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Abstract: Short duration intense rainfall causes an increase in rainfall derived infiltration and inflow
(RDII) into aging sewer networks, which leads to Sanitary Sewer Overflows (SSOs). This study
presents a generalised framework for assessing and mitigating the impacts of intense rainfall
on sanitary sewer networks. The first part of the proposed framework involves a detailed
hydraulic modelling to evaluate the performance of the sewer network. The second part deals
with the development of SSO mitigation strategies based on Water Sensitive Urban Design (WSUD)
approaches. This paper also demonstrates the application of the first part of the proposed framework
for a case study catchment in Melbourne, Australia. The hydraulic performance of the case study
sewer network during a wet and a dry year is presented. The analysis found that for the wet year,
11 manholes had sewer overflows, whereas 53 of 57 manholes in the network of 3.2 km had surcharges.
Such a study will benefit the water authorities to develop mitigation strategies for controlling SSOs
in their sewer systems.

Keywords: intense rainfall events; rainfall derived infiltration and inflow; sanitary sewer overflows;
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1. Introduction

The negative impacts of climate change on urban water infrastructure have been an essential part
of an intensive scientific discussion over the last couple of decades [1,2]. The Intergovernmental Panel
on Climate Change (IPCC) reported an increase in the frequency of intense rainfall as a consequence
of global climate change, which will continue to alter hydrologic regimes across the world [3–5].
This increasing intensity of extreme rainfall combined with increasing urbanization (resulting in more
impervious areas) are making conventional drainage systems more vulnerable due to increased peak
flow volumes and shorter times to peak flow. Recent studies have pointed out that increased intense
rainfall events and increased urbanization have increased the risk of widespread urban flooding
and sewage overflow hazards [6–8]. It was reported that short duration intense rainfall events
(with durations of 12, 18, 30 min and 1 h) have become more frequent in recent years [9]. This paper
focuses on the effects of this increasing intensity of extreme rainfall events on the performance of the
sewer network and presents a generalised framework for assessing and mitigating the impact of such
rainfall events on the sanitary sewer network.

Intense rainfall increases flow into the sewer system and this increased portion of flow that occurs
during and after a rainfall event is called Rainfall Derived Infiltration and Inflow (RDII). Sanitary
sewers are designed to accommodate a certain amount of inflow and infiltration. During intense
rainfall events, this amount of inflow and infiltration is exceeded and hence may lead to Sanitary
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Sewer Overflows (SSOs) [10–12]. The SSOs occur when the sewage overflows from the manholes
to the surface level due to sewers running under pressure, while manhole surcharge is a situation
when sewage rises in the manhole shaft but does not overflow as in the case of SSOs. These SSOs
carry inherent risks to human health as well as to the environment. It is necessary to have a better
understanding about the sources of RDII in planning a sewer system and propose mitigation strategies
to reduce SSOs. As the name indicates, RDII is made up of stormwater entering the sanitary sewer
system in terms of inflow as well as rainfall derived infiltration. Inflow is stormwater which enters the
sewer pipes through direct connections: roof downpipes which are illegally connected to the sanitary
sewers, broken manhole covers and cross-connections between stormwater and sewer pipes. On the
other hand, infiltration is the runoff that filters through the soil and then enters the sewer network
through cracked pipe sections, defective joints and damaged manhole walls. It can also occur due to
rise in the water table.

