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A global analysis approach for investigating structural resiliencein urban drainage

systems

Seith N. Mugume®, Diego E. Gomez, Guangtao Fu, Raziyeh Farmani, David Butler

& Centre for Water Systems, College of Engineerifgthematics and Physical Sciences, University aft&x
North Park Road, Exeter, EX4 4QF, United Kingdorat: #44 (0)1392 723600, E-mail:

snm205@exeter.ac.uk

Abstract: Building resilience in urban drainage systems imeguconsideration of a wide range of threats that
contribute to urban flooding. Existing hydraulicliability based approaches have focused on quamgjfy
functional failure caused by extreme rainfall ccrgmse in dry weather flows that lead to hydraolierloading
of the system. Such approaches however, do not é&xdplore the full system failure scenario space t
exclusion of crucial threats such as equipment umatfon, pipe collapse and blockage that can asd ko
urban flooding. In this research, a new analytagbroach based on global resilience analysis isstigated
and applied to systematically evaluate the perfomaaof an urban drainage system when subjectednide
range of structural failure scenarios resultingmfroandom cumulative link failure. Link failure erwpes,
which represent the resulting loss of system fametiity (impacts) are determined by computing thpar and
lower limits of the simulation results for totabfid volume (failure magnitude) and average floodation
(failure duration) at each link failure level. Aweesilience indexhat combines the failure magnitude and
duration into a single metric is applied to quansf/stem residual functionality at each considdirdd failure
level. With this approach, resilience has beereteand characterized for an existing urban draisggtem in
Kampala city, Uganda. In addition, the effectiveneEpotential adaptation strategies in enhandmgesilience

to cumulative link failure has been tested.

Keywords: failure envelopes, flexibility, redundancy, resiice, structural failure, urban water management
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1. Introduction

Recent natural and manmade catastrophic eventbakiatled to extreme flooding in various
cities worldwide have underscored the need to bu@gilience into existing urban drainage
and flood management systems as a key strategynimise the resulting flooding impacts
and consequences (Djordjéwt al., 2011; Park et al., 2013). Urban drainagtesn flooding

is not only caused bgxternal climate-related and urbanisation threats such xaserae
rainfall and increasing urbanisation but aisternal system threats for example equipment
malfunction, sewer collapse and blockages (Kellaghal., 2009; Mugume et al., 2014; Ryu
and Butler, 2008; Ten Veldhuis, 2010). System angonent failures can either be abrupt
(unexpected) shocks for example pump or sensarréaibr chronic pressures such as asset
aging and long term asset decay or sewer sedinmntdthe impact of such failures, either
singly or in combination on existing urban drainagfastructure could significantly reduce
the expected flood protection service levels iresiand lead to negative consequences such
as loss of lives, damage to properties and criticithstructure (Djordjev et al., 2011;

IPCC, 2014; Ryu and Butler, 2008; Ten Veldhuis,®01

Consequently, the need to build resilience in urthainage systems (UDSSs) is increasingly
recognised as vital to enhance their ability tontaan acceptable flood protection service
levels in cities that they serve and to minimise tasulting flooding consequences during
unexpected or exceptional loading conditions thatllto system failure (Butler et al., 2014;
Djordjevi¢ et al., 2011). Although the application of conceptesilience to infrastructure
systems is a recent development, there is an ew¢erderature on definitions and
interpretation of resilience, much of which has eofrom the ecological systems academic
community (Butler et al., 2014; Park et al., 20IBjological system resilience is interpreted
as a measure alystem integrityand is defined as a system’s ability to mainténhbasic

structure and patterns of behaviour (i.e. to pgrimsough absorbing shocks or disturbances
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under dynamic (non-equilibrium) conditions (Hollind996). In contrast to ecological

systems, engineering systems are product of imteatihuman invention and are designed to
provide continued (uninterrupted) services to dgde an efficient manner (Blackmore and

Plant, 2008; Holling, 1996; Park et al., 2013). Begring system resilience is therefore
interpreted differently from ecological resilienemd focuses on ensurirgpntinuity and

efficiency of system functi@uring and after failure (Butler et al., 2014; kay, 2012)

In the context of urban drainage, current design r@mabilitation approaches tend to focus
on prevention of hydraulic (functional) failuresso#ting from a specified design storm of a
given frequency (i.e. return period). The desigormst return period determines the flood
protection level provided by the system (Butler &avies, 2011). However, such hydraulic
reliability-based design approaches place sigmfieanphasis ordentifyingandquantifying
the probability of occurrence of extreme rainfaidaminimising the probability of the
resulting hydraulic failures i.¢he fail-safe approach(Ryu and Butler, 2008; Thorndahl and
Willems, 2008). However, such approaches fail tmstber other causes of failure for
example structural or component failures (Tablewhjich also lead to flooding (e.g.

Kellagher et al., 2009; Mugume et al., 2014; TetdWeis, 2010).

Table 1: Failure modes in urban drainage systems

Failure mode Description Examples/Causes
Functional failure Hydraulic overloading due to changes in inflows  Increase in dry weather
leading to failure e.g. overflow operation, flows, extreme rainfall
surcharging and surface flooding events, excessive
infiltration
Structural failure Malfunctioning of single or multiple components in Pipe collapse, blockages,

the system such as pumps, tanks or pipes leading teediment deposition, solid
the inability of the failed component to delives it waste, pump failure, rising
desired function in full or in part main failure

Furthermore, it is argued that the direct applaratof reliability-based approaches for

evaluation of structural failures in UDSs could ibsufficient mainly because causes and
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mechanisms of failure are largely unknown and clitfi to quantify (Ana and Bauwens,
2010; Kellagher et al., 2009; Park et al., 2013) Veldhuis, 2010). It is therefore important
to develop new approaches that seek to ensur&ib@s are designed to not only be reliable
during normal (standard) loading conditions but also to be iesdil to unexpected
(exceptional) conditions i.¢he safe-fail approach(e.g. Butler et al., 2014; Mugume et al.,
2014). In this study, the definition and interptiea of resilience in engineering systems is
pursued. Resilience is formally defined based areme work on ‘Safe and SuRe’ Water
Management as thethe degree to which the system minimises level eflice
failure magnitude and duration over its design kien subject to exceptional conditibns
(Butler et al., 2014). Exceptional conditions refeuncertain threats or disturbances that lead
to system failure for example climate change indueetreme rainfall events, sewer collapse
or blockage. Based on this definition, the goalesilience is therefore to maintain acceptable
functionality levels (by withstanding service fa#) and rapidly recover from failure once it

occurs (Butler et al., 2014; Lansey, 2012; Park e2013).

