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ABSTRACT 
 

The risks of flooding have been ever present for buildings located in flood plains or close to 
coastal areas. Surface water flooding and flash flooding in urban areas means that buildings 
located away from flood plains and coastal areas may also be exposed to flooding. While some 
of these buildings have developed a level of resilience over time, many have very poor, 
inadequate or lack any level of resilience to floods. This raises the questions as to what level of 
resilience is appropriate and how best to quantify flood resilience at the level of the individual 
property. There exists a lack of a general measurement framework for determining the level of 
flood resilience for an individual property. This research presents a conceptual model for 
measuring flood resilience at the individual property level adopting a systems dynamic 
approach. The concepts underpinning the model and the make-up of the approach are 
discussed, including the identification of components and the development of mathematical 
models. A systematic review of the available literature is described to identify resilience 
measures and the capacities that define them. This conceptual model has the potential to 
provide an evidence based template to inform stakeholders on the level of resilience present 
within a property and thus enhance the quality of decision making and investment in property 
level flood risk adaptation measures. Further research is recommended to develop and test the 
conceptual framework presented herein.  

 
Keywords: built environment, conceptual framework, flood resilience, property level 
resilience, system dynamics, 

 
INTRODUCTION 
 
The Global Assessment Report (GAR) on Disaster Risk Reduction (UNISDR, 2013) 
identifies that the effect of disasters on development and business performance is deep 
and far reaching. Disasters undermine long-term competitiveness and sustainability 
which then can impede development. However, among the oldest and known disasters, 
floods have been threatening humanities for ages (Ferreira, 2011). Fay et al. (2009) 
asserted that floods currently account for half of the fatalities across the world arising 
from natural disasters, therefore placing flood among the most devastating natural 
disasters in the world, claiming more lives and causing more property damage than 
any other natural phenomena (Etuonovbe, 2011). Globally, the number of people 
exposed to floods each year is  increasing  at  a  higher  rate  than population growth 
(Keating et al., 2014). The impact of flood events on communities is immense. Its 
devastating effect is largely evident on buildings and properties. Examples include the 
damage inflicted by hurricane Katrina that made over 204,000 homes in Louisiana 
uninhabitable, damaged, or destroyed (FEMA, 2006) and the Pakistan floods in 2010 
where over 500,000 people were displaced from their homes (BBC, 2010) and damage 
to structures was estimated to exceed $4 billion (CBER, 2010).  
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During floods, water can gain entrance into property causing damage to structures, 
electrical installations, floors and walls, and partial or total destruction of fitting, 
fixtures and possessions that comes in contact with the water. Due to the impact of 
floods on buildings and properties, much attention has been directed towards the 
development and adaptation of buildings to the risk of flooding (Kazmierczak and 
Connelly, 2011; (Wingfield et al., 2005). It has become essential to build and adapt 
structures and properties so they can be quickly repaired and easily restored to normal 
and habitable state as promptly as possible after the occurrence of flooding. That is, 
making buildings that are flood resilient. Many approaches to measuring resilience 
have been developed over the last decade. Some of the tools and models that have 
been applied to measuring resilience are; ecological  models (Cumming  et  al.,  2005;  
Van  Nes  and  Scheffer,  2007), metrics  (Allen et al., 2005), indicators (Chillo  et  al.,  
2011;  Dai  et  al.,  2012),  composite index (Kotzee and Reyers, 2016) and  resilience  
surrogates  (Bennett et al., 2005). However, these existing models are inappropriate 
for the quantification of resilience at an individual property level. Also, there are many 
approaches to measuring resilience that have grown over the last decade, any of which 
could potentially be applied. However, a means of reliably measuring the resilience of 
buildings to floods is yet in place. Thus, if we can measure the resilience of building to 
floods, it becomes possible to assess, with some level of accuracy, the level of 
resilience in new and existing buildings. This will also enable the identification of 
design interventions to help raise existing levels of resilience. The aim of this research 
is to develop a conceptual approach to measure the level of resilience present in 
properties at risk of flooding by adopting a system dynamics approach to understand 
how the components of a building affect the flood risk exposure. 
 