This study presents a generalised framework for assessing and mitigating the impacts of intense
rainfall on the sanitary sewer network. The first part of this framework aims to evaluate the
possible impacts of short duration intense rainfall on the performance of the sanitary sewer system.
This will include determining RDII flows and conducting hydraulic modelling of a sewer system
for performance assessment. The performance of the sewer network is assessed based on various
indicators that were used to quantify the SSOs and manhole surcharges. These indicators will help to
investigate the hydraulic performance of the existing sewer system under short duration intense rainfall
events. The second part of this framework proposes sustainable mitigation strategies for controlling
the SSO and surcharge problems. Earlier studies have recommended the implementation of Water
Sensitive Urban Design (WSUD) strategies as sustainable and cost-effective approaches for managing
stormwater runoff [13–15]. There are different types of sustainable WSUD strategies available in the
literature: rainwater tanks, rain gardens, bio-retention cells, porous pavements, green roofs, infiltration
trenches and vegetative swales [16,17]. These techniques are also known with different terminologies:
low impact development (LID), sustainable urban drainage system (SUDS) and, most recently, green
infrastructure [18,19]. These WSUD strategies can also reduce SSOs and surcharges by controlling
excess stormwater runoff entering the sewer network in terms of RDII. However, there are few studies
about the benefits of WSUD for reducing sewer overflows as these strategies are commonly used for
stormwater management. Common approaches of SSO mitigation focus largely on structural actions
and are well documented in literature [20–23]. Hence, the framework presented in this study includes
a detailed modelling of WSUD approaches for reducing rainfall induced sewer overflows. Such a
framework will benefit the water industry as it will improve the sustainability of the sewer network.

Furthermore, the generalised framework proposed in this study has been applied for a case study
residential catchment in Melbourne, Australia. However, this paper covers only the first part of the
framework. This includes the detailed hydraulic modelling to analyse the performance of the case
study sewer network during a wet and a dry year. The chosen wet year was 2010, which was identified
by the Australian Bureau of Meteorology (BoM) as the third wettest year on record for Australia [24].
For the case study area, the total annual rainfall in 2010 was 681 mm, which was well above the annual
mean rainfall of 588 mm. Such an analysis will help to provide cost-effective remedial solutions for
controlling existing SSO and surcharge problems. This will help the relevant water authorities to take
adequate measures to minimize the environmental and human health impacts at locations identified
to be at risk. The number of sewer overflows and surcharges at those locations are expected to increase
because short duration intense rainfall events are becoming more frequent as a consequence of climate
change [9]. The second part of the proposed framework will be applied at a later stage.

2. Proposed Framework

Figure 1 presents the generalised framework used for assessing and mitigating the impacts of
short duration intense rainfall on the sewer network.
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Figure 1. Generalised framework for assessing and mitigating the impacts of intense rainfall on the
sanitary sewer network.

The proposed framework is divided into two parts. The first part evaluates the hydraulic
performance of the existing sewer network in terms of SSOs and surcharges. The second part proposes
sustainable mitigation strategies for reducing the sewer overflows.

2.1. Part 1: Evaluation of the Hydraulic Performance of the Sewer Network

The modelling steps involved in evaluating the performance of the sewer system are described in
the following sections:

• Selection of suitable modelling tools—Two modelling tools are required (1) Model for hydraulic
evaluation of the sewer network and (2) Model to evaluate RDII parameters.

PCSWMM which uses Stormwater Management Model (SWMM) as its basic engine was used in
this study for the sewer hydraulic modelling. PCSWMM (CHI software) was selected because
EPA SWMM is a widely used platform to investigate sewer overflows [25]. PCSWMM is used to
simulate sewer flows and compute surcharge and overflow through manholes. It also provides
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hydrographs at each surcharged manhole including duration and surcharge depth, which can be
used to assess the hydraulic performance of the existing sewer system [26,27].

The Sanitary Sewer Overflow Analysis and Planning (SSOAP) Toolbox [28] has been selected
to estimate RDII parameters as input into PCSWMM. The SSOAP software applies the
synthetic unit hydrograph method (SUH) to estimate the RDII parameters. This procedure
is recommended in the literature as accurate and the industry standard methodology to quantify
RDII parameters [11,29].

• Data collection—Data required for the hydraulic performance analysis are rainfall, measured
sewer flow at point of interest and physical sewer system network geometry and layout.
The SSOAP toolbox requires rainfall and measured sewer flow to estimate RDII flows. The sewer
system data are needed for the hydraulic modelling for the selected case study area.

• Auditing of households stormwater plumbing connections—The connections of properties in
the study area should be checked (if possible) for any cross-connections between the stormwater
plumbing and existing sewer pipes. This is because the inflow component of the RDII depends on
the stormwater that enters the sewer network through direct connections and it plays a significant
role in generating peak RDII flows.

