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ABSTRACT

Climate change, increasing urbanisation and a growing concern over existing stormwater
management systems (SWMSs) has resulted in the development of various approaches to improve
urban resilience to flooding and the performance of SWMSs. However, previous studies have
focused on urban resilience and the hydraulic reliability of urban drainage systems, without
considering all dimensions of a SWMS as the main urban flood control infrastructure. This paper
presents an approach to quantify the resilience of the hydraulic dimension of primary SWMSs to
flooding. Resilience was quantified based on the Hydraulic Performance Capacity (HPC), a new
metric developed to represent the functionality of a SWMS over time using the temporal hydraulic
characteristics across a catchment. The effect of network properties, catchment characteristics, and
design storm events can be assessed through this approach based on the outputs of standard One
Dimensional (1D) hydraulic modelling. The approach was applied to a case study urban catchment
and was able to demonstrate the effect of different storm events and pipe material properties on
resilience, robustness, and recovery. This framework can be used by decision makers to benchmark
SWMS network resilience, optimise network capacity for design, and assess methods for reducing

flood hazard in urban catchments.
Keywords

Stormwater management system, Resilience, Hydraulic Dimension, Flood Control, Hydraulic

Performance, stormwater piped network
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INTRODUCTION

With increasing urbanisation, growing population in cities, and the impacts of climate change,
various approaches have been introduced to improve urban resilience to floods by implementing
structural and non-structural strategies for SWMSs (Balsells et al. 2013; Balsells et al. 2015; Golz
et al. 2013; Gupta 2007, Chang and Liou 2010; Jia et al. 2012). However, there is still a lack of
robust approaches available to measure the resilience of urban SWMSs as the main urban flood

control infrastructure, including all the main characteristics related to flooding.

Recently, some studies have attempted to define and quantify the concept of resilience for drainage
systems in relation to flooding. Butler et al. (2014) defined the resilience of engineering systems
for urban water management on the basis of “Safe & SuRe” as “the degree to which the system
minimises level of service failure magnitude”. Mugume et al (2015) introduced an index for
evaluating flood resilience for drainage systems in urban areas on the basis of a functionality curve
and the concept of severity (Hwang et al., 2015; Lansey, 2012). In this approach the overall
resilience of a drainage system was evaluated under one dimension by considering the total flood
volume within the catchment and the drainage systems affected by the flood. However, this

approach did not consider the flooded area and the capacity of the system.

Mugume et al (2014) described a methodology that combined hydraulic performance assessment
with utility performance functions to quantify the resilience of Urban Drainage Systems (UDSs)
during flooding conditions. This approach relied on the theory of a functionality curve in the
definition of resilience and existing flood depth-damage data for residential properties in the UK.
Various rainfall return periods were used to evaluate UDS residual functionality and resilience to
pluvial flooding. In this method, resilience was defined as the robustness and restorability of the
system for extreme events. This approach did not consider the performance of stormwater
infrastructure in terms of hydraulic characteristics and resilience of the system was only based on

the proportion of flood depth.

Most of the previous quantitative studies related to SWMS resilience to flooding used a drainage-
based approach, and the main focus was the hydraulic reliability of urban drainage systems.
Therefore, the hydrological characteristics of the urban catchments, the structure of the network

within the drainage system, the one dimensional (1D) hydraulic functionality of SWMSs , and the
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characteristics of floodplains and overland flow paths as the secondary SWMS have not been taken

into account under an overarching framework.

Valizadeh et al. (2016) introduced a framework to quantify the resilience of SWMS s to floods and
natural disasters, defining the resilience of SWMS as the ability of the system to minimize the
disturbance of the system during floods, redistribute flows toward functional parts of the system,
and minimize the time required for the system to recover to a normal operational state. Through
this approach, the robustness capacity is associated with the capacity of natural hydrological
processes and stormwater infrastructure to absorb the surface runoff produced in rainfall events.
The recovery capacity is defined based on time it takes for the system to be restored back to pre-
event functionality levels after an extreme event and this depends on the time of recovery of the
system. In this framework, the hydraulic dimension of the resilience of a SWMS is quantified in
terms of the hydraulic capacity of primary stormwater piped infrastructure and the hydraulic
characteristics of overland flow paths as the secondary SWMS. In the hydrology dimension of this
framework, the proposed approach quantifies the resilience of an urban catchment on the basis of
the hydrological characteristics of the catchment. The network structure dimension quantifies the
resilience of the network structure by focusing on the connectivity of the network components and

the degree of redundancy.

