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A B S T R A C T

Cities have started adapting to uncertain climate drivers such as temperature and sea level rise, and some cities
are also transitioning towards concepts such as Water Sensitivity. In adaptation planning, flexibility is con-
sidered as an important characteristic to respond to changing circumstances. This paper develops a novel ap-
proach to identify where flexibility can best be embedded in urban flood risk management systems. The iden-
tification of a flexible water sensitive adaptation response is based on change propagation; i.e. the response's
ability to minimise negative or maximise positive impacts in urban systems. The Flexible adaptation planning
process (WSCapp), comprising change propagation – especially how positive and negative impacts propagate in
an urban environment, can be used by those concerned with urban planning and urban adaptation to identify
“where” the flexible adaptation responses can be implemented. WSCapp can be used to decide the type of
adaptation response such as changes to streetscape, place making or architectural forms that can best contribute
towards the objectives of a water sensitive city.

1. Introduction

Adaptive approaches in planning, design and implementation can
help to minimise the hazardous effects of climate change and explicitly
allow for the uncertainties associated with these in urban areas (Revi
et al., 2014). Policy makers, planners and others managing urban areas
have recognised the likely effects of climate change and have initiated
strategic adaptation actions that are aligned usually according to a
particular vision used by a particular sectoral or service provision (Chu,
Anguelovski, & Roberts, 2017; Jabareen, 2013). There are also signs of
a breakaway from a sectoral vision, in which urban adaptation planning
is compartmentalised, with moves towards multi-sector and multi-
disciplinary planning approaches to better bring about sustainable de-
velopment (Malekpour, Brown, & de Haan, 2015). However, decision
making related to adaptation faces uncertainties, which necessitate a
flexible approach that can adapt to the changes. Flexibility is important
for this and is here defined as the attribute of a system which enables
the system to respond in an efficient way in terms of performance, cost
and time, when the system is confronted with uncertainties, negative
consequences and opportunities (Anvarifara, Zevenbergen, Thissen, &
Islam, 2016).

Flexibility is increasingly seen as a desirable feature that enhances
system capabilities and functionality in the face of uncertainty (Schulz,
Fricke, and Igenbergs (2000). Gersonius et al. (2016) recommend

flexibility in combining different types of strategies “retain, resist, re-
lieve, retreat, accommodate and prepare” (4RAP) to increase resilience
towards flooding in designing and planning systems for water sensi-
tivity (Fig. 1). For example, the City of Melbourne's resilience strategy
considers flexibility as an important characteristic to respond to chan-
ging circumstances when using a mix of strategies such as adapt, sur-
vive, thrive and embed (City of Melbourne, 2016). Flexibility is also a
property which counters the effects of maladaptation throughout the
entire life cycle by allowing system change (Gersonius, Ashley,
Pathirana, & Zevenbergen, 2013).

A “water sensitive city” (WSC) vision (Brown, Keath, & Wong, 2009)
considers urban water management from a perspective of intergenera-
tional equity and resilience to climate change and hence is more than
just Water Sensitive Urban Design (Ashley et al., 2013). The WSC ap-
proach recommends an urban design that reinforces ‘water sensitive’
behaviours. This is evident in the adaptation plans and actions taken by
cities such as Rotterdam, Copenhagen, Dresden and Melbourne (City of
Melbourne, 2016; EEA, 2016) and is an aspiration for London (HM
Government, 2016). The adaptation measures in these cities are termed
as ‘transformational adaptation measures’ (EEA, 2016). They use be-
haviour and technology to change the performance of urban systems
fundamentally. In addition, transition or strategic planning for sus-
tainable development requires a proactive planning culture in order to
create conditions for change to deal with future issues (Malekpour
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et al., 2015). For example, in Melbourne, water, wastewater and
stormwater management was formerly aimed at the protection of wa-
terway health, tackling water shortages during drought, ensuring water
supply through alternative sources and protection against flooding
(Ferguson, Brown, Frantzeskaki, de Haan, & Deletic, 2013). Now Mel-
bourne has moved beyond this and is including the objectives of being
resilient to climate change and becoming a water sensitive city (City of
Melbourne, 2016). An important characteristic of a resilient city is
flexibility, e.g., having a number of alternative ways to provide services
and respond to changing circumstances as these arise (City of
Melbourne, 2016). It allows the city to respond to future needs from
climate change as well as changes in objectives.

