetland and some are
hard to quantify, it is difficult to formulate a general model for pollutant removal that could be
applied to all sites. Several authors have attempted to derive generic pollutant removal curves
based on results from sampling conducted on existing wetlands (Lawrence, 1986; Tomlinson,
1993; DLWC, 1998). These curves related wetland retention time (days) to percentage
pollutant removal for several key pollutants. The most recent of these, DLWC (1998), takes
into account the inherent variability of pollutant removal in wetlands by relating retention time
to a range of removal percentages. These curves were formulated for suspended solids (Figure

2-1), phosphorus (Figure 2-2) and nitrogen (Figure 2-3).

Suspended Solids Retention (%)

0 5 10 15 20 25 30 35 40 45 50
< Hydrautic Retention Time (days)

Figure 2-1 Suspended Solids Generic Pollutant Removal Curve (Source: DLWC, 1998)
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Figure 2-2 Phosphorus Generic Pollutant Removal Curve (Source: DLWC, 1998)
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Figure 2-3 Nitrogen Generic Pollutant Removal Curve (Source: DLWC, 1998)
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Models applied to the simulation of pollutant processes in stormwater wetlands can be grouped
into three categories; sediment-settling models, empirically derived pollutant removal models

and detailed water quality simulation models.

Sediment settling models assume that the dominant pollutant removal process is sedimentation.
Pollutant removal is based solely on sediment particles settling out of the water column. The

rate of removal is dependent on the settling velocities of the particles present.

An example of a sediment settling model is the US EPA design procedure (USEPA, 1986). The
US EPA procedure includes models for sedimentation under dynamic and quiescent conditions.

Dynamic removal is calculated by

-n

‘ Y, (2-3)

R,=10-[10+
’ Q
A

=3

Where Rd

11

fraction of solids removed under short term
dynamic conditions

settling velocity

mean flow rate

surface area of detention pond

turbulence constant

©w

i mnn

\Y
Q
A
n

The procedure performs separate calculations for five different particle sizes at the mean flow
rate. The settling velocities for each particle size were calculated from experiments (see Table
2-2). The turbulence constant (n) is a measure of the hydraulic efficiency of the pond, ranging

from one to infinity. The higher the value of n the better the ponds hydraulic efficiency.

Quiescent removal operates on the volume of water remaining in the pond following outflow,

and is calculated by

R, =V.A 2-4)
Where Rq = fraction of solids removed under quiescent
conditions

13
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As with dynamic removal this equation is applied to the five representative particle sizes.

Sediment settling models have been applied primarily to detention basins, where the assumption
that pollutant removal only occurs via sedimentation is more valid. The US EPA procedure,
however has been applied successfully to the Happy Valley wetland in South Australia (Walker,
1994).

There is a substantial amount of data available on the pollutant removal efficiency of
wastewater wetlands. A number of authors have developed simple empirical pollutant removal
models for a range of pollutants, using the available data (Reed et al, 1985; Kadlec & Knight,
1996). These relationships assume that the flow rate is constant and relate the pollutant removal
percentage to the hydraulic retention time of the wetland. These models work well when applied
to wastewater wetlands due to the steady flow conditions, however their applicability is limited
for stormwater wetlands. Flow through stormwater wetlands is intermittent and it is inaccurate

to assume a constant flow rate.

Kadlec & Knight (1996) developed a two parameter model used for predicting pollutant

removal in wastewater wetlands known as the ‘k-C*’ model.

C - C 5k -k
— —_=—e % (2-5)
G -1

Where S = outflow concentration

inflow concentration
hydraulic loading rate (m/yr)
background concentration

= rate constant

~QL 00N
|

The parameters k and C*, determined empirically, differ depending on the pollutant being
modelled. Wong & Geiger (1997) adapted this model for stormwater wetlands by substituting q
in Equation (2-5) with an equivalent steady flow rate (Qes). It was suggested that the equivalent
steady flow rate should be calculated by continuous simulation or as the ratio of the volume of

the wetland to the pollutant detention period.

14
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Water quality simulation models attempt to simulate both the removal of pollutants from the
water column and pollutant transfers between the major components of the wetland. There are
a number of water quality simulation models in the literature, differing both in their derivation
and application (Shih-Long Liao et al, 1998; Nnadi & Addasi, 1999; Lawrence & Breen , 1998).
These models often require a substantial amount of water quality, water quantity and climate

data to function and consequently their application to some wetland systems may be limited.

The model developed at the CRC for Freshwater Ecology models a number of water quality
related wetland processes, including adsorption, sedimentation, sediment reduction and
oxidation, algal growth and oxygen transfer. The model assumes that the wetland is a
continuously stirred tank reactor (CSTR) when calculating mass inflows and outflows from the
wetland. CSTR assumes that complete mixing occurs between water flowing into and water
stored in the wetland. The model comprises algorithms describing the water quality processes
within the wetland. These algorithms were calibrated using observed water quality data from
Canberra wetlands and validated utilising data sets from ponds located in different catchment

soil, climate and loading conditions.

The VASWETS model developed at the University of Virginia in the USA is a theoretical based
model (Shih-Long Liao, 1998). The model determines pollutant concentration changes by
modeling five transport mechanisms, diffusion, settling/sedimentation, sorption/filtration (to
both plant species and substratum) and plant species uptake. Experiments were conducted on
four 15 L plastic bucket wetlands filled with gravel and different wetland plants. Water quality
parameters were monitored both in the water column and substratum over a 21 day period and
the results were compared with the theoretical results obtained from the model. Results from

the model compared favourably with data collected from the experiments.