This paper presents an approach to quantify the resilience of the hydraulic dimension of primary
SWMSs to flooding. This forms part of the framework developed by Valizadeh et al (2016) to
evaluate the overall resilience of stormwater management systems to flooding. The approach to
quantify the resilience of SWMSs to flooding is discussed, and the development of a metric to
represent the functionality of a SWMS over time. Details of the parameters used to define this
metric are presented, based on the outputs of 1D hydraulic modelling of a catchment. To
demonstrate this approach, it is applied to a case study SWMS consisting of five urban sub-
catchments. The effect of different design rainfall events and pipeline material roughness on the
temporal functionality and the resilience, robustness and recovery characteristics of the system is

presented.
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RESILIENCE FRAMEWORK FOR THE HYDRAULIC DIMENSION

Urban SWMSs are highly dependent on the hydraulic capacity of stormwater piped networks
within urban catchments. In a general, these networks collect stormwater runoff from contributing
catchments and convey it to discharge points. The primary SWMS in an urban catchment consists
of a set of stormwater network systems with associated sub-catchments collecting stormwater
runoff via drainage networks and conveying them to natural water bodies such as streams, lakes,

and the sea; or temporary storage areas such as ponds and wetlands.

Quantification of the resilience of the primary SWMSs in this study has been developed based on
the analytical resilience concept presented by Bruneau et al. (2003). This concept of resilience is
a multidisciplinary and multidimensional notion denoting strength and flexibility of a system
during a disturbance. Bruneau et al (2003) introduced the framework based on the performance of
the system to measure temporal functionality (Q) of the system, with resilience of the infrastructure
equal to the area under this functionality curve. This framework has been applied in various
infrastructure resilience studies to measure the resilience of the system in question (Ayyub 2014;
Bocchini et al. 2013; Chang and Shinozuka 2004; Cimellaro, et al. 2010; Miles 2011; Ouyang et
al. 2012).

To quantify the overall resilience (R) of a stormwater piped network of an urban catchment, the

resilience of each sub-catchment is quantified and combined using:
R = X RW; Eq (1)

where R; is the resilience of each sub-catchment and Wi is the weighting applied to each sub-
catchment resilience, based on the proportion of the runoff that is generated within each sub-
catchment with respect to the overall catchment. This approach can be applied to different scales,
from a small urban catchment with a simple stormwater network, through to a city scale urban
catchment with various types of SWMSs. The components of this framework are described in more

detail in the following sections.
Sub-catchment Network Functionality

To represent the functionality of each stormwater sub-catchment over time, a metric termed the

Hydraulic Performance Capacity (HPC) of the stormwater system has been defined, analogous to
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the temporal functionality of Bruneau et al. The HPC is derived from the flow hydrograph of each
pipe in the contributing catchment as well as temporal flow depth. The HPC curve represents the
variation in HPC with time and is used to provide a measure of the overall degree of resilience of
the system as well as the robustness, recovery time, and recovery rate for a rainfall event. To
determine the HPC of the network within a sub-catchment over time, the sum of the unit
performance of all pipes in each time step are divided by the total length of the stormwater pipes
in the sub-catchment. The HPC of each sub-catchment network i (HPCi(t)) at a particular time step
t is equal to:

xn(t)
Ly

HPC;(t) = 100 Eq(2)

where nj(t)is the unit performance of each pipe in the sub-catchment and L is total length of the

pipes within the sub-catchment.

The HPCi(t) of each sub-catchment is directly dependent on two main characteristics of each pipe
within the sub-catchment, the remaining flow capacity of each pipe and the free depth of each pipe.
If the flow rate within a pipe increases, the remaining flow capacity of the pipe decreases and
results in a decrease in the functionality of the system. In storm events, backwaters due to
blockages or pressurising of pipes can generate negative flow, causing the energy level of the pipes
to exceed the maximum water level. Therefore, the free depth of the pipe has been used as an
additional indicator of the temporal performance of the system. To determine the overall
performance of a stormwater network, the performance of each pipe is weighted based on relative
pipe length. By considering all these criteria the temporal unit performance of each pipe (ni(t)) is

equal to:

@ =[5 wo Ea®)

where Q is the maximum flow capacity of the pipe when the pipe is full, q(t) is the flow rate of

the pipe at time t in a rainfall event, d(t) is remaining depth in the pipe at time t, and D is the total

diameter (or depth) of the pipe.