An effective WSC requires a process that incorporates flexibility into
planning, implementation and operation. The context-first approach
adaptation planning process (e.g. Thames Estuary project TE2100)
makes adaptation flexible using a high level route map of adaptation
measures (Reeder & Ranger, 2011). Techniques such as real in options
(RIO) (e.g. Woodward, Kapelan, and Gouldby (2014)) value the flex-
ibility built into a (flood risk management) system in monetary terms.
However, these approaches do not identify the optimal places where
flexibility can be embedded. Hence, in addition to the value it is ne-
cessary to know where, how and when to incorporate flexibility to
achieve the objectives of a WSC.

This paper develops a novel approach to identify where flexibility
can best be embedded in urban flood risk management systems. This
has been developed by drawing on knowledge and procedures from the
automobile and aerospace industries, where flexible adaptation plan-
ning is everyday practice (Suh, de Weck, & Chang, 2007). The flexible
physical components are selected based on the components' ability to
propagate change in the urban system (Eckert, Clarkson, & Zanker,

2004). An adaptation response is an ideal flexibility ‘candidate’ when it
minimises negative impacts or maximises positive impacts throughout
the area under consideration (i.e. change propagates throughout the
system) and not just in the vicinity of the adaptation response. For
example, a dewatering pump reduces flooding in a neighbourhood
(reduces negative impact), whereas green roofs in addition to reducing
the peak flow during rain, also have ecosystem service benefits in the
neighbourhood (increases positive impact). Both these urban water
management adaptation responses are capable of propagating change
throughout the neighbourhood either by reducing negative impacts or
by increasing the positive impact and contribute towards increasing
resilience in the urban system. Further, prior identification of flexible
adaptation responses makes the response to change rapid, i.e. making
the change process agile (Pathirana, Radhakrishnan, Ashley, Quan, &
Zevenbergen, 2017). In this context, agility is defined as the ability of
the adaptation system to respond quickly to uncertainties, threats and
opportunities.

The sections in the paper explain: (a) the relevance of flexibility in
flood risk management; (b) methods that are used in embedding flex-
ibility in the manufacturing sector; (c) the need for a planning process
that ensures that adaptation is flexible in a WSC context; (d) develop-
ment of a flexible adaptation planning process (WSCapp) for identifying
WSC elements or components where flexibility can be embedded; and
(e) theoretical and practical considerations for applying this flexible
adaptation planning process.

2. Flexibility in contemporary flood risk management practices

Flexibility is often considered as a valuable capacity to cope with
uncertainty and change, although there is no consensus about what

Fig. 1. 4-RAP model of available strategies – where the 4R's signify the retain, relieve, resist and retreat strategies; ‘A’ signifies accommodate strategy; and ‘P’ signifies prepare strategy -
to enhance flood resilience.
(Adapted from Gersonius et al. (2016))

M. Radhakrishnan et al. Cities xxx (xxxx) xxx–xxx

2



constitutes flexibility in literature or practice (Anvarifara et al., 2016).
It is context and domain specific. Flexibility applies to both the plan-
ning/design process itself as well as to the attributes of the key com-
ponents or artefacts being planned and designed. For example, the
Delta programme in the Netherlands is based on adaptive delta man-
agement and recommends a flexible approach as a means for creating
options in terms of implementing measures in the immediate term or in
the future – i.e., speeding up or deferring the implementation of
adaptation measures, or implementing other measures that can prevent
the risk of over or under investment (Deltacommissaris, 2014;
Zevenbergen, Rijke, van Herk, & Bloemen, 2015). The incorporation of
flexibility with respect to implementation of climate adaptation mea-
sures is provided in various ways as illustrated in the following ex-
amples: allowing midterm adjustments and modifications of structure –
structural flexibility (van Buuren et al., 2013; Woodward et al., 2014);
keeping investment or implementation options open for future adap-
tation – managerial flexibility (Haasnoot, Middelkoop, Offermans,
Beek, & Deursen, 2012b; Zhang & Babovic, 2012); postponing adapta-
tion until the time when the cost of further delay would be more than
the benefits – also managerial flexibility (Felgenhauer & Webster,
2013). There are also other approaches such as functional flexibility,
operational flexibility and strategic flexibility (Radhakrishnan, Ashley,
Gersonius, Pathirana, and Zevenbergen (2016).