2.2.5 Retention Time Calculation
Residence time is defined as “the time period for a particle to flow from the pond inlet to the
pond outlet” (Martin, 1988). It is a very important factor in water quality improvement as
pollutant removal generally improves as residence time increases. The residence time of a
wetland is influenced by internal hydrodynamic factors, including basin bathymetry, spatial
variability of vegetation and inlet and outlet conditions, and external hydrodynamic factors such

as wind shear and hydraulic loading rate (Somes et al, 1997).
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The ideal residence pattern in most treatment wetlands is plug flow. Plug flow is often assumed
in simulation models of wastewater wetlands and has been used in simulation of stormwater
wetlands (Walker & Murphy, 1997). Plug flow occurs when there is no mixing between flow
volumes, and flows passing through the pond displace water deposited by earlier events. Plug
flow is a theoretical concept; the actual residence patterns or residence time distributions of
constructed wetlands are not ideal. Another technique often used in wetland simulation for
residence time calculation is complete mixing or the CSTR approach. Average retention times
calculated using the CSTR approach are lower than those calculated using plug flow (Tye &
Dandy, 1998). Lawrence & Breen (1998) stated that, based on field validation, only in a small

number of cases is there any deviation from the CSTR assumption.

Mean residence time is often used in determining the pollutant removal effectiveness of

constructed wetlands. It is defined as follows:

T= i (2-6)

q
= mean residence time
basin volume
= flowrate

Where

T
v
q

The flow rate used could be the annual total flow volume (m’/year) or a mean event flowrate
(m*/s). Mean residence time is a good indicator to the actual residence time for wastewater
treatment wetlands where flowrates are relatively constant. Flowrates in stormwater wetlands
however are highly variable and the mean residence time is not a good indicator of actual
residence time (Walker, 1996a). Walker suggested a better statistic might be Tsg or To, the
residence time achieved for 50% and 90% respectively, of the flows passing through the

wetland in a particular period.

Another method often used to examine the residence time of outflows from a wetland is to
examine the residence time distribution (RTD). The residence time of all outflows during a
single flood event or over a series of flood events, are plotted on a histogram. Using this

method allows the full distribution of residence times to be investigated.
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2.2.6 Treatment Train Selection
The selection of the appropriate treatment train is usually the first step in designing a water
treatment or wastewater treatment plant. It should also be considered when designing a
stormwater wetland. The hydrological characteristics of the site, the inflow pollutant levels, the
intended functions of the wetland and the available space, have to be considered in the
selection. Figure (2-4) shows a number of possible arrangements of gross pollutant traps,
detention ponds and wetlands. Gross pollutant traps are essential in urban areas to prevent
organic material and litter from impairing the effectiveness of ponds and wetlands. Detention
ponds are used for peak flow reduction of high flows and water quality improvement through
sedimentation. Detention ponds, contain little vegetation, and hence can cope with high storm
discharges. They are usually constructed on-stream. Wetlands however are generally well
vegetated and need to be protected from large flows. They perform pollutant removal through

sedimentation, adsorption, filtration and plant uptake.

TT#1
— On-line GPT and pond

TT#2
> On-line GPT and wetland

TT#3

> On-line GPT and combined
pond/wetland

TT#4
> On-line GPT, pond and wetland

%

TT#5

—>0On-line GPT and pond, off-line
J wetland
L )

—

Figure 2-4 Treatment Train Options (Source: Lawrence & Breen, 1998)

(TT# = Treatment train number; GPT = Gross pollutant trap)
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The first treatment train in Figure (2-4) is suitable for sites that experience high storm
discharges that are high in suspended solids. The functional objectives for this system would be
flood mitigation and pollutant removal via sedimentation. Treatment train two would be chosen
for low flow conditions where the majority of pollutants are in dissolved or colloidal form.
Pollutant removal via adsorption, filtration, coagulation and plant uptake would be the primary
function of the wetland. Treatment trains three and four are suitable for moderate to high flow
conditions where pollutants occur in all forms and it is desirable to treat all stormwater flows.
For these cases, construction of a wetland on-stream is feasible as it is protected from high
discharges. Treatment train three incorporates the pond and wetland into a single facility.
Treatment train five should be selected if it is not possible to reduce flows into the wetland
sufficiently or it is not necessary to treat all flows with the wetland. A diversion structure

diverts some flows from the detention pond to the off-stream wetland.

2.2.7 Pond Sizing
The methods used for sizing stormwater wetlands are generally quite simple. DLWC (1998)

presents a summary of these methods.

The catchment area method involves sizing the surface area of the wetland to be 2% of the total
catchment area. The 2% figure was found to be a critical figure in an analysis conducted in the
USA. Wetlands with surface areas greater than 2% of the catchment area were found to

perform significantly better than wetlands with surface areas less than 2%.

Somes and Wong (1998b) conducted continuous simulations of wetland storage behaviour of
variously sized storages in seven Australian capital cities. Statistically derived hourly rainfall
data were used in the simulations. Results from the simulations were used to establish a
relationship between hydrologic effectiveness and storage volume as a percentage of the mean
annual runoff volume (MARYV), for the seven cities (Figure 2-5). The curves were derived

based on a 72-hour detention period. Hydrologic effectiveness is defined as

V,
W=t 2-7
V. (2-7)
Where - o = hydrologic effectiveness (%)
Vi = total volume treated (m3)
V; = total runoff volume (m?)

18
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For Figure (2-5), V; equals the volume of runoff that has at least a 72-hour detention period in

the wetland.
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Figure 2-5 Hydrologic Effectiveness of Seven Australian Capital Cities (Source: Somes &
Wong, 1998b)

Another method commonly used in sizing ponds is the generic curve method (DLWC, 1998). It
involves determining the hydraulic residence time required for the removal of the target
pollutants from generic pollutant removal curves similar to those in Figures (2-1), (2-2) and (2-
3). The basin size required for the design hydraulic residence time (HRT) is then determined by
a simple average daily runoff calculation (Rg,). The Ry, is found by dividing the average annual

catchment runoff by 365. The wetland volume is then calculated by

Wetland Volume (m*)= Ra(m’/day) X HRT(day) (2-8)

Nix et al (1988a) used long term simulation modelling to predict long-term pollutant removal in
a detention basin. A particle settling routine was used to predict suspended solids removal
under a variety of conditions. The storage capacity and diameter of a circular outflow orifice
were varied and graphical relationships were found between these two design parameters and
percent suspended solids removal. These relationships could be used to select the appropriate

basin size and orifice diameter for a given pollutant removal percentage. Sear et al (1992) used
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a similar technique to derive relationships between pond volume and pond capture efficiency

for a range of catchment types.