The System Dynamics Approach 
 
To find the best way of coping with flooding that suits the physical characteristics of 
the region and the wishes and requirements of the society involved, a systems 
approach would seem to offer much potential (de Bruijn, 2004). In the approach, a 
system is defined as a set of objects together with relationships between the objects 
and their attributes. The systems approach can be applied to complex problems faced 
in society including flood risk management which itself is highly complex (Pitt, 2008; 
Brown et al., 2010). According to Twigger-Ross et al. (2014) resilience needs to be 
understood as a complex and multi-faceted concept and is exceedingly difficult to deal 
with such problems by intuition. The method of systems thinking provides tools to 
further understand these complex management problems. According to Sterman 
(2000), System Dynamics is a method to enhance learning in complex systems which 
focuses on the structure and behaviour of systems made up of interacting feedback 
loops. Also, a multidisciplinary approach is demanded by the resilience concept which 
encompasses technical (structural), economic, environmental, social and institutional 
measures (Batica, 2015). This requirement for a multidisciplinary approach makes 
System Dynamics an appropriate tool to use. It is substantially different from 
conventional techniques, although it may not seem so at first (Beimborn, 2003). It can 
thus be said that Systems Dynamics has both a quantitative and a qualitative side that 
is capable of handling such a problem as measuring the resilience of property at the 
risk of flood. This is essential as the central purpose of systems analysis is to help 
decision makers and public policymakers resolve the problems that they face in the 
short, medium, and long term. 
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THE CONCEPTUAL FRAMEWORK  
 
As the goal of flood risk management tends towards developing a built environment 
that is resilient to flooding, creating a reliable means for measuring this resilience 
becomes essential. This is necessary as it keeps us informed of the level of resilience 
present and to what degree the built environment is safe from the impact of flooding. 
This section reviews the literature to present the resilience measures as a concept of 
measuring property level resilience. The platform on which these measures are based 
is identified and finally a look into the interaction of building and flood properties is 
presented.  
 
Resilience Measures 
 
Resilience as a concept is being regularly used in various fields, including ecology, 
economics and engineering (Djordjevic et al., 2011). It is a concept that has gained 
recognition in the disaster management domain over the last decade (Tierney and 
Bruneau, 2007) particularly it is widely used in flood risk management policies 
(IRGC, 2016). To operationalize resilience to ensure dynamic stability it is necessary 
to specify resilience ‘of what, for what and to what’ (Carpenter et al., 2001) and to 
ascertain suitable resilience indicators for the ability of concern (Gersonius et al., 
2010). In this research, the focus is on the resilience of residential properties to 
flooding for which an index that measures the level of resilience is to be obtained. The 
resilience indicator is the resilience measures present in the property. The engineering 
definition of resilience as the ability of a system to return into shape after being 
affected by external shock (Plodinec, 2009) presents a shock absorber or “cushion” 
concept that is the direct opposite of vulnerability (IPCC, 2001). This concept is the 
origin of the definition of building resilience, wet-proofing, where the acceptance of 
water into a property is mitigated by the use of practices and materials that will suffer 
little damage from contact with flood water or are easily removed, cleaned or replaced 
(Wingfield et al., 2005). With this definition of resilience, the use of flood resistant 
materials can also be considered a resilience measure, as it prevents damage and 
allows the property to recover more quickly. To measure the resilience of property to 
flooding, the resilience measures installed in a building must be duly considered. 
These measures are either an integral part of the building fabric or are features inside a 
building that tends to reduce damage when exposed to flood and maintain its structural 
integrity. The use of appropriate resilience measures can speed up recovery and 
repairs.  
The Capacities that defines Resilience Measurements  
 
In a bid to measure the resilience of a system to an event such as flooding, it is 
imperative to identify the basis on which the measurement is made. As opined by 
Hammond et al., (2013) it was argued that flood resilience incorporates four 
capacities, namely threshold, coping, recovery and adaptive capacity, which are the 
components of the vulnerability framework developed by De Graaf (De Graaf, 2008).  
According to De Graaf et al., (2008) these capacities are described as follow: 
 

i. Threshold Capacity: the ability to build up resistance against disturbance in a 
way to prevent damage. These are basically resistance measures. Examples 
include building embankment 
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ii. Coping Capacity: the ability to reduce the damage in the case where 
disturbance exceed threshold capacity. Examples include building with two or 
more storeys, placing valuable components at higher floor 

iii. Recovery Capacity: the ability of the system to return to the normal operational 
state in a timely manner. Examples include insurance, availability of 
reconstruction plan  

iv. Adaptive Capacity: the ability to learn from the event that has taken place and 
adjust to future change. 

Increased resilience has a connection with vulnerability reduction although the 
relationship between vulnerability and resilience is not easy to specify (Adger, 2006). 
Vulnerability occurs when the capacities of a system are inadequate to maintain the 
required level of resilience (Norris et al., 2008). According to Norris et al. (2008), 
resilience is the ability or process that links a set of system capacities to the 
preservation and improvement of system functioning. Using the broader definitions of 
resilience implies that many measures that reduce vulnerability can also be said to 
increase resilience and this may be reflected in the strengthening of four capacities 
within the built environment (Lamond et al., 2013). To this effect the resilience of 
buildings can be measured based on these capacities. The same components that make 
up vulnerability can also affect resilience when altered. 
 