• RDII parameters estimation—The SSOAP toolbox identifies the unit hydrograph parameters
or the RDII parameters (R, T, K) through a systematic analysis of measured sewer flow data
and rainfall data. This method contains three unit hydrographs and each unit hydrograph is
characterized by a set of R, T and K parameters. Here, R parameter represents the fraction of
rainfall volume that enters the sanitary sewer system as RDII during a rainfall event. T parameter
is the time from the onset of rainfall to the peak of the RDII hydrograph in hours, and K parameter
represents the ratio of time to recession of the RDII hydrograph to the time to peak; this analysis
is undertaken in two steps. In the first step, the measured wastewater flow is analysed to generate
the RDII hydrograph which is then used (in the second step) to identify the RDII parameters
(R, T, K).

• Developing a hydraulic model of the sewer network—The rainfall, flow, sewer system data and
RDII parameters are used as the input to the sewer hydraulic model to estimate the RDII flows.
After assigning the input data to the model, the next step is to divide the total catchment area into
the sub-catchment areas to prepare a hydrologic model for a sanitary sewer system and divert
wastewater flows to various loading point of sewer system. Geographic Information System (GIS)
has been used to delineate the sewer-shed area into small sub-catchments leading to the flow
monitoring locations (manholes). Here, each sub-catchment area is associated with a flow loading
point (i.e., manhole) in the developed sewer network model.

• Model calibration and validation—The successful application of a model depends on how well it is
calibrated. During calibration, model parameters are adjusted within their physically meaningful
ranges until the simulated flow matches the observed flow. Validation is then conducted to
confirm that the calibrated parameters provide a consistent prediction. Model calibration and
validation can be conducted using peak rainfall events from the available data. Sewer system
performance evaluation—After calibration and validation, the next step is to perform a continuous
simulation of the sewer network for a given duration. This simulation will help to assess the
impacts of intense rainfall events on the performance of the sewer network in terms of SSOs and
surcharges. In addition, a set of performance indicators needs to be developed for evaluating
the performance of the sewer system. The performance indicators that could be selected can
include number of overflowing manholes, number of overflow days, total overflow volume, peak
overflow rates, manhole with maximum volume of overflow, manhole with maximum hours
flooded, number of surcharging manholes and manhole with maximum hours surcharged. Based
on the local conditions, other performance indicators can also be selected. Earlier studies such
as [30,31] have recommended performance indicators as assessment tools because simulation
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results do not adequately reflect the sewer network performance. Moreover, these indicators can
also be used for describing and comparing the possible impacts of intense rainfall on the sewer
system. Mitigation strategies are proposed based on the results of these performance indicators.
If the system experiences SSO and surcharges, the next step is to develop mitigation strategies for
controlling these problems.

2.2. Part 2: Define Optimal Strategies for Sewer Overflow Mitigation

In the second part of this framework, mitigation strategies are developed and assessed.
These strategies are selected based on their sustainability and cost efficiency. WSUD strategies
have shown to be sustainable, innovative and cost-effective approaches for controlling stormwater
runoff. These strategies can also reduce sewer overflow volume and peak overflow rate by capturing
excess stormwater runoff entering the sewer network during intense rainfall events [17,32–37].
The steps involved in the modelling of WSUD strategies for reducing sewer overflows are presented in
brief below.

• Selection of suitable WSUD approaches based on literature review and discussion with local
water professionals.

• Development of WSUD strategies for sewer modelling.
• Perform sewer hydraulic modelling with the developed strategies.
• Evaluation of hydraulic performance of the existing sewer network with WSUD strategies.
• Check if the proposed strategies meet the desired objectives. If the proposed strategies fail to

provide satisfactory results, then modify or generate new strategies.

This paper presents the detailed modelling results for the first part of the framework and only
a brief discussion is provided for the second part. Another publication will present the detailed
outcomes of modelling for the second part of the framework. The first part of the framework has been
applied to a residential catchment in Melbourne, which is described in the next section.