2.2.8 Outlet Structures

There are four general types of outlet structures used in constructed stormwater wetlands; weirs,

orifices, drop inlets and pipes.

Weirs are often used as primary overflow control devices. Weirs can come in many different

shapes and sizes. The three most commonly used are rectangular weirs (Figure 2-6), V-notch

weirs (Figure 2-7), and trapezoidal weirs (Figure 2-8).

The discharges for these weirs are given by

Rectangular weir:

V-notch (triangular) weir:

Trapezoidal weir:

Where Q

T

<

z

C
C
c
h

LI | | B B

\ ‘/“
Q=C,Ln* 29)
Q= ths/ztan( %] (2-10)
Q=C,./2¢g %Lh” +1—85-Zh5/2] (2-11)

discharge rate (m3/s)
discharge coefficient for a rectangular weir
discharge coefficient for a v-notch weir
discharge coefficient for a trapezoidal weir
head (m)
(Urbonas & Stahre, 1993; BCHF, 1992)
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Figure 2-6 Rectangular Weir
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Figure 2-8 Trapezoidal Weir

Rectangular weirs can be either sharp-crested or broad crested. The discharge coefficient for a
sharp-crested rectangular weir is typically about 1.8 and for a broad-crested rectangular weir the
discharge coefficient is around 1.7. These values were determined experimentally. V-notch
weirs are generally sharp crested; the value of C, depends on the angle 0 (typically between 1.4
for a 45° notch and 1.5 for a 90° notch). Trapezoidal weirs are usually only found in the broad-

crested variety and the value of C, is usually around 0.6.

Orifices are openings cut into the side of a drop inlet, weir or the side of the storage basin. The

flow through a vertically aligned orifice is governed by

Q=C,A,/2gh’ (2-12)
Where A = area of the orifice
Co = coefficient of discharge
h’ = height of the water surface above the centre line of the

orifice

Co is typically 0.62 for a sharp edged orifice.

Drop inlets consist of a vertical riser pipe, located inside the pond, leading to an outlet culvert or

pipe (see Figure 2-9).
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AVA

Figure 2-9 Drop Inlet (Source: Urbonas and Stahre, 1992)

The flow through a circular drop structure is governed by three equations, representing the

different flow regimes.

Where

IT

11

m’-h

Q=C,2nRh¥? (2-13)
Q=C,mR*\2gh (2-14)
2gDH
=A.|=5—_ 2-15
Q = (2-15)
= (h+h+SL —mD) and L'=h'+L

radius of drop inlet (m)
area of outlet pipe (m?)
slope of outlet pipe
length of outlet pipe (m)
height of water above drop inlet
height of drop inlet above pipe’s invert
diameter of pipe (m)
ratio of water depth to pipe diameter at the outlet
end of the pipe
friction factor
head lost in friction
(Daugherty & Franzini, 1977)

The first flow regime (I) occurs when the drop inlet is not submerged and it behaves as a

circular weir. When the drop inlet is fully submerged but the pipe is not flowing full the flow is

governed by orifice flow (Equation 2-14). The final flow regime occurs when the pipe is

flowing full (Equation 2-15). The lowest flow given by Equations (2-13), (2-14) or (2-15) is

used in each particular case.
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Pipes are generally placed towards the bottom of wetland ponds and are small in diameter to
release water slowly so as to maximise water quality improvement. The flow through a pipe is

governed by Equation (2-15).

The functions performed by outlet structures in constructed stormwater wetlands can be
categorised into 6 groups (BCHF, 1992)

1. Emergency outlet — used to pass extreme flood events. It usually consists of a spillway

section cut into the pond embankment.
2. Service outlet — used to pass small flood flows and regular storm events. It usually consists
of a weir or drop structure.

3. Extended detention outlet — used to release the live storage slowly for water quality

improvement. The types of structures used for this purpose are typically pipes, or orifices
cut into a drop structure or weir section.

4. Drainage pipe and outlet — used to drain the pond completely for maintenance.

Vegetation establishment outlet — used to control pond water levels during the initial

establishment of vegetation. Usually a pump or drainage outlet is used for this purpose.

6. Flood control outlet — used to attenuate flows from large storms in conjunction with flood

control storage. The device used for this purpose might be a weir, vertical slot, narrow v-

notch weir, orifice or other device

Only the methods used in the design of pollutant removal outlets will be discussed in this
section. The methods used for the selection and sizing of outlet structures for flood mitigation

are given in Section 2.3.1.

BCHF (1992) presents a procedure for sizing extended detention outlets for pollutant removal.
The size of the outlet is chosen based on 75% removal of suspended solids for a selected
stormwater quality design storm. The water quality volume (Vy), defined as the pond volume to
the base of the flood control outlet, is set equal to the total runoff for the design storm. The
report suggests emptying times (tg) to achieve 75% suspended solids removal for various outlet
devices (Table 2-3). These emptying times were based on results from experiments. Once the

type of outlet is selected, the water quality volume flow rate is determined by
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Q= s (2-16)

te
The outlet size is found using Q, the available head (h) and the appropriate flow equation.

Table 2-3 Emptying Times (Hours) for the Water Quality Volume for Extended
Detention (Source: BCHF, 1992)

Type of outlet Minimum required Preferred
Weir 2.5 5
Orifice 8 16
Constant flow device 12.5 25

Pazwash (1992) presented a similar design approach, however the design criteria used was that
no more than 90% of the water quality volume was released during an 18-hour period following

the peak flow.