The context-first approach adaptation planning process (e.g.
Thames Estuary project TE2100; Reeder and Ranger (2011)) identifies
the need for flexibility and incorporates it in the form of a high level
road map of adaptation measures. Context-first adaptation approaches
(e.g. Ranger et al. (2010), Dessai and Sluijs (2007)): (i) encourage the
decision makers to begin at the level of the adaptation problem (or
opportunity); (ii) specify the objectives and constraints; (iii) identify
appropriate adaptation strategies; (iv) and only then appraise the de-
sirability of adaptation measures against a set of climate change pro-
jections. The adaptation pathways approaches (Haasnoot, Middelkoop,
Offermans, Beek, & Deursen, 2012a), dynamic adaptation policy path-
ways (Haasnoot, Kwakkel, Walker, & ter Maat, 2013) and model based
adaptation pathway approach (Kwakkel, Haasnoot, & Walker, 2015)

also fall into the category of context-first adaptation planning processes
(Veerbeek, Gersonius, Ashley, Radhakrishnan, & Rodriguez, 2016).
However, these context-first approaches fall short in identifying the
adaptation responses of the system, especially where flexibility can be
incorporated.

The real in options (RIO) techniques applied to urban flood risk
management (UFRM) help to specifically respond to exogenous un-
certainties and to value flexibility. For example, Gersonius, Ashley,
Pathirana, and Zevenbergen (2012); Gersonius et al. (2013); Woodward
et al. (2014); Zhang and Babovic (2012), focus on creating flexible al-
ternative designs and determining the cost of alternative designs. These
approaches do not identify where, when and how to embed flexibility.
This may be attributed to the reductionist way of approaching com-
plexity from a traditional engineering perspective and the consequent
managerial approach (Fratini, Geldof, Kluck, & Mikkelsen, 2012;
Malekpour et al., 2015). The RIO application in the UFRM domain has
to be customised to include the comprehensiveness of a WSC approach.
Liveability and resilience as part of sustainability are the essential as-
pects of WSC (Ashley et al., 2013). Although RIO methods address re-
silience and sustainability to an extent (e.g., Zhang and Babovic
(2012)), they do not fully address the aspects of liveability. Where li-
veability—the most visible and appreciated quality of any city—is the
totality of features that add up to the citizens' quality of life; comprising
their experience of the natural and built environment, together with
services (Salama & Wiedmann, 2016).

3. Flexibility in manufacturing

Addressing the combination of strategy transitions and uncertainty
of drivers is a challenge that is not specific only to the domain of urban
water management. Similar challenges have been faced by manu-
facturing industries and software developers (Bernardes & Hanna,
2009; Koste & Malhotra, 1999; McGaughey, 1999; Sánchez & Pérez,
2005). Businesses and organizations such as these face a volatile en-
vironment that is highly uncertain with challenges such as increased
competition, globalized markets, technology obsolescence and dynamic

Fig. 2. Flexible platform design process in the automobile manufacturing sector.
(Adapted from Eckert et al. (2004))
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customer requirements. The strategy transitions in urban water man-
agement can be compared with the evolution of new car models. For
example, the change of focus from reducing pollution and conserving
water in urban water management to sustainable water management
can be compared with the change in preference for cars with more
power towards the preference for cars which pollute less or electric
cars.

The automobile manufacturing sector uses product platform stra-
tegies to save costs by sharing core elements among different products
in a product family (Simpson et al., 2006; Suh et al., 2007). Suh et al.
(2007) have developed a seven step flexible platform design process
(Fig. 2) to deal with uncertainty and product variants in order to ensure
continuity in production and maximise profit for the automotive in-
dustry. The uniqueness of this approach is the identification of the most
appropriate subset of physical components, i.e., the parts of the vehicle
or machine, where the necessary flexibility can be embedded (step IV in
Fig. 2). The identification of flexible adaptation responses is based on
the magnitude of change that the components propagate throughout
the system when modified (Eckert et al., 2004).