The characteristics of the HPCi(t) over time defines the performance capacity curve of each
stormwater sub-catchment, an example of which is presented in Figure 1. The performance

capacity curve in each rainfall event is related to the flow hydrograph of the contributing catchment
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for each pipe, the flow capacity of the pipe and the physical proprieties of stormwater network.
Using this curve, the total robustness of the system, the recovery time, and the resilience of a
network can be defined. When a rainfall event starts, stormwater runoff is collected by the
stormwater pipeline, reducing the hydraulic performance capacity of the system which is known
as “Loss Phase” in a performance capacity curve. The minimum HPC; of the system during a
rainfall event is known as robustness value for the rainfall event. When there is a reduction in
runoff within an urban catchment, the HPC; of the system increases gradually to the point where

it has recovered all the hydraulic capacity of the system, known as “Recovery Phase”.

According to the general definition of the functionality curve and characteristics of stormwater
drainage system, increased flow within the system reduces the residual capacity of the system,
resulting in a reduction of the resilience of the system. This approach is able to evaluate the change
in resilience of the system for a wide range of rainfall events, the effect of system degradation and
the effect of disturbances to the system (such as blockages and damage due to other natural hazard

events).

] Rainfall event

Loss Phase 3 Recovery Phase
!
!

HPC (%)

Robustness

-
>

i 2 l'ime (1)

Figure 1: Schematic of a Hydraulic Performance Capacity curve of a primary stormwater
management system sub-catchment and associated metrics. The shaded area under the HPC;
curve is the resilience (Ri), and the robustness is the minimum HPC; value.
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The sum of weighted HPCi(t) for all contributing catchments within the study area identifies
overall Hydraulic Performance Capacity (HPC(t)) of the stormwater piped network for an urban

catchment as shown in following formula:

HPC()= ) (HPC,()) (W) Eq®)
Sub-catchment Resilience

According to the analytical definition of resilience, the total area under the HPC curve from the
start of an extreme event to the point of recovery the system can be used to define the resilience of
the network (Figure 1). The resilience of stormwater sub-catchment network i in the hydraulic

dimension (R;) is equal to:

ts
R; = f [100 — HPC,(¢t)]dt Eq(5)
t1
where t; is the start time of the rainfall event and t2 is the network recovery time, representing
when the network has returned to its full capacity after a rainfall event . It should be noted that
since the resilience value is based on temporal performance of system, the total value of resilience
does not reach to zero as it represents the functionality of the system through the loss and recovery

phases.

In this approach, the time to discharge all stormwater runoff for normal and blocked pipelines will
be different, resulting in an inconsistency between the durations and normalised resilience. In order

to assess different scenarios, a fixed definition of t, was required.

It is difficult to determine an explicit time for t> that is applicable for all scenarios. Here we have
used a fixed time that has been defined based on the design hydrograph for the catchment. In
general, the flood hydrograph will change in different rainfall events according to the relationship
between peak time from origin (tp), defining the time with the greatest rainfall intensity, and
horizontal distance of the centroid (c) of the flood hydrograph (tc) from the origin. The three main
shapes of flood hydrographs are “prior peak shape” where tp,<tc, “mid-peak shape” where tp=tc,

and “posterior-peak shape” where tp>tc (Yue et al. 2002).

The network recovery time (t2) of the HPC curve has been defined based on a positively skewed

prior peak shape hydrograph considering all possible hydrograph scenarios. According to a review



186
187
188
189
190
191
192
193

194

195
196

197

198

199
200
201
202
203
204
205
206
207
208
209

of unit hydrographs, the Soil Conservation Service (SCS) recommended that the time of recession
is approximately 1.67t, as shown in Figure 2 (Te Chow 1988). To evaluate the HPC curve of
urban catchments, the total time taken into account is from the start of a rainfall event and extends
to 2.0ty after the last peak of the rainfall event. This method provides a consistent metric for
different scenarios, particularly when the recovery time differs for each scenario. A sensitivity
study conducted confirmed that this duration was able to adequately represent the resilience
properties of the system. In some studies, t> includes the time for repair of damage/blockages
(Lansey, 2012), but this is not accounted for here.