Beatley and Wigfield (1993) suggested that the water quality volume detained in the pond be
equal to the first 12.5 mm of runoff multiplied by the catchment area, and that the detained

volume be released over a 30-hour period.

Somes and Wong (1998c) used a long-term simulation model to examine the effect that
changing outlet type had on the detention time distribution. It was concluded that weir outlets
have the most widespread distribution followed by drop inlets and orifices. The authors also
investigated the effect of raising the height of a drop inlet, hence increasing the size of the
permanent pond in the wetland, on detention times. They found that increasing the permanent

pond increased mean detention times.

2.2.9 Basin Geometry
The geometry of a wetland basin influences its ability to perform its intended functions. Design
characteristics such as depth, shape, shoreline profile and the location of inlet and outlet
structures, vegetation zones and islands affect the basin’s hydraulics and pollutant removal

efficiency.
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Short-circuiting is the most important factor to consider when designing stormwater wetlands.
Short-circuiting occurs when ‘dead’ zones exist in the basin, resulting in non-uniform flow
paths in the basin (Figure 2-10). A pond with short-circuiting will not perform pollutant
removal as efficiently as a pond with a uniform flow velocity distribution, because some of the

inflow will remain in the basin only for a short time.
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Figure 2-10 Example of Pond Short-Circuiting (Source BCHF, 1992)

The basin design guidelines used by wetland designers have been derived from data collected
through monitoring existing wetlands and computer simulations. The focus of research
conducted to date has been on how the various basin design aspects affect the key performance

indicators of pollutant removal efficiency, hydraulic efficiency and the flow velocity

distribution.

Hydraulic efficiency is defined as

hydraulic efficiency = t/T (2-17)
Where t = actual mean residence time
15 = theoretical, volumetric residence time

Hydraulic efficiency is measured either by dye-tracer experiments or by computer modelling.

Wetlands with hydraulic efficiencies close to 1 will closely approximate the ideal plug flow

conditions.
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The most discussed aspect of basin geometry is the length to width ratio. It has substantial
influence on a basin’s hydraulic and pollutant removal efficiency. Generally, length to width

ratios of between 3 and 5 ensure efficient distribution of flow (Lawrence & Breen, 1998).

Thackston et al (1988) analysed results from a study into the hydraulic efficiency of wastewater
treatment wetlands. The length to width ratio was found to have the strongest influence on
hydraulic efficiency. Data from 38 wetlands %sed to derive a relationship between
hydraulic efficiency and length to width ratio (Figure 2-11).
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Figure 2-11 Hydraulic Efficiency as a Function of Length to Width Ratio

Walker (1996b) conducted numerical modelling of stormwater flow through rectangular and
triangular shaped basins with length to width ratios of 0.5. 1.0, 2.0, 4.0 and 8.0. He found that
hydraulic efficiency improved as the length to width ratio increased; however, the improvement
between ratios of 4 and 8 was small. The results obtained compared favourably with the

relationship derived by Thackston et al (1988).

The type of treatment process proposed usually determines the basin depth. For wetlands where
the proposed pollutant removal process is the adsorption of dissolved pollutants by macrophytes
and associated epiphytes, depth must generally be kept below 0.6 m (Lawrence and Breen,

1996). For wetlands where the proposed pollutant removal process is sedimentation, average
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depths should be between 1 m and 2 m (BCHF, 1992). Depths should not exceed 2.5 m to 3 m,

because of the increased risk of thermal stratification (Lawrence & Breen, 1998).

Side slope gradients should range between 1:6 to 1:8 (vertical:horizontal) to prevent erosion by
wave action, to encourage edge vegetation, to minimise mosquito problems and for safety

reasons (Lawrence & Breen, 1998).

Islands placed in the shortest flow path improve the flow velocity distribution in the basin and
increase the surface area available for the establishment of macrophytes (BCHF, 1992).
Persson (1998) conducted two-dimensional hydraulic simulations on a variety of basin
configurations. The placement of a small island in the shortest flow path improved the

hydraulic efficiency of the basin significantly.

A large distance between the pond inlet and outlet/s improves the hydraulic efficiency of basins

(Persson, 1998).

A well functioning wetland should consist of a series of vegetated and open water zones located
perpendicular to the direction of flow (Figure 2-12). Wetland plants assist in the even
distribution and slowing of flows, they transfer oxygen to the sediments and they provide a
substrate for algal and biofilm biomass (Lawrence and Breen, 1998). Open water areas help

reduce short-circuiting and they aid in the mixing of flows (NSW EPA, 1997b).

By-pass of Large Floods

Macrophyte (vegetation) zone

Inlet Zone
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Figure 2-12 Illustration of a Typical Constructed Wetland Layout (Source: Wong et al,
1998)
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2.2.10 Wetland Simulation Modelling
2.2.10a) Event-based Techniques
Event-based analysis involves sizing the wetland pond and outlet structures so that the required
pollutant removal is achieved for a particular design storm. Typically a 1 in 1 year or 1 in 2
year ARI storm event is used as the design storm event (DLWC, 1998). The single event is
used to test whether a basin design satisfies a detention or drawdown time requirement. The
disadvantage in using event-based analysis is that it ignores the cumulative effect of closely

spaced storms, hence the design estimates may not be accurate.

Fabian (1998) developed an event-based model for evaluating the performance of a wetland in
terms of water quality improvement. An inflow hydrograph and pollutograph (pollutant
concentration versus time) were the inputs into the model. An outflow hydrograph, determined
by hydraulic calculations, was used to calculate the average potential detention time of each
water or pollutant particle entering the wetland. The quantity of retained pollutant was
calculated based on a empirical pollutant retention versus detention time function, similar to
those in Figures (2-1), (2-2) and (2-3). The calculated inflow mass and the retained pollutant

mass were used to determine the wetland’s pollutant removal efficiency.