According to Eckert et al. (2004) the physical components that are
capable of propagating greater change are to be assessed carefully be-
fore being selected as candidates for embedding flexibility. For ex-
ample, in the design of an automobile chassis the width is kept constant
for all the variants to limit change propagation. This is because change
in width has a direct bearing on the stability of the vehicle. One of the
parameters that determines the chassis dimensions - the length and
breadth - is the dimensions of the engine, which in turn depends on the
number of cylinders. Hence the width of the chassis is generally in-
creased and fixed for all future variants, by taking into consideration
the possible increase in width of the engine, thereby avoiding major
impacts on the stability of the vehicle. However, the length of the
chassis is designed to be flexible so that it can be changed in accordance
to the dimensions of the new engine as the impact on stability due to
change in length is minimal. Enabling flexibility in such design para-
meters requires initial investment in design, tooling and assembly
equipment and is similar to using real in options (RIO) analysis in
chassis design (Suh et al., 2007). Wherever possible, change propaga-
tion is limited by means of providing sufficient margins or excess
headroom (i.e. redundancy) in the design parameter to limit the change
propagation within these systems. Provision of redundancy is used
when the engineering cost of design changes, additional fabrication,
assembly tooling and equipment investment to make these changes are
higher than the cost of designing and manufacturing a product with a
significant degree of redundancy. Change propagation is similar to
“Building information modelling” used by architects and planners
where the effect of changes made to the physical elements such as wall
or windows on lighting, ambience, spatial relationships, interaction
between the various architectural elements; as well as the effect of
changes in the fabrication and construction of physical elements (Lu &
Korman, 2010).

4. Flexible adaptation planning process in WSC context

In a WSC context, various urban water systems (and other urban
systems) are interconnected and change in the positive or negative
impacts in one system will propagate to other systems. A change rarely
occurs in isolation and impacts other systems. This change propagation
is important as it may have unintended consequences affecting the
functionality of the systems, such as non-compliance with design
standards, including flooding or increased flood damages; or a reduc-
tion in liveability aspects due to the presence of stagnant water. The
components or sub systems in the WSC have to be analysed from the
aspect of change propagation.

The adaptation responses that are capable of propagating more
change (i.e. positive or negative impacts) when modified are the critical
responses and thus potential candidates for incorporating flexibility.

Change propagation can be used to assess the crucial changes (positive
and negative impacts) that might propagate in the urban water system
due to changes in components. For example, the use of Sustainable
Drainage Systems (SuDS) can be analysed using this concept of change
propagation in Australian urban catchments where there is risk of
flooding and droughts. SuDS are more flexible than buried piped sys-
tems (Ashley et al., 2015). The change in the type, size or number of
SuDS components - such as green roofs and rain barrels - will have
positive as well as negative impacts on increasing use or size of SuDS
measures: (i) reduces runoff (i.e. reduction of negative impacts
throughout the catchment); (ii) can lead to downsizing or deferring the
expansion of conventional downstream measures such as large-scale
detention systems or pumping arrangements (i.e. increase in positive
impacts in the catchment and in cities investment planning); (iii) can
yield desirable benefits such as enhanced aesthetics, improvement in
water quality, etc., (i.e. increase in positive impacts in the catchment
and in downstream catchments); (iv) but can lead to undesirable effects
such as odour nuisance or more mosquitoes (i.e. increase of negative
benefits throughout the catchment); and, (v) can increase the risk of fire
during droughts due to dry vegetation that necessitates additional
watering and strain on water resources (i.e., propagation of negative
impact even beyond the catchment).

Similarly change propagation analysis can be undertaken for con-
ventional infrastructure measures such as the pumps at the outfall,
where the reduction in negative impacts such as reduced flooding or
high dependence on SuDS might propagate upstream depending upon
the capacity of pumps. Also there are no other positive changes which
propagate from pumps such as the additional benefits from SuDS
measures during normal operations. However, change propagation can
also be used from the perspective of controlling or minimising the
change that propagates in the system. The limitation of a pump can be
turned into an advantage as it is a standalone centralised component
where the incorporation of flexibility into a pumping station, by means
of additional bays for pumps for the future, is easier to implement. Also
this might be economically cheaper than investments in distributed
SuDS measures upstream. Thus change propagation can help in iden-
tifying the main flexible adaptation response locations (where) and
measures for maintaining flexibility in future adaptation response
(which). This is a balancing act between the (unwanted) physical
suppression of future change propagation, where it is not wanted and
investment in flexibility where this is wanted.