< t|\ _)é(— 167 tn —)‘

——
! 201,

Y

Figure 2: Triangular unit hydrograph recommended by Soil Conservation Service (SCS) and the
recommended durations to use in the development of HPC curves.

CASE STUDY APPLICATION

The approach described in the previous section is able to be applied to any drainage-based urban
SWNMSs across a range of network sizes and stormwater management system characteristics, as it
is based on the temporal hydraulic characteristics of the system from typical hydraulic modelling
software. To demonstrate the framework, it was applied to a case study catchment within the urban
suburb of Takanini in Auckland, New Zealand (Figure 3). The Takanini catchment was used
because the area had recently been developed and there was reliable data available to constrain the
development of the catchment model. This suburb has a separated SWMS collecting stormwater
runoff from residential lots and public impervious areas. The total contributing catchment of the
study area is 60ha, with over 1200 residential lots located in predominately flat topography.
According to the Auckland Council Unitary Plan (Auckland Council 2017), the maximum

allowable impervious area for this catchment is 60%.
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Stormwater management of this area is comprised of five separated sub-catchments with
individual stormwater piped network systems. The stormwater piped network for this study area
was designed for 5- and 10-year Annual Recurrence Intervals (ARI) storm runoff, aligning to the
recent change in design criteria for primary stormwater network design in Auckland. The

characteristics of these five sub-catchments have been summarised in Table 1.

Tablel: Sub-catchment and stormwater pipe network characteristics

Sub-catchment 1

Sub-catchment 2

Sub-catchment 3

Sub-catchment 4

Sub-catchment 5

Catchment area (ha) 23.75 6.3 4.78 3.56 22.58
Total pipe length (m) 6003 1403 946 678 5075
Minimum pipe size (mm) | 225 225 225 225 225
Maximum pipe size (mm) | 1800 825 900 750 1200
Number of connections | 150 40 21 19 131
(manholes)

Pipe density (m/100m?) 2.53 2.23 1.98 1.90 2.25

MY

sub-Catchment 4

($-C 4)

Figure 3: Plan of the stormwater network and sub-catchments of the study area.

4| Sub-Catchment 5

(5-C 5)

Legend

SW Manhole f3
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This approach can be applied based on the outputs of different hydraulic software platforms
available in industry to calculate the temporal hydraulic characteristics of the system. For this case
study the hydrology and the hydraulic modelling was performed using MIKE URBAN (Hénonin
et al. 2010). The total area of each sub-catchments was delineated based on the contributing
catchment of each pipe to determine the incremental flow hydrograph of each pipe. In the hydraulic
model, the design flow hydrographs associated with each pipe have been loaded at the upstream
end of each pipe. The approach was applied in two studies to assess the effect of different
parameters on the HPC curves and the resilience of the study area.

Firstly, the effect of different design rainfall events was assessed. An urban stormwater catchment
is designed for a prescribed maximum design rainfall event. However, during its lifetime, it will
be exposed to different rainfall events, and these can reach longer ARI than the designed system.
This will also be affected by climate change, both in terms of the total rainfall depth and the rainfall
intensity. The ARIs for the rainfall events were varied between 1.58 years and 50 year to determine
the performance of the system for rainfalls smaller and larger than the design rainfall events shown
in Figure..4 The design rainfalls were extracted from the High Intensity Rainfall System V3
(HIRDS) (NIWA 2017) and the rainfall temporal pattern recommended by Guidelines for
Stormwater Runoff Modelling in the Auckland Region (TP108) was used to be consistent with
Auckland design criteria (TP108, 1999). Since the time of concentration of the all catchments was

less than 1 hour, a 1 hour rainfall duration was considered for this study as shown in Figure 4.