2.2.10b) Long-Term Simulation Methods
Time series analysis is used to assess the long-term performance of a wetland. This method
involves conducting a computer simulation of the wetland over a long time period. The basis
for most time series simulations is a mass balance with a daily or hourly time step. After each
simulation the pollutant removal performance of the wetland is compared with the desired
performance criteria. A number of simulations are usually conducted before a suitable design is

found.

A typical model used for conducting long-term simulations of wetlands and detention basins is
the Storm Water Management Model (SWMM) (Huber et al, 1988). SWMM has the capability
to model a wide range of basin geometries and outlet structures over an arbitrary number of
time steps. Pollutant removal is modelled either by a user supplied removal equation or by a
built in discrete particle settling routine. Retention times of outflow can be calculated using
either a CSTR or plug flow assumption. SWMM has been used by a number of authors to

examine design considerations for stormwater wetlands (Nix et al, 1998a; Sear et al, 1992).
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Section 2.3, page 29, sentence 2, change:
The basin’s storage volume and the outlet structure configuration are the only design
parameters considered in flood mitigation design procedures.

To:

The wetland’s active storage volume and the outlet structure configuration are the

only design parameters considered in flood mitigation design procedures.

Section 2.3.1, page 29, paragraph 1, change:
Procedures used for the preliminary sizing of stormwater detention ponds involve
routing a chosen design inflow hydrograph through a storage to achieve a specified
reduction in peak flow. The inflow hydrographs used are either derived from actual
flow data, or artificial approximations, usually triangles or trapezoidal shapes.

To:
Procedures used for the preliminary sizing of a stormwater detention storage involves
routing a chosen design inflow hydrograph through a storage to achieve a specified
reduction in peak flow. In Australia, the inflow hydrographs are almost always
estimated using a hydrological (rainfall/runoff) model of the upstream catchment and
design rainfall data from Australian Rainfall & Runoff, 2000.
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anmnnitsr and tha narmiccihla cite diccharee (PSD)  The desion storage cavacitv is the storage
Section 2.3.1, page 29, paragraph 3, change:
A very simple method for estimating the storage volume required for peak flow
attenuation is based on the assumption that both the inflow and outflow hydrographs
are triangular in shape (see Figure 2-13). The storage volume (V) is shown as the
shaded region in the graph. Estimates of the peak inflow and peak outflow rates are
required for this method. The required storage volume is calculated by
To:
A very simple method for estimating the storage volume required for peak flow
attenuation is based on the assumption that both the inflow and outflow hydrographs
are triangular in shape (see Figure 2-13). 'The storage volume (V) is shown as the
shaded region in the graph. Estimates of the peak inflow and peak outflow rates are
required for this method. The required storage volume is calculated by Equation 2-
18. Although this method was derived principally for the design of small on-site
detention storages it was felt necessary to include because the framework presented
here is intended to help in the design of wetland systems of all sizes from small

localised systems to large catchment scale multi-pond systems.
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V, =0.5t,(Q; -Q,) (2-18)
Where Vi = storage volume estimate (m®)
Qi = peak inflow rate (m3/s)
Qo = peak outflow rate (m*/s)
ti = duration of storage facility inflow (s)
(IEA, 1987; Debo, 1995)
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Figure 2-13 Triangular Shaped Hydrographs

Reservoir routing is the most commonly used sizing procedure. It involves the repeated

application of the discretised continuity equation

Sin -5, ndl L +1L, i, Oi +Oi+l

At 2 2 el
Where Si = storage volume at time step i
Sii = storage volume at time step i+1
I = inflow at time step i
Lin1 = inflow at time step i+1
O = outflow at time step i
Oiwi = outflow at time step i+1

An initial estimate of the surface elevation h;,; at the end of the time interval At is used to
calculate Si;; and Oj;; from storage-elevation and outflow-elevation relationships respectively.

These two values and the known values, I, iy, Si and O; are then substituted into Equation (2-
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19), and the difference between the left and right hand sides is calculated. If this difference is
not small than another estimate of h;;; is given and the above process repeated for the same time
step, otherwise the time step is advance by one. Trial and error is used to determine the

appropriate storage volume and PSD required (Mays, 1996).

Australian Rainfall and Runoff (IEA, 1987) contains a number of numerical and graphical
methods for sizing reservoirs, detention basins and dams. These methods are based on simple

relationships similar to those given in Equations (2-18) and (2-19).

A simplified procedure that avoids the repeated application of reservoir routing is dimensionless

routing (McEnroe, 1992; Phillips, 1992).

McEnroe (1992) derived equations relating storage to time and outflow rate to storage that were
converted to dimensionless form. The resulting equations were used to derive curves for
(required flood storage:flood volume) versus (peak outflow rate:peak inflow rate) for differing
outflow, storage and inflow hydrograph shape parameter values. These curves could be used to

select an appropriate storage volume and outlet structure size.

Phillips (1992) used a similar technique to derive expressions for the PSD, design storage
capacity and period of storage operation for the design of small onsite stormwater detention

storages. Triangular shaped inflow hydrographs were used in deriving these expressions.

2.4 Stormwater Harvesting for Re-use
Stormwater harvesting for re-use entails the removal of treated stormwater from the wetland for
direct or indirect application. Indirect application involves the storage of water in a surface

storage or underground through aquifer storage and recovery (ASR).

There are no procedures aimed specifically at the design of wetlands for water harvesting, since
the design requirements are similar to those for pollutant removal. The basin is designed so that
the quality of the water stored in the basin is suitable for the intended application and that there

is a sufficient volume of water available for drawdown to meet quantity requirements.
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This section contains a review of water reuse guidelines and some background information on

ASR.