Resilience is further classified into two broad ecatries: a)general (attribute-based)
resiliencewhich refers to the state of the system that esabl® limit failure duration and
magnitude tany threat(i.e. all hazards including unknowns) andspgcified (performance-
based)resilience which refers to the agreed performasfcéthe system in limiting failure
magnitude and duration togaven (known) threafButler et al., 2014; Scholz et al., 2011)
Reliability on the other hand is definedthe degree to which the system minimises the level
of service failure frequency over its design lifieew subject to standard loadir{@utler et

al., 2014). Intuitively, it is argued that reliabyl and resilience are related with the latter
extending and building on the former. It is consagly postulated that if resilience builds on

reliability, by improving the former, the latterrcalso be improved (Butler et al., 2014).



94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

Taking the UK water sector as an example, recentiet have proposed range of strategies
or options for building resilience in UDSs (Cabi#tice, 2011; CIRIA, 2014; Mcbain et al.,
2010). These strategies generally seek to enhabcdtisystem properties or attributes such
as redundancyand flexibility during design, retrofit or rehabilitation so asinfluence the
ability of the system to withstand the level ofwsee failure and to rapidly recover from
failure once it occurs (Hassler and Kohler, 201dghh et al., 2011). Redundancy is defined
as the degree of overlapping function in a systea permits the system to change in order
to allow vital functions to continue while formenigdundant elements take on new functions
(Hassler and Kohler, 2014). In UDSs, redundancynsanced by introducing multiple
elements (components) providing similar functions éxample storage tanks or parallel
pipes, in order to minimize failure propagationotiigh the system or to enable operations to
be diverted to alternative parts of the systemmduaxceptional loading conditions (Cabinet
Office, 2011; Mugume et al., 2014). Flexibility ¢ine other hand is defined as the inbuilt
system capability to adjust or reconfigure so asntntain acceptable performance levels
when subject to multiple (varying) loading conditso(Gersonius et al., 2013; Vugrin et al.,
2011). It can be achieved in UDSs, for exampledbgigning in future proofing options
(Gersonius et al., 2013), use of distributed (deedmred) or modular elements for example
distributed storage tanks, rainwater harvestingtesys, roof disconnection and use of
designed multifunctional urban spaces such as akspplaygrounds or roads (Mugume et

al., 2014).

However, the operationalisation of resilience ihawr drainage and flood management is still
constrained by lack of guidelines, standards, anthlde quantitative evaluation methods
(Butler et al., 2014; Ofwat, 2012; Park et al., 201n water distribution systems, a number
of recent studies have investigated bottimponent (structuraland hydraulic reliability

when subject to stresses such as demand variasogge pipe failure and changes in pipe
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roughness (Atkinson et al., 2014; Trifunovic, 2Q1R) urban drainage systems however,
most quantitative studies tend to focus on invesitig hydraulic reliability which only
considerdunctional failuressuch as occurrence of extreme rainfall or increpdry weather
flows (Sun et al., 2011; Thorndahl and Willems, 00The main short coming of such
approaches is that the full system failure scensparce that includes other causes of surface

flooding such as equipment failure, sewer collags# blockage is not explored.

It is recognised that different threats or comborad of threats such as extreme rainfall or
sewer failure could lead to the same failed stage $urface flooding). Therefore, by only
considering a narrow range of hydraulic failuragirent approaches take a limited view of
functional resiliencewith no due consideration given ttructural resilience Further

research is needed to develop new quantitativeoappes that explicitly consider all possible
failure scenarios in order to holistically evaluagsilience in UDSs (Butler et al., 2014;

Kellagher et al., 2009; Ofwat, 2012; Ten Veldh2810).

In this study, a new global resilience analysisrapph is developed, that shifts the object of
analysis from the threats themselves to explicitsaderation of system performance (i.e.
failed states) when subject to large number olfailscenarios (Johansson, 2010). Global
resilience analysis has been carried out by evalyathe effect of a wide range of
progressive structural failure scenarios in varisystems such as water distribution systems
and electrical power systems (Johansson, 2010). glbeal resilience analysis (GRA)
methodology is extended to investigate the effégandom cumulative link (sewer) failure
scenarios on the performance of an UDS. The metbggas then applied to test the effect
of implementing two potential adaptation stratediest is; introducing a large centralised
detention pond or use of spatially distributed ager tanks) on minimizing loss of

functionality during the considered structuraldiad scenarios.
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The key strengths of the developed GRA method as émphasis is shifted from accurate
guantification of the probability of occurrence sdwer failures (e.g. Egger et al., 2013), to
evaluating the effect of different sewer failure®daes and extent, irrespective of their
occurrence probability, on the ability of an UDSntinimise the resulting flooding impacts

(e.g. Kellagher et al., 2009).

Link failure envelopes, which show the upper angddolimits (bounds) of the resulting loss
of functionality for each considered link failurevel are determined based on the hydraulic
simulation results from 49,200 scenarios. The faikenvelopes reflect vital system resilience
properties that determine the resulting loss otfmality when the system is subjected to
increasing failure levels. Finally, a new resilierindex,Reg that quantifies system residual
functionality as a function of failure magnitudedasiuration is computed at each failure level

for both the existing system and for the testegtadn strategies.

2. Methods

2.1 Global resilience analysis (GRA) approach

Global resilience analysis is applied to charaseetine performance of an existing UDS when
subject to a wide range of structural failure sc@sainvolving random cumulative link
failure. Structural failure in an UDS can be moeelby removal of components for example
sewers (links), storage tanks or pumps in the systerepresent the inability of the removed
component to deliver its prescribed function. lis ttudy, links in an UDS are randomly and
cumulatively failed and the resulting impacts oe tflobal performance of the system are
investigated for each failure level, until all theks in the system have been failed. This
process of cumulative link failure is used to rejerg structural failure modes such as sewer
collapse, blockages and sediment deposition irediaystems and blockage resulting from

deposition of solid waste and washed-in sedimentgpen channel systems. The approach of
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failing links randomly ensures that all linkd, in the system have an equal probability of
being removed (Johansson and Hassel, 2012). Ini@dda step by step increase in sewer
failure levels enables the exploration of the &@ler failure scenario space that ranges from
predictableor commonly occurring failure scenarios such aglsicomponentN-1), or two
component -2) failure modes but also othanexpectedcenarios involving simultaneous

failure of a large number of components (e.g. Jebam, 2010; Park et al., 2013).