3. Case Study Area

The selected case study area was a residential catchment in Glenroy (a suburb in northern
Melbourne), which comes under the jurisdiction of Yarra Valley Water, a water retailer servicing
1.6 million people. The study area is located within the larger Pascoe Vale catchment and consists
mainly of residential households. The study area is serviced by a separate sewer and stormwater
drainage system. The total contributing sewershed area of the catchment is 6.88 km2 and has 3750
sewer connections. The length of the main sewer pipe is approximately 3.2 km and the pipe material
is concrete. A flow meter was temporarily installed in the sewer network at a downstream manhole
(named GLN8) (Yarra Valley Water sewer network identification number) for flow data collection from
the whole catchment. The location of the study area and the layout of the Glenroy sewer network
indicating the main sewer pipe and the location of the flow meter are shown in Figure 2.

At the GLN8 manhole, flow data was measured at a six-minute time-step during the period
November–December of 2010. Flow was measured continuously at the manhole using a Sigma 940 flow
meter. This flow meter is widely used for long-term flow monitoring and sanitary sewer evaluation
studies. It has high accuracy levels of data measurement in low-flow, full-pipe or reversed-flow
conditions [38]. Six-minute time-step rainfall data was obtained from the Bureau of Meteorology,
Australia, for a nearby rain gauge station (Essendon Airport Melbourne; station no 086038). There
were several intense rainfall events in 2010 and a number of them occurred during the months of
November and December. Few events occurred on 8 December 2010 (23.4 mm of rainfall occurred
on that day) with 9.8 mm falling in an interval of 18 min (from 9.48 a.m. to 10.06 a.m.) with an
Average Recurrence Interval (ARI) of about 1.5 years. The ARIs were calculated using the 2016
Intensity–Frequency–Duration (IFD) design rainfalls that are provided by the Bureau of Meteorology
for use in conjunction with the 2016 edition of Australian Rainfall and Runoff (ARR) [39]. This intense
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rainfall over a short duration had caused the downstream manhole GLN8 to overflow (which was
observed during the flow measurements).Water 2017, 9, 225 6 of 17 
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Figure 2. Location of the Glenroy sewershed in Melbourne.

4. Sewer System Hydraulic Performance Assessment

The proposed framework (presented in Figure 1) for assessing the hydraulic performance of the
sewer network has been systematically implemented for the case study sewershed area. The detailed
modelling of the hydraulic performance analysis is described in the following sections.

4.1. Data Collection

Climate, topography, and hydrology data are needed for this hydraulic performance assessment.
The data used for this study were collected from various Australian government authorities.
The climate data was collected from the Bureau of Meteorology. The GIS data for the catchment
and the sewer network data were collected from Yarra Valley Water. All datasets used for the sewer
performance analysis are presented in Table 1.
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Table 1. Input data for model development.

Data Type Specifications Data Source

Meteorological Data
Rainfall time series data of 6-min resolution (from
January 1 to December 31) for the wet year (2010)
and for the dry year (2008)

Bureau of Meteorology
(Essendon Airport Melbourne;
station no 086038)

Observed Flow Data
Sewer flow data of 6 min interval at the downstream
manhole (GLN8) during wet weather period
(24 November–16 December, 2010)

Yarra Valley Water

Sewer Network Data Sewer pipes, junctions, outlets with manhole and
pipe properties Yarra Valley Water

Subcatchment GIS layers of the catchment area and
subcatchment properties Yarra Valley Water

Impervious Area Map Vector polygons Yarra Valley Water

The investigation of stormwater plumbing connections at the properties were acquired from
discussions with the water utility (YVW) and were not performed for this study due to the budgetary
and time constraints. However, the utility is planning to conduct auditing of household stormwater
connections in some other catchment.

4.2. RDII Analysis

To quantify RDII flow, the SSOAP toolbox determines the RDII hydrograph parameters
(R, T, K) through unit hydrograph curve fitting analysis. As stated earlier, this analysis is undertaken
in two steps. These two steps of the analysis are presented in the following sub-sections and a detailed
description can be found in [26].