2.4.1 Water Quality Guidelines for Stormwater re-use
There are two water quality guidelines used for reuse of stormwater in South Australia, the S.A.
recrlxzrl’ip]gd,water guidelines (EPA, 1998) and the Australian water quality guidelines for fresh

and marine waters (ANZECC, 1992).

The S.A. reclaimed water guidelines were written primarily for reclaimed wastewater, however

. el B, CS'] 2. -- T 0 =

Section 2.4.1, page 32, paragraph 2, sentence 2, change:

The guidelines categorise water quality requirements into five classes.
To:

The guidelines categorise water quality requirements into four classes.

The ANZECC water quality guidelines (ANZECC, 1992) provide a more extensive breakdown
of the minimum water quality requirements for various uses and receiving ecosystems. These
guidelines are summarised briefly in Table (2-5). Water quality requirements are given for a
range of pollutants, including faecal coliforms, suspended solids, total dissolved solids, and
inorganic and organic compounds. The guidelines are more comprehensive than the values
contained in Table (2-4). They also provide detailed water quality criteria for watering of
various livestock and for the irrigation of many different agricultural crops. Criteria for a range
of pesticides, monocyclic aromatics, organochlorines, organophosphates and polyaromatic
hydrocarbons for drinking water and water discharged to aquatic ecosystems, are also given.

These compounds are rarely monitored and are excluded from the summary table.
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Table 2-4 S.A Reclaimed Water Guidelines

Microbiological criteria

Class Tises — thermotolerant Chemical / physical
coliforms / 100 ml criteria (mean)
(median)
A e  Primary contact recreation <10 Turbidity
Residential <2 NTU
- gardens Removal of viruses,
- toilet flushing protozoa and helminths | BOD < 20 mg/L
- washdown water to be considered
e  Municipal irrigation with public Chemical content to
access/adjoining premises match use
e Dust suppression with
unrestricted access
e  Unrestricted crop irrigation
B e  Secondary contact irrigation < 100 BOD < 20 mg/LL
Ornamental ponds with public
access Removal of viruses, | SS <30 mg/L
e Municipal  irrigation  with | protozoa and helminths
restricted access to be considered Chemical content to
e  Dust suppression with restricted match use
access
Restricted crop irrigation
e Irrigation for pasture or fodder
for grazing animals
e  Fire fighting
e  Washdown and stockwater
C e Passive recreation < 1,000 BOD < 20 mg/L
e  Municipal irrigation with
restricted access Removal of viruses, | SS <30 mg/L
e Restricted crop irrigation protozoa and helminths
e Irrigation for pasture and fodder | t© be considered Chemical content to
for grazing animals match use
D e  Restricted crop irrigation < 10,000 Chemical content to
e Irrigation for turf production match use
e Silviculture Helminths need to be
e Non food chain aquaculture considered for pasture

and fodder
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Table 2-5 ANZECC Water Quality Guidelines

Recreation ” Sy
. Freshwater Marine waters Drinking Raw T
Fargmeter primary ecosystems ecosystems water water IemEation
contact
MICROBIOLOGICAL
CHARACTERISTICS
Faecal coliforms / 100ml 150 median | - 0 <10 | 1000
PHYSICAL
CHARACTERISTICS
Dissolved Oxygen (%) ; ZOomgL @0-90% | 65-85 | 65-85 9 max
Hardness (as CaCO3) ) " :
(mg/L) - - 200 500
PH 5-9 9 max Bili S Fe DR g 65-85 | 65-85 9 max
unit change)
TDS (mg/L) N/A < 1000 N/A 500* 500 - 1000 -
True colour (HU) 100 Pt-Co - - 15 15 Pt-Co -
< 10% change
Turbidity (NTU) Unobjectionable - seasonal mean 5 5 -
concentration
METALS (mng/L)
Aluminium (Al) total - - - - 0.2 5.0
Aluminium pH <=6.5 - 0.005 N/A 0.2% - -
Aluminium pH > 6.5 - 0.1 N/A - - -
Arsenic (As) 0.05 0.05 0.05 0.007 0.05 0.1
Cadmium (Cd) 0.005 0.0002 - 0.002 (a) 0.002 0.002 0.005 0.01
Chromium (Cr) 0.05 0.002 0.002 0.05 0.05 1

Copper (Cu) - 0.002 - 0.005 (a) 0.005 2.0 1.0 0.2
Cyanide 0.1 0.005 0.005 0.08 0.1 -
Lead (Pb) 0.05 0.001 - 0.005 (a) 0.005 0.01 0.05 0.2

Mercury (Hg) 0.001 0.0001 0.0001 0.001 0.001 0.002

Nickel (Ni) 0.1 0.015 - 0.15 (a) 0.015 0.02 0.1 0.2

Selenium (Se) 0.05 0.005 0.07 0.01 0.01 0.02
Silver (Ag) 0.05 0.0001 0.001 0.1 0.05 -
Zinc (Zn) - 0.005 - 0.05 (a) 0.05 3% 5.0 2
NON-METALS (mg/L)

Ammonia-N - 0.02 - 0.03 (h) < 0.005 (¢) 0.5* 0.01 -
Nitrate-N 10 - 0.1-0.01(c) 50 10 -
Nitrite-N 1 - - 3 1 -

Nitrogen total-N - 0.04 - 0.06 (d) 0.005 - 0.01 (e) - - -
Phosphorus (P) - 0.1-0.2 (b) 0.005 - 0.015 (¢) - - -
Sulphide - 0.002 0.002 - 0.05 -
Sulphate - - - 500 400 -
(a) - Depends on the hardness of the water (d) - Rivers
(b) - Lakes and reservoirs (e) - Coastal
(c) - Estuaries * - Aesthetic guideline (taste/odour/colour etc.)