RAINFALL DEPTH{IWM)

Time {mit) DURATION (MIN)

Figure 4: a) Depth Duration Frequency of rainfall for study Area (NIWA 2017); (b) 1 hour
Chicago method temporal pattern
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The second variable assessed was the influence of pipeline roughness on the degree of resilience
of the system. Different pipeline materials and increasing pipeline roughness due to aging will
both affect the capacity of stormwater management system to convey flow and therefore change
the resilience of the system. To assess the impact of pipe roughness five different Manning’s

roughness values were applied to all the pipes within the system.
RESULTS AND DISCUSSION

Effect of Storm ARI on Resilience

Figure 5 summarises the HPC of all sub-catchments for ARIs from 1.58 years to 50 years, with
total rainfall depth increasing from 26.5 mm to 59.1 mm respectively. As expected, the robustness
value of the HPC curves decreased with increasing ARI, demonstrating the change in the overall
remaining capacity of the SWMS. However, during the loss phase, the total time of reduction of
the HPC value across all ARI values did not change significantly. In the 10 year ARI design rainfall
event , the minimum robustness of sub-catchments 2, 4 and 5 were close to 0%, indicating that all
the pipes within these sub-catchments had reached their maximum capacity, linked to the fact that
the piped network in these sub-catchments were designed mainly for storm events between a 5
year and 10 year ARI. When the HPC has reduced to 0%, all the pipelines within the catchment
do not have the capacity to collect more flow, meaning the flow must accumulate in these urban
sub-catchments and increases the potential for flooding. When the ARI increases further, the HPC
of the sub-catchments remains at 0% for a longer period of time, until the rainfall intensity reduces
and the HPC transfers from the loss phase to the recovery phase. In the recovery phase of the HPC
curves, the recovery rate and recovery time of each sub-catchment is directly dependent on the

characteristics of the stormwater infrastructure of each sub-catchment.
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Figure 5: Hydraulic performance capacity (HPC) curves of each sub-catchment for different
annual recurrence interval (ARI) design rainfall events
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The HPC curve of the overall catchment in Figure 6 shows the overall robustness value and HPC
characteristics in the loss and recovery phases during different design rainfall events. The
robustness value varies between 40% and 0% as the ARIs increase, representing the reduction in
the minimum residual capacity of the stormwater infrastructure during each storm event. In
addition, by increasing the ARIs, the recovery duration and the gradient of the loss portion of the
HPC curve both increased, reducing the area under the HPC curve of the catchment and decreasing

the resilience of the catchment.

120

100

80

60

HPC (%)

40

20

Time step (mins)

Figure 6: Performance capacity of the overall catchment for different Annual Recurrence
Interval (ARI) design storm events.

Figure 7 summarises the overall resilience of the sub-catchments within the study area (RiW;) for
different rainfall events. By increasing the ARI of the rainfall events, the total resilience of the
catchment reduces from 88% to 72%. The rate of reduction of resilience for rainfall events with a
less than 10 year ARI is higher than the rate for rainfall events higher than 10 ARI, generating an
inflection point in 10 year ARI. This inflection point represents the approximate design capacity
of the stormwater management system for the rainfall event. As the stormwater system does not
have the capacity to accommodate the peak flow of a larger design rainfall event, the minimum
robustness remains zero for a longer period of time which reduces the area under the HPC curve.

In this condition the system does not have further capacity to accommodate the additional excess
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flow. The total resilience of a system is still greater than 0% for all these events because the system
has residual capacity during the loss and recovery phases. These results show how the system is
affected by different design rainfall events and how this affects the degree of resilience. These
results could help stakeholders and decision makers develop strategies to optimize the system

using different contemporary approaches.
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Figure 7: Weighted resilience of each sub-catchments and the overall resilience of the catchment

for a range of ARI design storm events.

Impact of roughness on 1D hydraulic resilience

To assess the effect of roughness of the stormwater piped network on the resilience of the system,
all the pipes within the catchment were assigned a Manning’s roughness ranging from 0.011, for
a smooth concrete material, through to 0.019 for a rough surface. As the majority of the sub-
catchment networks within the study area were designed for a 10 year ARI event, all the models

were assessed using a 10 year ARI design storm event.

The effect of increased roughness on the HPC curve was similar to the effect of the increasing

ARI, reducing the robustness and shifting the HPC curve to a lower trend. Figure 8 indicates the



308
309
310
311
312
313
314

315

316
317

318

319

320
321
322
323
324
325

overall resilience of the study area for different roughness values, providing a measure of the
sensitivity of the stormwater network resilience to the roughness of the pipelines. Across all sub-
catchments there is a fairly consistent reduction in resilience with increasing roughness as the same
roughness values have been used, and if these varied across catchments these effects would
different from one sub-catchment to the other.This outcome could be used to determine the
sensitivity of the resilience of the system to pipeline aging effects and identify the best pipe

material for new development areas to reduce the impact of deterioration and sedimentation.
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Figure 8: Resilience of sub-catchments and the overall resilience for a range of roughness
values.