4.2.1. Hydrograph Decomposition

The SSOAP toolbox applies the Hydrograph Decomposition method to decompose the measured
wastewater flows into Dry Weather Flow (DWF) and RDII components. A description of the steps
involved in the hydrograph decomposition is given below.

• Step 1—Dry Weather Flow analysis: The DWF analysis determines the typical characteristics of
DWF diurnal patterns in each flow meter location.

• Step 2—Wet Weather Flow analysis: After computing the average DWF hydrograph, the model
performs wet weather flow (WWF) analysis to calculate the RDII hydrograph for each rainfall
event. WWF is the combination of DWF (identified in Step 1 above) and RDII. The latter
component for each rainfall event is calculated by deducting the average DWF hydrograph
from the total WWF hydrograph (which is the measured flow). This difference is the rainfall
induced RDII volume entering the sewer network during the rainfall event.

Figure 3 shows the RDII hydrograph determined by subtracting the DWF from the measured
wastewater flows. The figure also indicates the two significant rainfall events selected for the RDII
analysis at the GLN8 flow meter.
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4.2.2. Triangular Unit Hydrograph Curve Fitting

The SSOAP software defines the triangular unit hydrograph (UH) curve fitting method to
simulate the RDII. This method is based on fitting three triangular unit hydrographs to an actual RDII
hydrograph derived (in the previous step) from the flow data. As stated earlier, each hydrograph has
three parameters of R, T, K. Total R value is the sum of three unit hydrograph parameters (R1, R2, and
R3) and it denotes the percentage of rainfall volume which enters the sewer network in terms of RDII.
A high value of R1 suggests that the inflow is a major component of RDII. If the proportion of R2 and
R3 dominants in the total R, it denotes that infiltration is a major component of RDII. These three unit
hydrographs also describe fast, medium and slow response of RDII. Figure 4 shows estimation of the
R, T, K parameters based on the triangular unit hydrograph method (using the SSOAP software).

The first hydrograph (Figure 4) indicates the fast response of the rainfall derived inflow component.
The second hydrograph represents a medium response component of the RDII hydrograph, which
contains both rainfall derived infiltration and inflow. The third hydrograph denotes rainfall derived
infiltration and represents the slow response of the RDII.

A previous study was undertaken for calibrating the R, T and K parameters using the SSOAP
toolbox [40]. This software simplifies the calibration procedure by using a built-in graphical tool
(shown in Figure 4) that provides a visual-based automatic calibration approach. The model uses a FPS
(foot–pound–second) unit system and the same parameters and their units are depicted in Figure 4.
Table 2 presents the three sets of calibrated R, T and K parameters (nine parameters in total) for the two
intense rainfall events during the period November–December 2010 at the GLN8 flow meter location.
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Table 2. R, T and K parameters at GLN8 manhole for the November and December intense
rainfall events.