To fully explore the extent of the failure scenasyace in global resilience analysis, a very
large number of model of simulations involving ditnt failure scenarios would be required
to capture the resulting flooding impacts (e.g.l&gher et al., 2009). In addition, different
possible sewer (link) states for example non-fafgdod condition), partial or complete
failure need to be evaluated (Ana and Bauwens, ;2B&0agher et al., 2009). Taking an
UDS with 81 links as an example, and assuming dwly link states (non-failed or
completely failed), the total number of link fakuscenarios within the full failure scenario
space would be 2.4 x D To reduce the computational time, a convergemedysis (e.g.
Trelea, 2003) is carried out to determine the mimmnumber of random cumulative link
failure sequencess, that are required to achieve consistent resudfer(ito Supplementary
information section 1.1). Given the significant qmmational burden of GRA, a simple 1D
approach to modelling of surface flooding (of thmon system) is proposed rather than using

more complex 2D overland flow models (Digman et2014; Maksimou et al., 2009).
2.2 GRA implementation

The GRA method is implemented in the MATLAB envinoent linked to the Storm Water
Management Model, SWMMv.5.1; a physically basedcrdi® time hydrological and
hydraulic model that can be used for single evemt eontinuous simulation of run-off
quantity and quality, primarily built for urban ase (Rossman, 2010). Link failure can be
modelled in SWMM v5.1 by either significantly rediog pipe diameters in the model (e.qg.

9
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Mugume et al., 2014a) or increasing the Manningisghness coefficient) to a very high
value. In this study, link failure is modelled hycreasing the Manning’s from its initial
(non-failed) state valuén = 0.020 to a very high valuen(= 100. The high value oh was
chosen because it significantly curtails the coaneg of flows in each failed link and hence

enables modelling afomplete failureof each link.

Model simulations are carried out at each randogelyerated link failure level and system
performance is quantified using the total floodwné and mean duration of nodal flooding
as key performance indicators. Surface floodingingply modelled using the ponding option
inbuilt in SWMM which allows exceedance flows to bred atop of the nodes and to
subsequently re-enter the UDS when the capacigwall(Rossman, 2010). The flooding
extent at each node is modelled using an assummetefdarea of 7,500 Figure 1 further

illustrates the adopted modelling framework. Theirmsteps in implementing the GRA

include:

a) A simulation is run to assess UDS performancednnitial (non-failed) state using
the considered extreme rainfall loading

b) A randomly selected single ling : i = 1, 2, 3,...N,in the UDS is failed and a
simulation is run using the same extreme raintading. This step represents single
link failure mode and is denoted ldsl.

c) Two randomly selected links, in the UR&: failed (denoted d¢-2 failure modgand
the simulation is repeated

d) The procedure is repeated forldH: i = 1, 2, 3,...Nfailure modes until all the linki;
the system have been failed.

e) The procedure in (a) — (d) is repeated to deterrthieeminimum number of random

failure sequencess, that ensuregonvergenceof results. A detailed description of

10
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convergence analysis in GRA is presented in thepleugentary information section
1.1).

f) Using the determinetk,, the procedure in (a) — (d) above is repeated \tesitigate
the effect of the proposed adaptation strategiesnommising the loss of system
functionality resulting from the considered cumwatink failure scenarios.

2.3 Determination of link failure envelopes

The use of average values in reliability and resde analysis simplifies results interpretation
but can potentially hide key information about fla@ge of possible failure impacts and
consequences (e.g. Trifunovic, 2012). The procésetermining failure envelopes provides
a means of graphically illustrating the range dfife impacts at each considered failure level
(e.g. Church and Scaparra, 2007). In this stuahk failure envelopes are determined by
computing the minimum and maximum values of all el@blutions (total flood volume and
mean duration of nodal flooding) obtained at eaohswaered link failure level for the
existing UDS and for the considered adaptatiortesgias The resulting envelopes represent
the upper and lower limits of the resulting loss system functionality (impacts) that
therefore provide vital information about the riesite properties of the system being tested.
If the resulting envelope covers solutions with éswmpacts at all link failure levels, then the
resulting loss of system functionality is minimisgaring the considered failure scenarios. If
the resulting envelope covers solutions with highgsacts and with a larger range between
the minimum and maximum values, the tested syst&mbis higher loss of system

functionality during the considered failure sceasrfe.g. O’Kelly and Kim, 2007).
24 Computation of theflood resilience index

The resilience indexRes, is used to link the resulting loss of functiohalio the system’s
residual functionality and hence the level of iesite at each link failure level. The resulting
loss of system functionality is estimated using tbacept ofseverity Sey (Hwang et al.,

11
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2015; Lansey, 2012). Severity is interpreted asirectfion of maximum failure magnitude
(peak severity) and failure duration (Figure 2u¥e 2 illustrates the theoretical response of
an UDS (in which one or more links have been faikeda single extreme rainfall loading
scenario. In Figure 2, severity can be estimatethagshaded) area between the original
system performance levd?, and the actual system performance cuRf), at any timet

after occurrence of a given threat that lead teesydailure (Equation 1).

Sev; = f[Sevy, tr] = [ (B, — Pi(®))dt @)

Wheret; is the failure duration, the time of occurrence of the threat, anthe total elapse
time. Equation 1 above is further simplified bywssg that the system failure and recovery

curve is rectangular (Equation 2)

14 ty—t % t
Sev; = Ex L—Ls = T L 2)
VI th —to Vrr  ta

The resilience indexResg, which is a measure of system residual functibyails estimated
as one minus the computed volumetric severity andomputed at each link failure level

(Equation 3).