CONCLUSIONS

This paper has presented a framework to quantify the resilience of urban SWMS s in terms of the
hydraulic dimension for primary stormwater system using the analytical concept of a functionality
curve. A temporal representation of the remaining capacity and flow depth of each pipe has been
used to evaluate the hydraulic perormance capacity (HPC) of the stormater network network over
time, which represents the resilience, minimum robustness of the system, and recovery time of the

system. This can be assessed based on the outputs of standard One Dimensional (1D) hydraulic
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modelling A case study application to an urban catchment showed that at ARI rainfalls events
above the design ARI, almost all of the pipes within the system were not able to collect further
runoff, degrading the network robustness to nearly zero and reducing the resilience. The sensivity
of resilience to the degradation of the network was assessed by altering the pipe roughness
characteristics, suggesting that resilience would reduce in an approximately linear trend as the

roughness increased.

This framework can be used by decision makers to benchmark stormwater network resilience,
improve the network system for an optimum capacity design, as well as optimising stormwater
management systems for reducing flood hazards in urban catchments. By changing of capacity of
the system using the degradation of pipe properties, the resilience of the system over time can be
estimated. In addition, this framework can be used to estimate the change of resilience following
other natural hazards that may reduce the functionality of the stormwater network, such as

earthquake induced liquefaction and ashfall from volcanic eruptions.

Further research will focus on the implementation of this framework to different scenarios such
as assessing the influence of stormwater Best Management Practice (BMP) approaches, water
sensitive approaches and pipeline deterioration. The approach presented in this paper is limited to
the hydraulic characteristics of primary SWMS, and is a part of a wider study for quantifying the

resilience of SWMS to flooding under network, hydraulic and hydrology dimensions.
ACKNOWLEDGEMENTS

We acknowledge Auckand Council for providing the details of the case study catchment
stormwater network. This reseach was suppored by MIKE by DHI by provided MIKE software
packages for this research. This research was funded by the Resilience to Nature’s Challenges

National Science Challenge.

COMPLIANCE WITH ETHICAL STANDARDS

Conflict of Interest: None



352

353
354
355

356
357

358
359
360
361
362

363
364
365

366
367

368
369

370
371
372

373
374
375
376

377
378
379

REFERENCES

Auckland Council. 2017. “The Auckland Unitary Plan Operative in Part (AUP
(OiP)).”http://unitaryplan.aucklandcouncil.govt.nz/pages/plan/Book.aspx ?exhibit=Aucklan
dUnitaryPlan_Print.

Ayyub, BM. 2014. “Systems Resilience for Multihazard Environments: Definition, Metrics, and
Valuation for Decision Making.” Risk Analysis 34(2): 340-55.

Balsells, M., Barroca, B., Amdal, J. R., Diab, Y., Becue, V. and Serre, D. 2013. “Analysing Urban
Resilience through the Alternative Stormwater Management Options: Application of the
Conceptual DS3 Model at the Neighbourhood Scale.” Water science and technology : a
journal of the International Association on Water Pollution Research 68(Serre 2011): 2448
57.

Balsells, M., B Barroca, V Becue, and Serre, D.. 2015. “Making Urban Flood Resilience More
Operational: Current Practice.” In Proceedings of the Institution of Civil Engineers-Water
Management, Thomas Telford Ltd, 57-65.

Beca Carter Hollings & Ferner Ltd, 1999. “Guidelines for stormwater runoff modelling in the
Auckland Region (TP108)”

Bocchini, P, Frangopol DM., Ummenhofer T . and Zinke T. 2013. “Resilience and Sustainability

of Civil Infrastructure: Toward a Unified Approach.” Journal of Infrastructure Systems 20(2).

Bruneau, M., Chang, S , Eguchi,R., Lee, G., O’Rourke, R., Reinhorn, A. Shinozuka,
M., Tierney, K., Wallace, W., and Winterfeldt, W. 2003, “A Framework to Quantitatively

Assess and Enhance the Seismic Resilience of Communities” Earthquake spectral9(4).