Interaction of Property and Flood Characteristics 
 
The residential property is a building that is used or suitable for use as a dwelling. The 
components that make up residential properties are the structural building components 
and contents such as the services installed, fixtures and fittings. The variables of the 
building characteristics that relate to flooding are the structural system, the material 
and construction type, drying properties of materials, and the building condition before 
being flooded, other properties are spaces within the building such as basements, 
ground floor height, services and their positions within the building (Soetanto and 
Proverb, 2004; (Walliman et al., 2012). Consequently, important flood properties 
which influence the design of new building in a way to reduce potential damage are: 
potential sources of flooding, duration, frequency, depth, velocity, level of 
contaminants, rate of rise, debris (CIRIA, 2007) (Proverbs and Soetanto, 2004), 
(Gissing and Blong, 2004). The Department of Transport, Local Government and the 
Regions (DTLR) interim guidance on preparing for floods states that the amount of 
damage depends mainly on the depth, speed and the duration of flooding with flood 
depth being the most important factor for dwellings (DTLR, 2002). As flood water 
depth increases or the flood duration increases, then the greater the potential damage 
to building structure and its contents (Wingfield et al., 2005). Flood damage can range 
from being relatively minor where very limited volumes of water enter the building, to 
severe cases of deep water flooding where extensive damage occurs to the building 
and its contents. Kelman and Spence (2004) suggest that the most effects in terms of 
flood damage are the lateral hydrostatic forces, lateral hydrodynamics forces and 
direct water contact.  
 
Conceptual Model for Measuring Resilience 
 
In Figure 1, we view resilience of property to flood as a state in a system which is 
influenced by some factors (the resilience measures) and their response when they 
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interact with flood properties. Some of these factors tend to increase the level of 
resilience after interaction while others tend to deplete it. 
 

 
Figure 1: Model concept for measuring the level of resilience in a system 
 
The position of each state is determined by series of activities that takes place as 
floodwater comes in contact with the building. These activities determine the 
replenishment and depletion rates of these states at any point in time. For instance, in 
Figure 1; State+ A can represent recovery time of the building whose rate is influenced 
by factors such as those facilities, both active and standby, that have been put in place 
to help the building recover in good time. Examples include flood insurance, use of 
flood resilient materials and possession of backup facilities that can be activated as 
floods occur (possession of helipad, flood safety kit, backup power). This tends to 
improve the rate of building recovery from the impact of flooding. The better the 
recovery time the higher the level of resilience. Meanwhile, State- C will be 
characterized by the extent of damage caused (includes structural damage, damage of 
items and utilities), which can be caused by the hydrostatic and hydrodynamic 
pressures on the structure relating to the coping capacity of the system. The extent of 
these pressures is determined by the flood depth, duration and velocity. These 
activities tend to diminish the level of resilience especially when building materials 
and construction type are not of desirable properties. State B represents the state of 
interest which connects with other states directly or otherwise and aggregates what 
goes in the other states. Hence, this measures the level of resilience of the entire 
property-flood system. 
 
THE SYSTEM DYNAMICS PARADIGM 
 
The System Dynamics approach has been adopted and used to develop a conceptual 
framework for measuring the resilience of buildings to flood as it improves our 
understanding of the problem. It is an empirical tool that can be used to quantify the 
behavior of a dynamic system. This approach is selected because it has the ability to 
handle complex and multidisciplinary problems (Sterman, 2000) such as involved with 
flood risk management. The work is multidisciplinary in nature as it requires the 
valuable inputs of experts in building technology, building pathology, flood damage, 
property values, and other related expertise. 
 
Figure 2 shows the conceptual framework for measuring the resilience of building at 
the risk of flooding with the system dynamics approach. It shows the sequence of 
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activities that will be carried out to apply the systems dynamics approach to measuring 
the resilience of the property-flood system. 
 

  
Figure 2: The Conceptual Framework for Measuring the Resilience of Property to 
Flood 
 
The major components of the model are discussed in the section that follows. 
 
Identification of the Property-Flood System Variables 
 
The purpose of the system is to measure the level of resilience present in buildings. 
However, what makes up a system is the interaction of components within the system 
to achieve its purpose. The system here is referred to as “the Property-Flood System” 
since its focus is on how attributes of floodwater react with that of building to cause 
changes in the building. Components that make up the system are chosen based on 
how they affect resilience (that is, how they affect the goal of the system). Identifying 
these components will require review of relevant literature, and information obtained 
from building experts, structural engineers and another related agency. 
 