Vip t
Res,=1—Sev;=1— FEx L
Vrr  tn

3)

WhereVr¢ is the total flood volumeé/y, the total inflow into the systery,the mean duration

of nodal flooding and, the total elapsed (simulation) time.

For a given threat (i.e. percentage of failed )nkise proposed index quantifies the residual
functionality of the UDS as function of both theldee magnitude (total flood volume) and
duration (mean nodal flood duratiofjeg ranges from O to 1; with O indicating the lowest
level of resilience and 1 the highest level resi to the considered link failure scenarios.
Resilience envelopes are then derived by plottiiegminimum and maximum valuesiRég

computed at each failure against the percentagrilefd links. The resulting envelopes

12
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graphically illustrate the system residual funcélity at each considered link failure level. A
detailed description the theoretical behaviour @fUDS during failure conditions and the

derivation of theReg is provided in Supplementary information secticd. 1

3. Urban drainage system description and modelling results

3.1 Casestudy UDS

A case study of the existing urban drainage systeirtne Nakivubo catchment, a highly
urbanized part of Kampala city, Uganda is used his twork. The system requires
rehabilitation to minimize the frequency, magnitwhe duration of flooding during extreme
convective rainfall events (Sliuzas et al., 20¥8)nodel of the existing system is built in
SWMMv5.1. The full dynamic wave model in SWMM isadsto route flows through the
modelled UDS. The data needed to build the modsl lteeen obtained from a Digital
Elevation Model (DEM) for Kampala (2 m horizontaksolution), a 2011 satellite image for
Kampala (0.5m horizontal resolution), as-built diaye and from existing reports (e.g.
KCC, 2002). A single, non-areally adjusted extreavent was used to represent a worst
functional loading case in the GRA. This eventcusgs recorded on $5June 2012 at 10

minute resolution with a 100 minute duration angdtbeof 66.2 mm (Sliuzas et al., 2013).

The existing primary and secondary conveyance systmsists of trapezoidal open channel
sections constructed using reinforced concretepstraam sections and gabion walls in the
downstream sections. The resulting hydraulic madehe system consists of 81 links, 81

nodes and 1 outfall, and with a total conduit langt 22,782 m. The system drains into the
Nakivubo wetland and finally into Lake Victoria. @lgradients of the open channel sections
range from 0.001 to 0.0124. The modelled systennsira total area of 2,793 hectares
delineated into 31 sub-catchments (Figuierr®r! Reference source not found.). The

computed average sub catchment slopes and pereantpgrviousness range from 0.034 —

13
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0.172 (Figure A.1) and 52.3 — 85.7 (Table A.1) e=$pely. The existing system is not
always clean in a ‘business as usual’ case. Thssreféected in the SWMM model by taking
the initial value ofManning’s nas 0.020 which is the upper limit of the recomneshthnge

(i.e. 0.010 — 0.020) for concrete lined channels.
3.2 Moddlingthe effect of adaptation strategieson UDS perfor mance

Enhancing the resilience of an UDS during designetmofit can be achieved by altering its
configuration in order to enhance its redundancyg #exibility. Redundancy could be
increased by introducing extra elements such amufditi storage tanks, temporary storage
areas or increasing spare capacity in criticaldi(Butler and Davies, 2011; Cabinet Office,
2011; CIRIA, 2014).Flexibility on the other hand can be increased, for example, b
designing in future proofing options, use of dsiited elements and provision of back-up
capacity (e.g. Gersonius et al., 2013). In thiglgtuwo adaptation strategies are modelled
tested using the GRA methodology namely, additibone large centralised detention pond
(centralised storage stratepyand several, spatially distributed storage tafdistributed
storage strategyrespectively (Figure A.2).

In the centralised storaggCS) strategya large centralised detention pond with a total
storage volume of 3.15 x1@n® is introduced upstream of link C47 (Figure A.2aphhance
system redundancy. In choosing the possible lotcatiothe centralised storage tank, two
main criteria were used; land availability and floates in the downstream links in the
primary Nakivubo channel. In thaistributed storage (DS) strateg®8 spatially distributed
upstream storage tanks with a combined total séovatpme of 3.15 x Tom*are introduced

at the outlets of the sub catchments to enhanedifiey in crucial points in the network

(Figure A.2b). The DS strategy models upstreanridiged source control.
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3.3 Simulation and performance assessment of the existing UDS

In order to test the performance of the modelledteng UDS, simulations were carried out
and flows were investigated at selected links andiistem (Figure 4). The hydraulic data on

the selected open channel cross sections is pessgnTable A.2.

Lower peak flow rates, are simulated in most upstréinks. The flow rates increase along
the system leading to very high peaks in downstriaks, for example flows of 297.4 s
and 318.2 rils are simulated at downstream links C76 and C8fedively after an elapsed
time of 75 minutes (Figure A.3). Globally, 57 1ink30.4%) in the system experience
hydraulic overloading that consequently leads tdase flooding. Hydraulic overloading in
links occurs when: (i) the upstream ends of th& lmn at full capacity and (ii) when the
slope of the hydraulic grade line exceeds the stdbe link (Butler and Davies, 2011). The
most severe hydraulic overloading is simulated @ liaks (32%), with the duration of
hydraulic overloading ranging from 13 — 54 minutes.

The results of the simulation also indicate theesysexperiences flooding at a total of 57
nodes, representing a flood extent of 70.7%, witbtal volume of flooding of 706, 045%m

and mean nodal flood duration of 48 + 4 minutes.
3.4 Global resilience analysis of the existing UDS

The proposed GRA methodology described in sectiors Z2pplied to characterise the
performance of existing UDS. The overall performaraf the system is quantified by
simulating total flood volume and mean durationflobding resulting from 16,400 link

failure scenarios generated from 200 random linkura sequences (Figure A.4). The
average values of the total flood volume and donatif nodal flooding are computed for all
the considered link failure scenarios and are piteskein Figure 5. The GRA results indicate

that failure of just 10% of links leads to a digpodionately large increase of 91% in total
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flood volume (Figure 5a). Thereafter, further irage in the percentage of failed links leads

to comparatively small increases in the total fleotlime.

The situation is very different for nodal flood dtion, where results show failure of 10% of
links leads to just a 6% increase (Figure 5b). @llgbthe results indicate that the failure
duration increases from 41 minutes to 56 minutpseisenting an increase of 36.2% when all

the links in the system are failed.