2.4.2 Aquifer Storage and Recovery (ASR)
24.2a) Whatis ASR?
Aquifer Storage and Recovery (ASR) is the deliberate transfer of surface water into the

groundwater system and its subsequent extraction at a later stage. It provides a cost-effective

water management tool whereby stormwater runoff and reclaimed wastewater can be used to

supplement existing water supply sources. ASR is particularly attractive in arid, semi-arid and

monsoonal areas, where there is a water '_sur_plu,s,,,,foxup,a:.r,t,h()f .the year followed by a long dry

period (Dillon et al, 1997). Aquifer recharge usually takes place during the wet season when
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. ) 3‘ .
water demand is low, and e;\()ar Fﬂ)n, for reuse, occurs during the dry season when water

demand is high.

There are a number of advantages in using ASR instead of surface storage:

e Less land is required

e No water is lost due to evaporation

e The volume of outflow to the marine and freshwater environment is reduced

=1 S
e The injected water is filtered by po pJOsus meéha as it passes through the quIfCI

ASR systems attached to constructed wetlands in urban areas generally consist of an offtake
pump located in the pond leading to an injection well or series of injection wells, via a pipe.
The depth of the injection wells and the recharge and extraction rates are all dependent on the

physical and chemical characteristics of the aquifers underlying the site (Pyne, 1996).

2.4.2b) Groundwater Hydrology
Groundwater hydrology is defined as “the science of the occurrence, distribution, and
movement of water below the surface of the earth” (Todd, 1980). Groundwater enters the earth
via infiltration through the ground surface or through s&%}ége from streams and lakes. Water-
bearing formations of the earths crust, known as aquifers, act as conduits for transmission and

as reservoirs for storage of groundwater (Todd, 1980).

Aquifers can be classified into three general groups depending on the properties of the
surrounding rock layers. A confined aquifer has confining or 1mﬁ‘e%§jgle layers above and
below. The water in a confined aquifer is under pressure and when the aquifer is peﬁg?rated by
a well the water level will rise to a point above the bottom of the overlying confining bed. The
height to which the water rises is referred to as the piezometric head (USDIWPRS, 1981).
Natural recharge to a confined aquifer can occur either in a recharge area, where the aquifer
crops out on the ground surface, or by slow downward leakage through a leaky confining layer
(Fetter, 1994). Aquifers without an impermeable layer above are referred to as unconfined
aquifers or water-table aquifers. The movement of the water in a confined or an unconfined
aquifer is governed by g?a@ity (USDIWPRS, 1981). Natural recharge to an unconfined aquifer
occurs from either downward seepage through the unsaturated zone or by upward seepage from

underlying aquifers (Fetter, 1994). A semi-confined aquifer or leaky aquifer is overlain or
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underlain by a semi-permeable layer. This type of aquifer represents a combination of the

previous two types (Todd, 1980).

When water is pumped from an aquifer, water flows from the aquifer into the well and the

height of the water table or the piezometric surface at the well and in the surrounding aquifer

will be lowered. The reduction in height or drawdown becomes smaller with increasing

distance from the well (see Figure 2-14). Drawdown is also affected by the properties of the

aquifer, the effect of other pumping wells, the pumping rate, and the aquifer boundaries (Harlan

et al, 1989). When water is injected into an aquifer, through artificial recharge, the height of the

piezometric surface or the water table is increased and a mound forms around the injection well

(see Figure 2-15). The shape of the curve is the reverse of the drawdown curve resulting from

extraction (Todd, 1980).
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Figure 2-14 Flow to a Well Penetrating a Confined Aquifer During Pump Extraction
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Figure 2-15 Flow from a Well Penetrating a Confined Aquifer During Artificial Recharge

24.2c) ASR Well Clogging Processes
Artificial recharge of groundwater usually results in an increasing resistance to flow, which is
called “clogging”. Clogging primarily occurs in the gravel pack, the borehole wall, and the
formation immediately surrounding the borehole wall. Clogging during recharge, under a

constant head, can result in a continually decreasing rate of recharge (Pyne, 1995).

The major physical, chemical and biological processes contributing to clogging are filtration of
suspended solids, microbial growth, chemical precipitation, clay swelling and dispersion, air
entrapment and gaseous binding, particulate rearrangement and mobilisation of aquifer fines
(Dillon et al, 1996). A review of the occurrences and forms of clogging found at 40 different
sites was presented by Dillon et al (1996). He reported that clogging occurred at 80% of the
sites reviewed, with the most common form being filtration of suspended solids, which occurred

in 50% of cases.

The risk of clogging can be reduced by; (a) minimising the concentrations of pollutants in the
injected water, particularly suspended solids and organic matter, (b) maintaining positive
pressure in the well to prevent air bubbles entering the aquifer, and (c) ensuring that the

chemical properties of recharge waters are compatible with the groundwater (Dillon et al,
1996).

37



Chapter 2 Urban Stormwater Wetland Design

Well redevelopment is the process of returning well performance to its prior state by restoring
the hydraulic properties of the aquifer. There are a number of mechanical and chemical
redevelopment methods. Mechanical methods include pumping from the well (typically at a
higher rate than recharge), jetting with compressed air or water, or sectional flush pumping
(pumping from access tubes located in the gravel pack). Chemical methods include the addition
of acids, flocculants (eg. calcium chloride), disinfection and/or oxidising agents (eg. chlorine).
The frequency of redevelopment is dependent on the speed at which recharge rates decline, with

some sites being redeveloped on a daily basis (Dillon et al, 1996).

2.4.2d) Water Quality Guidelines for Aquifer Injection
In South Australia there are no government regulations concerning the quality of water that can
be injected into aquifers. Dillon et al (1996) published a set of guidelines for the injection of
stormwater and treated wastewater for storage and reuse based on experience and guidelines
from overseas. The water quality requirements contained in these guidelines were based on
three objectives; the management of clogging, the protection or improvement of groundwater

quality and ensuring that the quality of recovered water is fit for its intended use.