Downstream Manhole, GLN8 R T K

November rainfall event

Short (R1, T1, K1) 0.021 1.5 1.6
Medium (R2,T2, K2) 0.028 3 3

Long (R3,T3, K3) 0.035 4 8
Total R = (R1 + R2 + R3) 0.084 - -

December rainfall event

Short (R1, T1, K1) 0.021 1.8 1.6
Medium (R2, T2, K2) 0.019 5 3

Long (R3,T3, K3) 0.016 10 4
Total R = (R1 + R2 + R3) 0.0560 - -

RDII responses within the sanitary sewer network vary from event to event because different
rainfall events could lead to different RDII responses throughout the year. Therefore, the ideal
condition for determining the characteristics of the relationship between rainfall and RDII responses
needs accurate long-term (a year or more) rainfall and measured sewer flow data. Total R, which is the
fraction of rainfall volume entering the network as RDII, depends on many factors including total event
rainfall, event rainfall intensity, ground water infiltration and antecedent moisture conditions. Hence,
total R is the main parameter causing the variability of the RDII responses. The other parameters,
T and K, are not changing significantly between rainfall events since they depend on the geometry and
sewer system layout. These parameter values are only used for the iterative process in the triangular
unit hydrograph curve fitting method. For continuous simulation of the hydraulic routing, monthly
varying R, T, K parameters were required for evaluating the different RDII responses throughout
the year. Therefore, we sought to establish a multi-variable linear regression equation to predict the
remaining month’s (January–October) RDII responses based on the limited data (measured during
November–December, 2010). It is recommended in the literature to apply multi linear regression to
predict better responses of RDII when long-term data is unavailable [26,41]. In the multi-variable
linear regression analysis, the dependent variable is total R and the selected independent variables are
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total event rainfall, peak rainfall intensity and 7-day rainfall total before the event. For developing the
multi-variable linear regression model, six significant rainfall events from the wet months of November
and December were considered for calibration (including one large rainfall event in November, 2010).
The coefficient of determination (R2) was used to identify the best regression equation and a satisfactory
value of 0.99 was obtained for the calibration. The regression model was validated for two significant
rainfall events in December 2010 (including one large rainfall event). The coefficient of determination
(R2) for the validation was 0.96, which indicates a good predictive capability of the regression equation.
The equation (with regression coefficients) developed from this multi-variable linear regression analysis
is as follows.

Total R = 0.0244 + [total event rainfall × (0.095)] + [peak rainfall intensity × (−0.1465)] + [7 days
total rainfall before the event × (−0.00622)]

After calculating the monthly varied total R value, the fast, medium and slow RDII responses
(R1, R2 and R3) were determined using the RDII analysis tool of the SSOAP software over the analysis
period total months. These calibrated R, T and K parameters will now be used as inputs to the sewer
hydraulic model for continuous simulation.

4.3. Sewer Hydraulic Modelling

This task involves the simulation of the sewer model using PCSWMM for assessing the
performance of the existing sewer network.

4.3.1. Model Development

In this part of the study, GIS has been applied to delineate the study area into 38 sub-catchments
with areas varying from 2 ha to 101 ha based on the overall layout of the sewer network. The sewer
modelling has been undertaken using the dynamic wave routing approach. A set of model parameters
has been used in the study. The following parameters were used in the hydraulic model: Percentage of
imperviousness (Imp); Catchment slope (S); Manning’s n for overland flow (nImp and nPer); Manning’s
n for closed conduit (nConduit); Depression storage for impervious and pervious areas (DSImp and
DSPer); and the Infiltration parameters. The parameters calibrated, the calibration procedure and the
parameter values are discussed in the next sub-section.

4.3.2. Model Calibration and Validation

Model calibration and validation have been conducted using two intense rainfall events during
the wet months of November and December, 2010. The sewer model has been calibrated by
using the measured sewer flow at the GLN8 flow meter location for the November rainfall event,
27–28 November. Then the calibrated model has been validated for another intense rainfall event that
occurred from 8 to 9 December. The time series plots of the calibration and validation rainfall events
are shown in Figure 3.

In PCSWMM, calibration is done by using the Sensitivity Radio Tuning Calibration (SRTC)
tool [42], which was adopted for this study. However, the automatic calibration is also popular in
rainfall-runoff modelling to estimate the best combination of model parameters [43,44]. Especially,
the population-evolution-based Genetic algorithm (GA) has been extensively used for evaluating
the optimal values of model parameters [45,46]. As the SRTC tool provided acceptable accuracy for
calibration and validation (discussed in the next sub-section), automatic calibration tools such as the
GA were not employed in this study. The different model parameters and their calibrated values are
shown in Table 3, which also presents typical values for the model parameters obtained from literature
or calculated from the catchment data.
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Table 3. Model parameters and their values.

Parameters Parameter Values Calculated
from Catchment Data Calibrated Value

Percentage of imperviousness (Imp) (%) 51% 60%
Catchment Slope (S) (%) 0.21 Actual data available

Parameters Typical Parameter Values
Obtained from Literature Calibrated Values

Manning’s n for overland flow over
impervious area (nImp)

0.01–0.015
[47,48] 0.01

Manning’s n for overland flow over
pervious area (nPer)

0.02–0.8 for pervious surfaces
[47] 0.1

Manning’s n for closed conduits (nConduit)
0.011–0.015 to 0.017

[49,50] 0.0125

Depression storage for impervious areas
(DSImp) (mm)