3.5 Effect of adaptation strategies on system performance

The GRA methodology is applied to test each ofpitgosed UDS adaptation strategies. An
additional 16,400 link failure scenarios are sineda for the CS and DS strategies
respectively that is, a total of 32,800 generatexinfa total of 400 random link failure
sequences (Figure A.4Jhe effect of the CS strategy is a slight redurctid flood volume
which occurs at lower link failure levels less th@@% with very little impact on flood
duration at all failure levels. Globally, it ressiih a 3.4% reduction of total flood volume and

a 1.1% increase in mean duration of flooding (Fegaiy.

On the other hand, the DS strategy results in aifgignt reduction of 32% total flood
volume at all considered link failure levels. Anki failure levels greater than 20% any
additional increase in link failure levels leadsrimimal increase in total flood volume. The
strategy also reduces the mean nodal flooding idmr&tom 48 minutes to 35 minutes giving
a reduction of 27% for all considered link faillgeenarios. Table 3 details the key statistics

of the GRA results for the existing system andtifier considered resilience strategies.

16



356
357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

Table 2: Mean values of GRA analysis results for all consddink failure scenarios. The values in the squar
brackets indicate the reduction range computedbgidering 1 standard deviation of the mean.

Strategy Flood volume (x10° m®) Mean nodal flood duration (hrs)
Mean,u Stgndard % reduction Mean, Standard % reduction
deviation,c 1 deviation,c
Existing
system 14575 143.6 0.80 0.07
Centralised
storage 1,408.8 183.4 3.3[1.0 -5.1] 0.81 0.07 11[-23--0.2]
Distributed
storage 986.1 96.3 32.3[29.9-34.1] 0.59 0.03 26.8 [2528.4]

3.6 Link failureenvelopes

The resulting link failure envelopes which reprdsime range of model solutions from the
lowest to the highest flooding impacts computeeath link failure level are presented in
Figure 6. For the existing UDS and consideringftbed volume, a large range of deviation
between the computed failure envelopes and the nedaes (27 — 87%) is observed at lower
link failure levels (<20%). A convergence of bo#ildire envelopes is observed at higher link
failure levels. The results from the nodal floodation are different, and indicate a narrow
range of deviation (< 26.3%) between resultingufalenvelopes and the mean values at all
link failure levels. Rather similar ranges of deémia between the resulting flood volume and
flood duration failure envelopes and the respeatim&an values are observed for the CS and

DS strategies respectively.

In order to evaluate the effectiveness of the acmred adaptation strategies, the generated
link failure envelopes are plotted into one graphmap out the failure space common to all
(Figure 7). Comparing the results of the CS strategthose of the existing system, a slight
downward shift of both the maximum and minimum @logolume failure envelopes is
observed at lower link failure levels (< 40%), whiepresents the effect of the strategy in

minimising the magnitude of flooding. However, thés no significant effect at higher link
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failure levels. Also, the results suggest that @& strategy has minimal effect on the flood

duration failure envelopes.

For the DS strategy, a significant downward shifthe flood volume failure envelope (i.e. a
reduction in the magnitude of flooding) is obserwie¢t failure envelope at all cumulative
link failure levels. The strategy also limits thedgional increase in flood volume for link
failure levels beyond 33% i.e. a flattening of fleod volume failure envelope is observed at
higher link failure levels. The strategy also shithe flood duration failure envelopes
downwards (i.e. reduces the failure duration) fhrcansidered link failure levels when

compared the existing UDS.

3.7 Resilienceindex

The resilience indexResg) is computed using Equation 3, for all simulatétk Ifailure
scenarios. Based on the computed indices, resdiengelopes which represent the residual
functionality of the whole UDS as a function of bdhe failure magnitude and duration are
determined by computing the minimum and maximunueslofReg at each link failure
level for the existing system for the tested adaptastrategies (Figure 8). To facilitate
comparison of the performance of the tested stiege@n assumed acceptable level of
resilience threshold of 0.7 is plotted on eachhef graphs, as an example of the minimum
acceptable flood protection level of service (faample no property flooding) that needs to

be achieved by the considered adaptation strategies

The figure reveals large variationsRes for the existing system and for the tested stiateg
at lower link failure levels (< 20%) with a converge of the results occurring with
increasing link failure levels. For the existin@8, the computed mean valuesR#sg range
from 0.54 to 0.66. When compared to the resilieticeshold, the results indicate that the

existing system crosses this threshold when lifluralevels in system exceed 6.2%.

18



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

Considering the CS strategy, a slight improvemariRes of 1.2 - 2.3% is observed. The
results indicate that resilience index falls beline threshold value when link failure levels
exceed 8.6%. When the distributed storage strategynsidered, higher mean valuesRefg

are computed (0.76 — 0.84). The results also itelitzat for the DS strategy, the resilience
threshold is not crossed at all link failure levélwverall, the DS strategy leads to significant

improvement in th&®esg of 27.5 — 41.4%.

4. Discussion of results

4.1 Existing system

Considering the existing system, random failurelesfs than 20% of the links leads to
disproportionately high degradation of system figrality magnitude (i.e. total flood
volume). The disproportionately high loss of systiemctionality suggests that failure of a
small fraction of links rapidly reduces the gloldaldraulic conveyance capacity of the
(minor) system. This result is also confirmed byical component analysis (e.g. Johansson
and Hassel, 2012) involving targeted failure ofglen(individual) links in the UDS (Refer to
supplementary information section 1.1, Figure SRisTherefore suggests that the existing
UDS exhibits low levels of resilience to sewerdads. This could be attributed to the already
insufficient hydraulic capacity of the system (dtee use of an extreme rainstorm for
modelling purposes) but could also be attributeattoer key factors such as its dendritic
network topology and limitations of using 1D model approach which excludes the
contribution of the major system (i.e. effect oflamnal redundancies) in conveying surface

flows to downstream parts of the system duringeswre events.