Consideration of change propagation due to the transition in vision
– such as the transition of a city from a ‘water supply city’ to a WSC
(Brown et al., 2009) – is as equally important as the consideration of
change propagation due to any change in system components. Ex-
ploring the design, implementation and maintenance of the water
sensitive or flood resilient systems such as water plazas (e.g. place
making) or water retaining pavements (e.g. streetscape design) that are
implemented in cities such as Copenhagen and Rotterdam (EEA, 2016),
can help in understanding how change – in architectural features,
aesthetics, amenities, built environments, open space, streetscape –
propagates in a complex urban environment. For example, such studies
can help cities to understand change propagation when the required
functions of, for example, the use of a wetland system changes in regard
to societal needs as a transition from water quality improvement or
drought resistance to a broader WSC perspective. Change propagation
can be examined through mapping the relationship between the sys-
tems or the adaptation measures. For example, in order to improve the
resilience of infrastructure, the State of Victoria in Australia is pooling
together various infrastructure options (Victoria, 2016a). How each
option works with others, in terms of how they might enable, com-
plement or inhibit one another in advancing one or more of the needs is
referred to as relationship mapping (Victoria, 2016b). Such relationship
mapping between adaptation measures is a good starting point for as-
certaining change propagation in urban water or other systems.
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5. Development of flexible adaptation planning process for WSC

Inspiration is drawn here from the flexible platform design pro-
cesses and complex change management processes (Eckert et al., 2004;
Suh et al., 2007) that are prevalent in the automobile manufacturing
sector in order to customise the context-first approaches to the WSC
context. The adaptation planning process for incorporating flexibility in
a WSC context using the principles from ‘context specific adaptation
approaches’ and the flexible platform design process is presented in
Fig. 3. The adaptation planning process presented here resembles or is
very similar to the urban adaptation planning process such as Dynamic
adaptation planning process – DAAP – (Haasnoot et al., 2013) and
CRIDA steps in adaptive management cycle (CRIDA Under review). In
addition to the stress test and performance of the responses re-
commended by these adaptation planning processes (e.g. Kwakkel,
Haasnoot, and Walker (2016)), the emphasis in WSCapp is on changes
in the resilience, liveability and sustainability aspects in a WSC context
that are propagated by the responses in the urban environment (Step 4
of Fig. 3). Hence in addition to how and when the flexible adaption
responses can be incorporated, WSCapp also identifies ‘where’ flexibility
can be incorporated.

The explanation of the individual steps in the flexible adaptation
planning processes for a WSC, termed WSCapp, in an urban flooding
context, developed from the previous discussions, is presented in
Table 1.

6. Theoretical and practical considerations for applying WSCapp

WSCapp has been designed deliberately to resemble the steps in the
contemporary adaptation planning process such as dynamic adaptive
policy pathways and CRIDA steps in adaptive management cycle
(CRIDA Under review; Haasnoot et al., 2013). This might lead to easier
understanding and acceptance of WSCapp as an improvement of the
existing adaptation planning processes, which is the overall aim of the

research presented here. Hence, the emphasis in WSCapp is on the se-
lection and assessment of flexible adaptation responses using the con-
cept of change propagation (Step 4 in Fig. 3). This is an important
theoretical contribution to the adaptation planning process as WSCapp
addresses the current gap on “where” flexibility can be incorporated.
WCSapp will enable urban planners to analyse the impact of changes –
such as change in architectural forms, open spaces and streetscapes – on
liveability, sustainability and resilience. Also it is possible to visualise
these changes due to urban design using outdoor augmented reality
techniques (e.g. Calabrese and Baresi (2017).