The Dillon et al (1996) guidelines were intended to be used in conjunction with the ANZECC
Australian water quality guidelines for fresh and marine waters (ANZECC, 1992) and
Australian drinking water guidelines (ANZECC, 1994). General recommendations were
provided only for those water quality parameters that were regarded as relevant to ASR, ie.

suspended sediments, total dissolved solids (TDS), faecal coliforms and nitrogen.

Suspended solids concentrations of below 30 mg/L. were recommended. The acceptable

concentration could differ depending on the grain size in the aquifer.

A maximum TDS concentration of 500 mg/L for potable reuse, and 1000 mg/L for non-potable
reuse was recommended. It was suggested in the report that higher concentrations could be
used where acceptable, provided the concentration did not exceed the TDS of the ambient

groundwater.

A maximum of 10,000 colony-forming units per 100 mL was recommended. The survival of

pathogenic microorganisms in groundwater diminishes with residence time, because the
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introduced microorganisms are filtered, adsorbed, die-off or are antagonised by native
microorganisms. Typical times for the removal of 90% of bacteria is 3 to 6 days and 5 to 30
days for viruses. The time required to remove protozoa is unknown. A minimum residence
time of 50 days was recommended for undisinfected injectant to provide an acceptable degree

of health protection when recovered water is used for recreation or irrigation.

Nitrogen levels of below 10 mg/L, subject to ammonia concentrations being less than 0.5 mg/L,
were recommended for potable reuse. The suggested maximum nitrogen concentration for

irrigation reuse was also 10 mg/L.

24.2e) Groundwater Mixing
When water is injected into an aquifer via artificial recharge a lens of injected water forms
around the well. Over time the native groundwater mixes with the injected water through
diffusion. Where groundwaters are highly saline, mixing can reduce the quality of the injectant
to below the required concentration for reuse. Increasing the time lag between injection and
extraction increases the amount of mixing that will occur. Figure (2-16) shows the effect that
increasing lag has on the recovery efficiency from the bore. The recovery efficiency is also
influenced by the physical properties of the aquifer, such as grain size and distribution,

transmissivity and storativity (Dillon et al, 1996).
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Figure 2-16 Effects of the Pause Between Injection and Extraction , on Recovery
Efficiencies in Limestone and Sandstone Aquifers (Source: Harpaz, 1971)

2.4.21) Local Experience
Adelaide’s Mediterranean climate is ideal for ASR; there are four constructed stormwater
wetlands in and around the city providing water for ASR schemes (see Table 2-6). The
Andrews Farm wetland / ASR scheme is a pilot site established for research purposes.
Investigations are being conducted there into the fate of various contaminants, the movement of
injected waters, and the clogging and redevelopment of the injection well (Dillon & Pavelic,
1997). The Paddocks and Northfield wetlands are fully operational ASR schemes. The
recovered water is used in the irrigation of nearby grassed areas. Operation of the ASR system
is very similar for both developments. Recovery from the aquifer occurs when the water level
is above the height of the ASR intake pipe and the water quality meets the injection water
quality guidelines (ANZECC, 1992; SA EPA, 1998). Turbidity probes in the Northfield and
Paddocks wetlands are used for continuous water quality monitoring, and at the Paddocks
wetland an electrical conductivity probe is also used. The turbidity probe located near the
intake pump is used to monitor the concentration of suspended sediment in the stored water and
the electrical conductivity probe measures the concentration of total dissolved solids. All
probes were calibrated against water quality data obtained from grab samples (Smith, 1999;

PAEC, 1999). Recharge only occurs when the quality of the water meets the guidelines.
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Table 2-6 Summary of ASR Operations in Adelaide (Adapted from Dillon et al, 1997)

Injecti Bore recharge i
Site (start year) Aquifer type Jection End use - recharge
regime rate (L/s) volume (ML)
Tertiary .
Andrews Farm T itiestons Gravity or Test site 15-20 60
(1993) : Pressure
Confined
. Tertiary
Greenfields Limestone Gravity Irrigation 10-15 100
(1995) .
Confined
Tertiary
The(lieglggg)cks Limestone Pressure Irrigation 8 50
Confined
Northfield (1993) | Fractured Rock Gravity Irrigation 10 - 15 =il

2.5 Summary

Procedures used for designing multi-function stormwater wetlands for pollutant removal, flood

mitigation and harvesting stormwater for re-use were presented.

The procedures used in designing wetlands for pollutant removal consist of a collection of
guidelines describing desirable values for various aspects of basin geometry to maximise a
wetland’s pollutant removal efficiency. These are formulated predominantly from monitoring
results. It is generally accepted that, in order to perform efficiently, a wetland requires the
following:
(a) A basin length to width ratio of greater than 4:1;
(b) Depths of less than 0.6 m for a well vegetated wetland and between 1 m and 2 m
for a detention pond;
(©) Side slope gradients of between 1:6 and 1:8;
(d Macrophytes planted perpendicular to the flow direction and islands placed in
the shortest flow path.

The two wetland design aspects for which general methods are available are basin volume or
surface area and the configuration of outlet structures. Methods used to determine the
appropriate basin volume or surface area differ in their complexity, from simple calculations
based on the area of the contributing catchment to detailed long-term simulation models
incorporating pollutant removal algorithms. Long-term simulation models have also been used

to design the wetland's outlet structures. Other methods used to calculate an appropriate outlet
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structure configuration are based on achieving a specified emptying time for a selected design

storm event.

The design procedures used for flood mitigation, determine the basin volume and outlet
structure configuration required to attain the required reduction in peak flow for a given inflow
hydrograph. The inflow hydrograph is either taken from recorded flow data or derived

artificially. All flood mitigation procedures presented contained a reservoir routing procedure.

There are no published wetland design procedures aimed specifically at stormwater harvesting

for reuse. A summary of the factors that have to be taken into account<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>