In contrast to the total flood volume, random cuativk link failure has a limited effect on
mean nodal flood duration. This could be attribui@dise of a single short duration rainfall
event for the simulations as opposed to using pialtevents. Similarly, this could also be
attributed limitations of using a simplified abogeound flood model. By using a simplified
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above-ground flood model, surface flooding whiclews in the major system (i.e. overland
flood pathways such as roads, paths or grass whyf)g extreme events and which may
also cause substantial damage to property andstnidure is not considered, which could
also lead to inaccurate estimation of the meandfldaration (e.g. Digman et al., 2014;

Maksimovk et al., 2009).
4.2 Effect of adaptation strategies

It is argued that an effective adaptation stratsgguld result in a downward shift (i.e.
towards the origin) of the failure envelope of #hasting system. By doing this, the failure
magnitude and duration is minimised across theidensd failure scenarios. The derived
link failure envelopes suggest that CS strategydasry limited effect on minimising the
total flood volume, with the reduction being acladwat lower link failure levels. More so, no
significant effect on flood duration at all congielé link failure levels. As a consequence, the
CS strategy only minimally improves the residualdiionality of the existing system during
the considered link failure scenarios. This themefgsuggests that sewer failures could
significantly limit the effectiveness of adaptati@trategies involving enhancement of
redundancy at a single location in the UDS. Tlé® @uggests that other preventive asset
management strategies for example improved cleaaimh maintenance practices may be
more effective for resilience enhancement, becdlisg in increase spare capacity in the

links themselves and minimise structural failurexisting systems (e.g. Ten Veldhuis, 2010)

In contrast the CS strategy, the study results estgat the DS strategy is more effective in
minimising the resulting loss of functionality dk lenk failure levels. This could be attributed
to the effect of increased the spatial distributioh control strategies (i.e. smaller
decentralised upstream storage tanks with the satalestorage volume as the CS strategy)
results in optimal use of the total storage voldorereduction both the storm water volume
and the inflow rates before entry into UDS. Redgdime stormwater inflows into the system
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in turn enables the degraded UDS to continue fanetg with minimal impacts. It could also
be due to a reduction in propagation of hydrausitufes from one part of the UDS to
another, which suggests that the DS strategy ingzrole flexibility properties of the whole
(minor) system. Using this argument, it could bggasted that adaptation strategies that
increase the spatial distribution of control stgse in upstream parts of the catchment for
example implementation of multifunctional (dual-pose) rainwater harvesting (DeBusk,
2013) at a city district or catchment scale caigphificantly increase the resilience UDSs to

sewer failures.
4.3 Outlook

The developed global resilience analysis approaelsemts a promising quantitative tool
which opens up new opportunities for holistic agdtematic evaluation of the effect of a
wide range of threats that have not been considerezbnventional hydraulic reliability
based urban drainage design and rehabilitationoappes. Future research will compare the
results obtained by the presented GRA method witisé obtained by using dual-drainage
(1D-1D) or 2D rapid flood spreading models (e.gari®l et al.,, 2012; Maksimaviet al.,
2009) in GRA to account for the effect of the maggstem in providing additional system

redundancies during flooding conditions.
Additionally, the following areas are recommendedftirther research.

* Investigation of the influence of inherent/inbudDS characteristics for example
network structure, network size (number of linkgpe diameters, pipe gradients on
resilience to structural failures.

* Investigation of the effect of other types of coment failures (e.g. pump failures) on

global resilience in UDSs.
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* Investigation of the linkages and interdependermsveen UDS failure (flooding)
and unexpected failures in interconnected systetis as electrical power systems.

* Further investigation aimed at linking the computesilience indices to new
resilience-based flood protection level of servisendards that are based on
minimisation of the magnitude and duration floodiag opposed to use of design
return periods.

5. Conclusions

This research has tested and extended the glotiaémee analysis (GRA) methodology to
systematically evaluate UDS system resilience twloan cumulative link (sewer) failure.
The GRA method presents a new and promising appré@cperformance evaluation of
UDSs that shifts emphasis from prediction of thabability of occurrence of key threats that
lead to flooding (fail-safe approach) to evaluatihg effects of a wide range of failure
scenarios that not only includes functional faitubrit also structural or component failures

which also contribute to flooding in cities.

In this study, the effect of a wide range of randand progressive sewer (link) failure
scenarios on the ability of existing and adaptedS¥Do minimise the resulting loss of
functionality has been investigated. Link failur@velopes have been determined by
computing the minimum and maximum values of thaltébod volume and mean nodal
flood duration results generated by simulating rgdanumber of random cumulative link
failure scenarios. A new resilience index has baereloped and used to link the resulting
loss of functionality to the system'’s residual ftiocality at each link failure level. Based on

the results of the study, the following conclusians drawn.

» The presented global resilience analysis approashiges a promising quantitative
evaluation tool that enables consideration of widege of possible sewer failure

scenarios ranging fromormalto unexpecteavith reduced computational complexity.
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* The use of convergence analysis enables determmnafi the minimum number of
random cumulative link failure sequences requiradbieve consistent GRA results,
which in turn enhances that practicability of nesite assessment by significantly
reducing the computational complexity involved imglating all possible sewer
failure combinations.

» Building resilience in UDSs to unexpected failunesessitates explicit consideration
of the contribution of different failure modes, et of interactions between different
failures modes for example interdependences betwewamr failures and hydraulic
overloading in UDS design or performance evaluatibexisting systems.

» Building resilience in UDSs should not only be adied through capital investments
aimed at enhancing inherent UDS properties suctedsndancy and flexibility but
should also consider investments in asset manadesimiegies such as sewer

cleaning and maintenance of existing UDSs.
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633  Appendix

634 Appendix Tables

635 Table A.1: Sub catchment area and computed percentage impsnass

Sub catchment Sub catchment I mperviousness
ID area (ha) (%)
S1 83.6 69.9
S2 59.5 71.3
S3 69.0 67.2
S4 97.2 84.1
S5 52.0 81.1
S6 46.1 76.6
S7 23.8 82.7
S8 10.2 66.2
S9 60.0 72.4
S10 144.4 72.0
S11 76.1 71.5
S12 814 71.1
S13 50.0 79.6
S14 67.3 75.3
S15 57.4 70.7
S16 55.4 52.3
S17 67.9 61.5
S18 52.9 56.6
S19 52.3 66.7
S20 158.8 61.5
S21 108.5 71.6
S22 71.0 78.2
S23 89.1 82.1
S24 254 85.7
S25 199.9 68.1
S26 115.7 62.7
S27 147.5 80.7
S28 134.4 75.8
S29 23.1 81.1
S30 88.7 69.1
S31 424.4 73.0
Total Area 2,793.2