Although it is not possible to accurately predict and model the
changes in an urban environment, unlike in a factory setting, the results
from the assessment can lead to informed decision making. There are
examples and precedents in adapting concepts from other domains for
planning and assessment of adaptation responses in urban adaptation.
The concept of real options for valuing flexibility of adaptation re-
sponses (e.g. Zhang and Babovic (2012)) was adopted from valuing
portfolios in stock markets. The agile urban adaptation technique that
can be used for quickly responding to change and learning in an un-
certain environment is based on software development techniques
(Pathirana, Radhakrishnan, Ashley, et al., 2017). The assessment based
on change propagation is both complex and computationally intensive
as all the adaptation responses in various combinations in various
scenarios have to be tested. However, once conceptualized, such com-
putations are feasible with today's powerful computing techniques.

Some of the practical aspects that are be considered alongside the
change propagation are the mainstreaming and the 5DA approaches
that are used in adaptation planning (Gersonius et al., 2016; Rijke et al.,
2016). Mainstreaming is suggested as an opportunity ‘to adapt wher-
ever we can, instead of wherever we have to’ based on experience from
cities such as Hamburg, Rotterdam, Malmo and New York (Rijke et al.,
2016) (Table 1, Step 4 in Fig. 3). Creatively embedding flexibility
through mainstreaming by making modifications at the same time as
other changes to the system may not increase upfront cost or the net

Fig. 3. Flexible adaptation planning process for water sensitive city (WSCapp). The black arrows represent the sequence of steps in the WSCapp (clockwise). The dashed line from step 8
and step 9 to step 1 represents the feedback to the vision cycle when a change in vision or objective happens over the time. The white arrow enclosed with black lines from step 8 to step 5
represents the iteration with in the WSCapp, in case the final portfolio of measures obtained after the first run are not satisfactory.
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cost, i.e., the cost of base elements together with the urban water ele-
ment that is being mainstreamed with the base element. Also, main-
streaming is a collaborative effort where the requirements of multiple
stakeholders are to be considered without compromising the interests of
the asset owners. For example, a housing development project might
give an opportunity to mainstream flood resilience in the form of blue-
green infrastructure in courtyards. However, the risk is that the increase
in natural ecological vitality provided by blue-green infrastructure may
lead to a drainage facility becoming designated as protected against
change to preserve the ecosystems, thus inhibiting the ability to adapt.
Inspiration for resolving such impasses can be found from the manu-
facturing sector. For example, in the manufacturing of defence equip-
ment such as helicopters there is a practise called ‘offsetting’ to avoid
conflicts of interest of stakeholders (Eckert et al., 2004).

Offsetting is a practice where the components earmarked by clients

are maintained (ring-fenced) even though they have the potential for
flexibility. Instead, the manufacturer minimises the change propagated
from ring fenced (i.e., offset) systems by embedding flexibility or re-
dundancy in the rest of the system that is not ring-fenced. For example,
in a helicopter the radar and avionics systems are outdated quickly and
have to be upgraded frequently to improve the performance of the
helicopter. The manufacturer takes in to consideration the future up-
grades – similar to car engine development – while finalising the overall
design of helicopter. However certain buyers of helicopters such as
military establishments many not prefer frequent changes as, it involves
training their personnel to changing radar and avionics systems; there is
a risk in not getting the upgrade done in time leading to reduction in
serviceability of the helicopter; and, sanctions in future might hinder
the procurement of the upgraded components in an ever changing po-
litical context. All these aforementioned factors affect the operational

Table 1
Flexible adaptation planning process for water sensitive city (WSCapp) for incorporating and assessing flexibility in an urban flooding context.

Required steps
(Fig. 3)

Description Resources for additional guidance on individual steps in
WSCapp

1. Identify vision, scenarios and uncertainty Ascertain what the visions for the city are, such as WSC, resilient
and climate proof city based on ideas such as liveability,
resilience and sustainability. Explore the possible scenarios in the
future due to stressors such as climate change, socio-economics
and the uncertainties associated with these.

Flood resilience in a water sensitive city context (Gersonius
et al., 2016)
Transitions in a water management context (Ferguson et al.,
2013).

2. Determine drivers related to uncertainty
and the future changes anticipated

Methods such as adaptation pathways based on adaptation
tipping points help in determining the impact of uncertainty on
meeting the required objectives based on ‘stress tests’ in an urban
area using physically based numerical models. Tipping points are
the physical boundary conditions or the time at which the
technical, economic, spatial or societal acceptable limits are
exceeded (Haasnoot, Middelkoop, van Beek, & van Deursen,
2011); i.e. when the system no longer provides the required
service levels.