0.03–0.25
[48,51] 0.05

Depression storage for pervious areas
(DSPer) (mm)

0.25–0.5 for pervious surfaces
[48,51] 0.25

Infiltration parameters
(Green-Ampt)

SWMM Manual [50]
Suction Head: 316 mm

Conductivity (K): 0.6 mm/hr
Initial Deficit: 0.21

Not calibrated for this study

Other than the parameters presented in Table 3, the unit hydrograph parameters (R, T and K) are
also important parameters to be calibrated. These parameters have already been calibrated in the RDII
analysis presented earlier using the SSOAP toolbox.

4.3.3. Calibration/Validation Results

The fitness evaluation of the calibration and validation hydrographs has been undertaken based
on the Nash–Sutcliffe coefficient of efficiency (ENS), which is a commonly used goodness-of-fit
measure in hydrological models. The ENS is suitable for reflecting the trends and overall fit of a
flow hydrograph [52]. The ENS is represented by Equation (1) (taken from [53]), where Qobs and Qsimu
refer to the measured sewer flows and model simulated flows, respectively and N defines the number
of observations.

ENS = 1 −

∑N
i=1
∣∣Qi

obs − Qi
simu

∣∣2
∑N

i=1

∣∣∣Qi
obs − Qi

obs

∣∣∣2
 (1)

If the value of the ENS is close to 1, it denotes that the prediction of the model simulated flow
is as accurate as the measured flow. A comparison of the measured and simulated hydrograph for
the calibration period is presented in Figure 5, whereas the validation hydrographs are presented in
Figure 6. The ENS values are also indicated in both these figures.

From Figure 5, it can be seen that the calibration results are satisfactory with an ENS coefficient
of 0.74 and, although the model is not able to accurately capture some of the peak flows. An error of
13% was observed between the measured and simulated values over the calibration period, whereas
the error over the validation period was 5%. Good performance is also achieved for the validation
results, as can be seen in Figure 6. The validation results again indicate an accurate match between the
measured and simulated hydrographs and a much better simulation of the peak flows (when compared
to that in the calibration).
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4.4. Sewer Network Performance Evaluation

As stated earlier, a set of performance indicators were developed that would help in assessing
the hydraulic performance of the sewer network under intense rainfall events. The performance
indicators were compared for two years, one of which (2010) was a wet year in Melbourne with many
intense rainfall events, whereas the other (2008) was a relatively dry year. According to the Bureau of
Meteorology, if the daily rainfall exceeds 10 mm, the day is known to be a heavy precipitation day [54].
The year 2010 had 19 heavy precipitation days whereas 2008 had nine such days. Moreover, the total
annual rainfall for 2010 was 681.2 mm, which exceeds the long-term average of 587.9 mm and was
accordingly denoted as a wet year [55]. However, the total annual rainfall for 2008 was 369.8 mm, which
was well below the long-term average (587.9 mm) and defined as a dry year. A continuous simulation
of the sewer model was undertaken individually for both years using a six-minute time-step.

Figure 7 presents a hydraulic profile plot that indicates the manholes which had SSOs and
surcharges due to the most intense rainfall event in 2010, which occurred on 30 October. On that day,
the total daily rainfall was 55.2 mm, which was the most for a day in 2010. A rainfall of 29.2 mm
occurred from 1:00 p.m. to 3.30 p.m., which corresponds to an ARI of 5 years. As a consequence
of the intense rainfall over a short duration, 11 manholes had sewer overflows and 53 manholes
had sewer surcharges (out of a total of 57 manholes in the network). Figure 7 shows the location of
the overflowing manholes, which in turn can be used by the water authorities to implement sewer
overflow mitigation strategies.Water 2017, 9, 225 13 of 17 
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The performance indicators used in this study to assess the performance of the sewer network in
terms of SSOs and sewer surcharges and their values for 2008 and 2010 are presented in Table 4.