636
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638
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640  TableA.2: Hydraulic data of selected trapezoidal open chissewions in the Nakivubo UDS. The slope values
641 represent ratios of horizontal to vertical distance

bottom left right Equivalent pipe
Link Length(m) depth,d(m) width,b(m) dope slope diameter, D (m)
Cl12 100.0 1.8 4.3 0.743 0.743 35
C40 290.0 2.5 1.0 1.000 1.000 3.3
C54 512.6 15 1.0 0.667 0.667 2.0
C76 400.0 4.3 17.4 0.040 0.040 9.8
C81 400.0 2.0 26.0 1.375 1.375 8.6

642

643 Table A.3: Distributed storage tank volumes

Storage tank ID Volume (
dsl 9,433
ds2 6,711
ds3 7,782
ds4 10,956
ds567 13,743
ds8 1,151
ds9 6,770
ds10 16,287
dsll 8,582
ds12 9,181
ds13 5,639
dsl4 7,591
dsl6 6,243
ds17 13,623
ds19 5,899
ds20 17,906
ds21 12,239
ds22 8,011
ds23 10,052
ds24 2,859
ds25 22,547
ds26 13,051
ds31 47,864
ds30 10,000
ds29 2,609
ds28 15,160
ds27 16,636
ds15 6,474

644
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Figure 1: Modelling framework for random cumulative link failure in a simplified urban drainage system with 8 links, 8 nodes and 1 outfall illustrating
(a) random and increasing link failure levels ¢;, ¢y, cs...cy and (b) three potential random failure sequences rsy, rsy and rs;
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Figure 2: Theoretical system performance curve for an urban drainage system. The block solid line,
P, represents the original (design) performance level of service. The blue dotted line, P, represents a
lower but acceptable level of service. Py represents the maximum system failure level resulting from
the considered threat.
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Figure 3: Digital elevation model and delineated sub catchments in the Nakivubo catchment
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Figure 4: Layout of the modelled Nakivubo urban drainage network
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Figure 5: Effect of cumulative link failure on (a) total flood volume (b) mean duration of nodal flooding
for the existing UDS (ns mean), for the centralised storage strategy (cs mean) and for the distributed
storage strategy (ds mean)
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Figure 6: Results of generated link failure envelopes for total flood volume (a) - (¢) and for mean duration of nodal flooding (e) - (f) for the existing
UDS and for the CS and DS strategies
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Figure 7: Intersection of cumulative link failure envelopes for the existing system and for the CS and
DS strategies
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Figure 8: Resilience envelopes showing maximum, mean, minimum values of Res, computed at each link failure level for (a) existing UDS, (b) CS
strategy and (c) DS strategy. The red dashed dot horizontal line is an assumed minimum acceptable resilience level of service threshold of 0.7



Paper highlights

Quantitative evaluation of both hydraulic and structural failuresin urban drainage
systems.

Investigation of awide range of sewer failure scenarios with reduced computational
complexity.
Simulation of 49,200 random structural failure scenarios to determine link failure
envelopes.
Development of anew resilience index for quantifying system residual functionality.
Effectiveness of adaptation strategies in improving structural resilience tested.
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Figure A.1: Computed Nakivubo subcatchment slopes
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Figure A.2: Layout of adapted UDS (a) centralised storage (CS) and (b) upstream distributed storage (DS) strategy
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Figure A.3: Simulated flows in the Nakivubo UDS for upstream links C12, C40, C54 and downstream
links C76 and C81
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Figure A.4: Effect of random cumulative link failure on total flood volume (a-c) and mean nodal flood duration (d-f). 200 random link failure sequences
(16,400 random link failure scenarios) are simulated for the existing UDS (ns;: i = 1,2,5...200), for the CS Strategy (cs;: i = 1,2,5...200) and for the
DS Strategy (ds;: i = 1,2,3...200). In total, 49,200 link failure scenarios are simulated.
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This supplement contains the following

Procedure for eva uating the minimum number of random failure sequencesrs; in
global resilience analysis

Figure S1, afigure showing the full sewer failure scenario solution space for an urban
drainage system with 81 links, when two system states that is non-failed and
completely failed.

Figure S2, afigure showing the convergence of global resilience analysis results for

the case study UDS after 200 random cumulative link failure sequences



Methods

1.1 Evaluating the minimum number of random failure sequencesrs,

In order to calculate the maximum possible flooding impacts, al possible link failure
scenarios need to theoretically considered (Kellagher, Cesses, Di Mauro, & Gouldby, 2009).
Considering two states for each link (i.e. non-failed and complete failure), the total number of

link failure scenarios in the entire solution space can be calculated using Equation 1

N NI
F(N, Ci) = Zi=llv (N=D)i! (1)

Where F is the total number of failure scenarios; N the total number of links and i the link

failure level (i.e. number of links failed).

Using an UDS with 81 links as an example and assuming the two link states (non-failed and
failed), the total number of failure scenarios would be 2% (2.4 x 10?%) failure scenarios. In
order to minimise the computation resources, it is therefore important to limit the number of
scenarios which need to be considered while ensuring accuracy of the modelled flooding
impacts (Kellagher et al., 2009). Analysis of the distribution of the number of failure
scenarios at each link failure level indicates a normal (Gaussian) distribution (Figure S2). The
total number of scenarios involving random failure of a single link (N-1) is 81. The total
number of scenarios involving random failure of two (N-2), three (N-3), four (N-4) links
would be 3,240, 85,320 and 1,663,740 respectively. The highest number of potentia failure

scenarios occurs at the mid-point i.e. N-40.
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Figure S1: Distribution of link failure scenarios at each link failure level

In order to minimise the computational requirements of considering all possible link failure
combinations, the minimum number of random failure sequences (hence number of random
failure scenarios) that need to analysed in order to achieve convergence of results while

covering as many failure states as possible needs to be determined.