Stress testing and adaptation tipping points (Rodriguez,
Radhakrishnan, Ashley, & Gersonius, 2016)

3. Understand attributes of WSC
components and define range of
possibilities

Flexibility attributes of the measure pertains to time, cost and
effort required to change the scale, location and function of a
measure.

Estimating annual flood damage Olesen et al. (Under Review).
Examples of attributes related to flexible design (Eckert et al.,
2004; Spiller, Vreeburg, Leusbrock, & Zeeman, 2015; Suh et al.,
2007)

4. Identify critical WSC systems or
components and interactions based on
change propagation

Carry out relationship mapping between the adaptation
measures.
Determine the potential for change propagation in the urban
system: A change rarely occurs in isolation and impacts other
systems. The adaptation responses that are capable of
propagating more change (i.e. positive or negative impacts) when
modified are potential adaptation responses for incorporating
flexibility.

Mapping of relationships between adaptation measures -
Infrastructure Victoria (Radhakrishnan, Pathirana, Ashley, &
Zevenbergen, 2017; Victoria, 2016a; Victoria, 2016b).
Change propagation in complex engineering systems (Eckert
et al., 2004)
Flood resilience in water sensitive cities (Gersonius et al.,
2016).
Adaptation mainstreaming - an opportunity “to adapt wherever
we can, instead of wherever we have to” (Rijke, Ashley, &
Sakic, 2016).

5. Create flexible design alternatives or
pathways

Adaptation pathways should be generated using the subset of
adaptation measures based on relationship mapping and
functionalities.

Adaptation pathways (Veerbeek et al., 2016)
Pathway generator tool (Haasnoot & Van Deursen, 2015)

6. Determine cost and benefit of design
alternatives or pathways

The cost and benefits (also non-monetary) of implementation of
adaption measures also includes the cost and benefits of
switching from one measure to another in all possible scenarios.

Discounted cash flow analysis methods (e.g. Appendix B in De
Neufville and Scholtes (2011)).
Benefits of flood resilient adaptation measures -Gersonius et al.
(2016) and BeST user manual (Horton, Digman, Ashley, & Gill,
2016).

7. Uncertainty analysis The present value or cost and benefit of pathways depends upon
their performance in a scenario. As there are multiple future
scenarios, the performance of pathways is likely to change
leading to change in the tipping points.

Scenario planning for robust flood risk management (Brisley
et al., 2016).
Standard sensitivity analysis techniques - Monte Carlo
Simulation (e.g. Appendix D in De Neufville and Scholtes
(2011))
Model based performance analysis (e.g. Löwe et al. (2015))

8. Final portfolio of components defined
and selected for WSC

Notwithstanding the benefits and costs outcomes, decision
makers may decide to select a preferred strategy that is not
cheaper in financial terms but may be their favoured strategy for
other reasons.

Selection of preferred options - Gersonius et al. (2016)

9. Implementation and evaluation of
adaptation response

The selected adaptation responses can be implemented based on
the needs as well the capacities of the stakeholders. Some of the
criteria that should be taken into account while implementing
adaptation responses are the effectiveness, flexibility and agility
(i.e., the speed with which changes can be made) of the
responses; and the motivation and ability of the stakeholders in
implementing the responses

Needs for adaptation responses – Pathirana, Radhakrishnan,
Quan, and Zevenbergen (2017)
Agile urban adaptation – Pathirana, Radhakrishnan, Ashley,
et al. (2017)
Motivation and abilities - Phi, Hermans, Douven, Van Halsema,
and Khan (2015)
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readiness of the aircraft, i.e., the capability to perform assigned flight
missions (Verhoeff, Verhagen, & Curran, 2015). Hence these buyers
insist for a fixed radar-avionics configuration and prefer a design where
flexibility can be incorporated in physical components which do not
have the aforementioned drawbacks. A parallel can be drawn between
offsetting in helicopters and urban flood risk management. For example
an open area in a city which can be converted into a wetland for re-
taining excess water to flooding, which can eventually converted into a
nature reserve. This conversion can lead to jurisdictional issues in the
future between different city departments such as estate department
and parks and natural reserves department. Hence instead of converting
the open area into a natural reserve the decision is offset, whereas an
existing park is land scaped so that it can serve as a detention facility to
hold excess water during heavy rainfall events. This arrangement pre-
vents jurisdictional issues. This practice of offsetting is heavily context
dependent and time dependent. Ascertaining the characteristics and the
nature of flood resilience measures will help in identifying the measures
that can be mainstreamed or need to be offset. For further details on
offsetting in an urban context refer to Radhakrishnan et al. (2016).