The performance indicators presented in Table 4 for the wet year (2010) showed that 11 manholes
had sewer overflows, whereas 53 had sewer surcharges. There were several intense rainfall events in
2010 and sewer overflows occurred on 11 days in that year. However, for the dry year (2008), there
was an intense rainfall event on 13 December (14 mm rainfall in two hours) and it caused six manholes
to overflow and 52 manholes to surcharge. It can also be seen that 23 ML of sewage overflowed in 2010
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(wet year) but only 3.42 ML in 2008 (dry year), which could have serious aesthetic, environmental and
health issues for the selected residential catchment.

Table 4. Sewer network performance indicators for a dry (2008) and a wet (2010) year.

Type Performance Indicators
Year

2008 2010

Manhole
Overflows

Number of overflowing manholes Six manholes 11 manholes

Number of overflow days Manholes overflowed 48 h Manholes overflowed
264 h

Total overflow volume 3.42 ML 23 ML
Peak overflow rates 0.14 m3/sec 0.4 m3/sec

Manhole with maximum volume of overflow GLN8A (1.8 ML) GLN8A (8.8 ML)
Manhole with maximum hours flooded GLN8 (17.89 h) GLN8 (79.70 h)

Manhole
Surcharges

Number of surcharging manholes 52 manholes 53 manholes
Manhole with maximum hours surcharged GLN6 (80.94 h) GLN6 (174.39 h)

5. Discussion on Sewer Network Hydraulic Performance Assessment

The aforementioned results describe and compare the simulated impact of short duration intense
rainfall events on an existing sewer network. In this analysis, we sought to establish a set of sewer
network performance indicators which will help to evaluate the current situation of the existing sewer
system in terms of its hydraulic performance. Since the sewer network in this case study area was
quite old, RDII would be a major problem, in addition to pipe collapse, debris build-up and blockages.
These in turn will lead to SSOs and surcharges.

Comparing the sewer network’s performance for the representative wet and dry years showed
that the wet year with frequent intense rainfall events had five times the number of sewer overflow
days than the dry year. The sewer overflow volume on the other hand was 23 ML for the wet year
as compared to 3.42 ML for the dry year. These overflows release many harmful contaminants and
spread pollutants, nutrients, and hazardous substances into the suburban creeks and waterways. Thus,
these sewage overflows affect the ecosystem and biota in the receiving waters.

Another point to note is that an increase in rainfall intensity or extended surcharge conditions
will eventually lead to more of the surcharging manholes to overflow. The existing network fails to
cope with the intense rainfall events and as a consequence, the wet year indicates a significant amount
of overflow volume, more overflowing days and a large number of critical locations where overflows
and surcharges occur frequently. The results (presented in Table 4) seem to indicate that the existing
system in the case study catchment will fail to cope with the increased rainfall intensities. Therefore,
the framework also proposes sustainable and cost-effective WSUD approaches for mitigating these
negative impacts of sewer overflows. A future study will undertake detailed hydraulic modelling
with various WSUD strategies for reducing rainfall induced sewer overflows for the same sewershed
area. The proposed framework and these findings will serve as the basis for future studies. As stated
in the framework, the performance indicators will also be used for comparing the performance of the
existing system with that when sustainable mitigation strategies have been implemented.

6. Summary and Conclusions

Intense rainfall has an adverse impact on the performance of the sewer network by causing
sanitary sewer overflows (SSOs) and surcharges. The aim of this paper is to investigate the negative
impacts of the intense rainfall events on the performance of the existing sewer network. Therefore,
this study has presented a framework for evaluating and mitigating the impacts of intense rainfall on
the performance of the sewer network. The framework for the hydraulic performance assessment has
been applied to a residential catchment in Melbourne and has assessed the performance of the sewer
system under intense rainfall events. The application of the framework indicated that that overflows
and surcharges were very frequent in the case study sewer network, especially for the wet year.
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The framework undertaken for the hydraulic performance assessment would provide a good
indication to the water managers in local councils about the performance of the sewer network,
especially during intense rainfall events. The performance assessment modelling identifies the most
critical locations (manholes) where overflows and surcharges frequently occur as well as providing the
overflow volumes, and thus suitable measures could be taken to alleviate the problem.
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