Previous studies that employ critical component analysis in networked systems suggest that
failure of only a small fraction of components results in the significant impacts on level
service delivered by the system (Church & Scaparra, 2007; Johansson & Hassel, 2012;
Johansson, 2010). Critical component analysis involves an exhaustive exploration of a system
state to estimate negative consequences of failure of asingle or set of components (Johansson
& Hassdl, 2012). In UDSs, critical sewers that is; sewers for which the cost of failure would
be significantly higher than upgrading costs make up 20% of the system on average (Butler &
Davies, 2011). In this study, critical component analysis of single links (i.e. i.e. N-1

resilience analysis problem) is carried out by targeted failure (as opposed to random) of each



individua link in the UDS. The study results suggest that failure of 19.8% of the links in the

UDS lead to the highest consequences (Figure S2).
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Figure S2: Percentage increase in total flood volume resulting from critical component analysis involving

single link failure

Based on this, it can be suggested that for a given network, a certain minimum number of
random failure sequences, rs, is necessary to achieve convergence of the GRA results. This
ensures that the set of links that are critical are covered in the global resilience analysis (e.g.
Johansson & Hassel, 2012). The following steps are carried out to determine rs, that is

required to achieve convergence of results:

a) GRA is carried out using 5 random sequences (410 failure scenarios) and the mean
values of the total flood volume are determined.

b) The procedure is repeated for 10 (820 failure scenarios), 25 (2050 failure scenarios),
50 (4100 failure scenarios), 100 (8200 failure scenarios), 150 (12,300 failure

scenarios) and 200 (16,400 failure scenarios) sequences.



c) The percentage deviation, PD the between computed mean values is computed for
each step-wise increase in rs, i.e. for i: i = {5,10}; {10, 25}; {25, 50}, {50; 100},

{100;150} and {150;200} (Figure 3)

The results obtained from 5 random sequences indicate the largest variation in the mean
values (up to 7.5%) occurs at lower link fallure levels (< 10% of the failed links), with

convergence occurring at higher links failure levels (Figure S3).
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Figure S3: Convergence of GRA results after 200 random cumulative failure sequences (rs)

The results also indicate that increasing the number of failure sequences reduces this
variation. A convergence is obtained after 50 random failure sequences with a maximum
deviation of 4.5%. The maximum deviation is further reduced to 3.5%, 2.6% and 1.1% by
considering 100, 150 and 200 random failure sequences respectively. Considering 200
random failure sequences covers al N-1 (single link) scenarios and covers a statistically
significant proportion of N-2 (two link) scenarios (6.2%) and N-3 (three link failure)
scenarios (0.23%). Consequently, a minimum of 200 random failure sequences is adopted for

the GRA. Overdl, atotal of 49,200 failure scenarios involving 600 random cumulative link



failure sequences are simulated to evaluate the effect on the performance of the existing UDS

and the proposed adaptation strategies.
1.2 Derivation of theflood resilience index

Figure 2 illustrates the theoretical response of an UDS (in which one or more links have been
failed) to a single extreme rainfall loading scenario. Even when one of the links in this UDS
has failed, the UDS is able to continue functioning from time to until when the system starts
to fail at timet;s. A gradual loss of system functionality occurs until when a maximum failure
level isreached at time tqy. After occurrence of the extreme rainfall, hydraulic capacity in the

UDS isgradually restored to origina or lower but acceptable levels.

The concept of severity (Hwang, Lansey, & Quintanar, 2015) which is a defined as the level
of consequences (e.g. injury, property or system damage) that could result from occurrence
given faillure mode or threat is used as a measure of the resulting loss of system functionality
when the UDS is subjected to a given exceptional loading scenario that leadsto failure. It can
be estimated as the (shaded) area between the original system performance level (P,) and the
actual system performance curve, Pi(t), which represents the magnitude of the loss of
functionality for the system being tested (Figure 4). The pesk severity, Sev, is a time
independent function of system performance and represents the maximum possible
magnitude of loss of functionality when the UDS is subjected to a given threat. The system

wide theoretical peak severity, Sev, is given by Equation 3.

Sev, = (PO;OPf ) (3)

Where P, isthe original system performance level before system failure (i.e. no flooding) and
Ps is the lowest performance level of the system after failure i.e. the maximum possible total

flood volume.



The system failure impact duration, t; provides an estimate of the recovery time. The recovery
time is defined as the time period between the onset of system failure, tis (i.e. when system
functionality drops below the original levels) and the return time to the original or lower but
acceptable system performance levels (Lansey, 2012; Wang & Blackmore, 2009). In this
study, it is estimated using the mean flood duration that is the time interval between the onset
and subsidence of nodal flooding (Equation 4).

tr = fltr — trs] 4
Where tis is time of start of flooding and t, is the return time to origina system functionality
(end of surface flooding).

In practice, however, the recovery time is dependent on other factors that are generaly
externa to the physical design and layout of a system that is resourcefulness and rapidity.
Resourcefulness is defined as the ability to respond to a failure event (Lansey, 2012). Itisa
measure of the capacity to identify failures, establish priorities and mobilize resource in the
event disruptions resulting from system failure (Wang & Blackmore, 2009). Rapidity on the
other hand is defined as the speed at which resources are deployed to restore acceptable
functionality levels (Lansey, 2012). In this study, focus is placed on quantifying the
influence of inbuilt system propertied/attributes on UDS resilience to flooding. Based on this
premise, resourcefulness and rapidity have been excluded from the estimation of recovery

time.

To estimate the resulting loss of system functionality as function of failure magnitude and
duration, volumetric severity, Sev;, which is function of the peak severity and the failure

duration is computed using Equation 3.

Sev; = f[Sevy, tr] = [ (B, — Pi(®))dt ©)



Where Sev; is the severity, t; the time of failure, t, the start time of the simulation and t, the

total elapsed time.

To simplify the integration Equation 3 above, a rectangular shape of the system failure and

recovery is assumed (Equation 4)

|4 ty—t V. t
Ver o trobs _ Vie b 0
Vrr th—to Vrr  ta

Sev; =

Finally, the resilience index, Res,, which is a measure of system residual functionality, is
estimated as one minus the computed volumetric severity and is computed at each link

failurelevel (Equation 5).

Res,=1—Sev;=1— JEx L (5)
Vrr  tn

Where V¢ isthe total flood volume, Vy, the total inflow into the system, t; the mean duration

of nodal flooding and t, the total elapsed (simulation) time.