Gersonius et al. (2016) recommend the 5 domains approach (5DA)
to select flood resilience measures according to the nature of rainfall or
stream discharge (see also Digman and Ashley (2014)). This includes
the following related to environmental loadings: (i) day- to day events –
potentially beneficial events which cause no damage; (ii) design events
for which the system is designed according to set standards; (iii) ex-
ceedance events – which cause no or very little damage if managed
effectively; (iv) extreme events – which cause substantial damages but
within the recovery range; (v) unmanageable extreme events from
which recovery is not possible. The 5DA classification is an improve-
ment of the four domains approach – 4DA, Fig. 4 (Digman & Ashley,
2014). From Fig. 4 it can it can be seen that the pressure and impact can
be classified in to four domains based on the magnitude of impact and
pressure the system is subjected to. The first three domains: (1) day to
day domain; (2) design event domain; and (3) extreme domain with
manageable damages are the domains where recovery is possible by

means of resilience. Whereas, the unmanageable extreme events do-
main is beyond the recovery threshold and recovery is not possible. This
classification can assist in ascertaining the effectiveness of the adapta-
tion measure through determining the domain which the measure can
be classified as the change propagated by the measure either within or
across the domains. This can subsequently lead to the identification of
where and how flexibility can be provided. For example, 5DA assess-
ment in combination with change propagation assessment can be used
to: (i) decide the locations where place making (e.g. water plaza) and
landscaping roof terraces (e.g. green roofs) can be deployed, as they can
efficiently cater to day to day and design events; and also to (ii) decide
where the streetscapes (e.g. multi-functional streets) and open spaces
(e.g. parks) can be modified and new architectural forms (e.g. amphi-
bious dwellings) can be created as these responses can effectively cater
to exceedance and extreme events. The aforementioned urban planning
interventions/adaptation measures impact sustainability, resilience and
liveability at varying levels and have a direct or “knock-on” effect de-
pending on weather events such as heat waves, droughts or floods.

Creativity in embedding flexibility is important as the best flexible
designs when aligned with aspects such as mainstreaming or liveability,
can increase the aesthetics and amenity value of the urban environment
both now and in the future (e.g. Ashley et al. (In Press)).

7. Conclusions

This paper sets out an approach (WSCapp) to identify where flex-
ibility can be embedded in urban flood risk management systems as
part of the essential components of a WSC. Knowledge and practices
have been drawn from the domain of manufacturing industries, in-
cluding automotive and aerospace, where tackling uncertainty using
flexible designs is common. Comparisons have been made between the
nature of issues and contexts of the automotive industry and the
adaptation planning process in the context of a WSC. Flexibility can be
incorporated into a WSC through identification of flexible adaptation
responses based on change propagation, a regular practice in

Fig. 4. The 4 domains approach - 4DA recommends that classi-
fication of adaptation measures according to the type of loading,
which the adaptation measure can address effectively (Digman &
Ashley, 2014).
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automobile assembly planning and design. Change propagation, which
is the assessment of propagation of positive and negative impacts of
adaptation responses such as SuDS and dewatering pumps, can be ap-
plied in an urban water management context. The Flexible adaptation
planning process (WSCapp) based on change propagation can enhance
adaptation in cities, where it is possible to identify and select adapta-
tion responses such as rain water tanks and wet proofing of houses
which lead to flexible as well as economic adaptation pathways adap-
tation responses (Radhakrishnan et al. Under Review). Hence, WSCapp
can be used by those who concerned with urban planning and urban
adaptation to determine where the flexible adaptation responses can
best implemented and to decide the nature of interventions such as
enhancements to streetscape, place making or architectural forms that
can contribute towards the objectives of a water sensitive city.
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