Developing the Binary Interaction Matrix 
The Binary Interaction Matrix (BIM) shows linkages between the system components. 
The identified components are arranged in the rows to the left of the matrix and/or in 
the columns above the matrix in the same order. Components in the row are denoted 
by letter i and those on the column by letter j. The off-diagonal cells are used to 
indicate relationships between these components. In a way to determine the 
interrelation between every pair of components (i, j), the pairwise relation between 
components (i, j), denoted by aij is determined by finding answer to the following 
contextual question; “To achieve the system objective of measuring the flood 
resilience of building, does a change in quantity  directly results to a change in 

quanti j”. The pairwise relation aij is obtained with help from experts as they provide 
answer to the contextual question. If the answer provided is “Yes” a value of 1 is 
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attached to aij which implies that there exists a relationship between components i and 
j but if otherwise, aij is labelled 0. Consequently, to establish the polarity of each 
pairwise relation aij with a value of 1, a further contextual question is asked. “Does an 
increase in quantity i directly result in a corresponding increase in quantity j. 
Consensus answers will be sought from a team of experts. A “Yes” indicates a positive 
polarity or relationship while a “No” indicates otherwise. Figure 3 shows what the 
BIM look like with a unit of measurement required for each component identified. 

 

 
Figure 3: description of the binary interaction matrix with N-components 
 
The Structural Models 

This is abstraction of how flood affects property. Structural models will be drawn to 
provide physical view of how changes occur in the system. These structures include 
the causal loop diagram (CLD) and Flow Diagrams. 

The Causal Loop Diagram 
 
The Causal Loop Diagram (CLD) will show the interactions between these 
components with feedbacks. According to (Sterman, 2000), these CLDs are flexible 
and useful tools for diagramming feedback structure of systems in any domain. They 
comprise diagrams or maps showing the causal links among variables with arrows 
from a cause to an effect. CLD describes feedback relationships between the 
properties of the building and those of the flood. It plays two vital roles; first, it acts as 
preliminary display of causal hypothesis and also possesses the capacity to simplify 
the illustration of a model (Goodman, 1974). Collectively, both roles enable easy 
communication of the underlying structural assumptions in a model (Goodman, 1974). 
The BIM is translated into the CLD, for a pairwise relation, , with value of , an 
arrow is drawn to link both components with the arrowhead at the j-quantity bearing 
the polarity of the relation. However, when  is  the pair is disregarded. Figure 5 
indicates a pairwise relation of   = 1 with a positive polarity 
 

 
Figure 4: Representation of Causal Relationship between pair of components 
 
The Flow Diagram 
 
This shows the dynamic relationship between components. While the CLDs place 
emphasis on feedback structures, “the Flow Diagrams” (another structural model) 
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focus on their underlying physical structure (Sterman, 2000). Here, the components 
are identified as state, rates and auxiliary variables as displayed in Figure 2. The state 
variables (refer to as accumulations which represent the state of the system at any 
point in time) and rates (responsible for accumulation or reduction in the value of 
state) are identified. Components such as hydrostatic and hydrodynamic pressures on 
structures are rates while potential damage to structure is a state variable whose 
amount is determined hydrostatic and hydrodynamic pressures. 
 
Table 1: the nature of the interconnecting components 
SN TYPE SYMBOL DESCRIPTION 

1 State 

 

This represents the condition of the property-flood system at 
any point in time such as level of structural damage. 

2 Rate 
 

This tells how fast the state variables are changing. 

3 Auxiliary 

 

These are variables that do not directly affect the resilience 
of the property but indirectly influence it. 

 
Mathematical Models 
 
These are in form of equations and index generation. The equations of states are 
derived from the flow diagram in the form stated below. 
 

	
 
Indices will be generated at the state variables because they are the accumulation 
points that explain the condition of the system at any point in time. According to 
(Sterman, 2000), they characterise the state of the system and generate the information 
upon which decisions and actions are based. The number of state variables present in 
the Flow diagram will determine the system’s complexity and the number of indices 
that will be generated. These indices will be aggregated into one which will represent 
the resilience index of the property. 
 
CONCLUSIONS 
 
The System Dynamics approach is key to understanding how changes occur within the 
system. This paper has explained the make-up of the System Dynamics and how it can 
be used to identify relevant variables of the property-flood system and their 
interrelations through experts answering some contextual questions. It has also 
presented how these relations can be converted to structural models and later to 
mathematical models. 
 
In order to make the concept more tangible the resilience concept needs to be applied 
to real life situations. Further research is recommended to develop and test the 
conceptual framework presented herein. The model has the potential to provide 
relevant information to all stakeholders involved in residential property (valuers, 
insurers, developers, buyers) and to inform their decision making, for example on 
future investment decisions to help manage flood risks and increase resilience. 
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