Butler, D., Farmani, R., Fu, G., Ward, S., Diao, K., Astaraie-Imani, M., 2014. “A new approach to
urban water management: Safe and SuRe.” In: 16th Water Distribution System Analysis
Conference, WDSA .ProcediaEngineering,pp.347e354.
http://dx.doi.org/10.1016/j.proeng.2014.11.198.

Chang, C-L, and Liou T-Y. 2010. “The Placement Strategies of Structural Best Management
Practices for Different Moving Rainstorms.” Environmental Monitoring and Assessment
166(1-4): 495-502.


http://dx.doi.org/10.1016/j.proeng.2014.11.198

380
381

382

383
384

385
386
387

388
389

390
391
392

393
394
395

396
397

398
399

400
401
402
403
404
405

406

Chang, SE, and Shinozuka M. 2004. “Measuring Improvements in the Disaster Resilience of
Communities.” Earthquake Spectra 20(3): 739-55.

Te Chow, V. 1988. Applied Hydrology. Tata McGraw-Hill Education.

Cimellaro, GP., Reinhorn AM., and Bruneau M. 2010. “Framework for Analytical Quantification
of Disaster Resilience.” Engineering Structures 32(11): 3639-49.

Golz, S., Schinke, R., Naumann, T., Garvin, S. and White, 1. 2013. “Assessing the Effects of Flood
Resilient Technologies.” In Proceedings of the International Conference on Flood
Resilience: Experiences in Asia and Europe, University of Exeter, United Kingdom, , 5-7.

Gupta, K. 2007. “Urban Flood Resilience Planning and Management and Lessons for the Future:
A Case Study of Mumbai, India.” Urban Water Journal 4(3): 183-94.

Hénonin, J., Russo, B., Roqueta, D. S., Sanchez-Diezma, R., Domingo, N. D. S., Thomsen, F. and
Mark, O. 2010. “Urban Flood Real-Time Forecasting and Modelling: A State-of-the-Art
Review.” In Proceedings, MIKE by DHI Conference, , P028.

Hwang, H., Lansey, K., Quintanar, D.R., 2015. “Resilience-based failure mode effects and
criticality analysis for regional water supply system.” Journal of hydroinformatics. 17,
193e2010. http://dx.doi.org/10.2166/hydro.2014.111.

Lansey, K., 2012. “Sustainable, robust, resilient, water distribution systems.” In: 14thWater

Distribution Systems Analysis Conference. Engineers Australia, pp. 1e18.

Jia, H, Lu Y., L Yu Shaw and Chen Y. 2012. “Planning of LID-BMPs for Urban Runoff Control:
The Case of Beijing Olympic Village.” Separation and Purification Technology 84: 112-19.

Mugume, S., Gomez D. and Butler D. 2014. “Quantifying the Resilience of Urban Drainage
Systems Using a Hydraulic Performance Assessment Approach” 13th International

Conference on Urban Drainage, Sarawak, Malaysia, 7-12 September 2014

Mugume S., Gomez D., Fu G., Farmani R. and Butler D. 2015. “A global analysis approach for
investigating structural resilience in urban drainage systems.” Water Research 81: 15-26

Miles, SB. 2011. “The Role of Critical Infrastructure in Community Resilience to Disasters.” In


http://dx.doi.org/10.2166/hydro.2014.111

407

408
409

410
411

412

413
414
415

416
417
418

Structures Congress, , 1985-95.

NIWA. 2017. “High Intensity Rainfall System V3.” https://hirds.niwa.co.nz. Accessed 1 August
2017.

Ouyang, M., Duefias-Osorio L . and Min X. 2012. ““A Three-Stage Resilience Analysis Framework
for Urban Infrastructure Systems.” Structural Safety 36: 23-31.

Te Chow, V. 1988. Applied Hydrology. Tata McGraw-Hill Education.

Valizadeh, N, Zorn C. and Shamseldin Y. A. 2016. “Evaluating the Technical Resilience of
Stormwater Management Systems to Flooding.” Stormwater Conference 2016, 18-20 May,

Nelson, New Zealand.

Yue, S., Ouarda, T. B., Bobeée, B., Legendre, P. and Bruneau, P. 2002. “Approach for Describing
Statistical Properties of Flood Hydrograph.” Journal of Hydrologic Engineering 7(2): 147—
53.


https://hirds.niwa.co.nz/

