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1. Introduction 

The time for restoring the damaged built environment after a major disaster is a critical issue 

in the study of economic impact of disasters. Previous studies show that business interruption 

due to the damage to business premises and infrastructure upon which businesses rely to 

function can have a multiplier effect on the local economy (Stevenson et al., 2012; Webb, 

Tierney, & Dahlhamer, 2002; Wein & Rose, 2011). Extensive earthquake damage to highway 

components (e.g. bridges, roads, tunnels and retailing walls, etc.), for instance, can severely 

disrupt traffic flows, affecting the speed of emergency response, causing further disruptions 

to supply chain of certain goods and products (Werner, Taylor, & Moore, 1997). Long 

duration of service outage or a long and complex reconstruction process may lead to more 

significant capital losses than the direct impact caused by the disaster (Rose, Wei, & Wein, 

2011).  

By ‘reconstruction’, we mean the repair and rebuilding of the built environment. It involves 

both the short-term and long-term activities, including debris removal, clean-up, emergency 

repairs of infrastructure and lifeline utilities, and replacement of facilities lost in the disaster. 

Past events have shown that economic losses from a disaster are primarily a function of 

damage to the built facilities (Kircher et al., 1997; Rose & Huyck, 2016). The cost of 

reconstruction following the 2010/11 Canterbury earthquakes was initially estimated to be 

$40 billion, which is approximately 19% of New Zealand national GDP (CERA, 2012). The 

actual cost is likely to be higher due to significant uncertainties around how long it will take 

for Christchurch city to rebuild.  

A number of studies following the Canterbury earthquakes have revealed the challenges that 

faced the reconstruction of Christchurch city. They included the difficulties relating damage 
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evaluation (Brunsdon, Hare, & Stannard, 2012; IPENZ, 2012), uncertainties associated with 

the availability of labour, materials and capital (Chang-Richards et al., 2017; King et al., 

2014), delays in planning and consenting processes (Rogers et al., 2014; Stevenson et al., 

2015) and unknown effects of decision making at various levels (Iuchi, 2010; Marquis et al., 

2015; Taylor et al., 2012). These challenges were further compounded by ongoing seismic 

activities in the region, making prediction of the reconstruction timeline and cost an 

extremely difficult task.  

Decisions made prior to and following an earthquake can significantly affect a community’s 

resilience and ability to recover rapidly (Miles & Chang, 2006). It is useful to model how 

various decisions may affect the timing and pace of restoring and repairing damaged facilities 

and infrastructure. While some progress has been made in the literature towards modelling 

and understanding community recovery, or some facets of it, there is little attention to the 

physical dimension of reconstruction, and how its progression affects the recovery of other 

social and economic sectors. In this research, we take the critical first steps in reconstruction 

model development by setting out a system dynamics methodology for representing post-

earthquake reconstruction process using experience of Christchurch. 

The following objectives are attempted: 

x To identify critical factors (i.e. mechanisms and processes) affecting the progress of 

restoring and rebuilding homes, infrastructure facilities and commercial buildings 

x To formulate a system dynamics model of Christchurch post-earthquake 

reconstruction process that captures all the critical dynamics influencing its pathways 

x To investigate the effects of reconstruction pathways on the economy 

x To build the system dynamics model into a reconstruction module to be integrated 

into MERIT (Measuring the Economics of Resilient Infrastructure Tool) 
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The research reported in this paper is the starting point in a very complex challenge to build a 

theory of post-earthquake reconstruction. The system dynamics model developed from this 

study represents the foundation for integrating perspectives from a wide range of 

reconstruction agencies and practitioners across different knowledge disciplines, including 

engineering, economics, social science and systems thinking. It provides a structure to 

analyse the economic impact of decisions in regard to resilient built systems and the 

alternative strategies for disaster reconstruction. Practical insights elicited from simulation 

about the reconstruction process can assist policy makers and recovery agencies with 

reconstruction planning and sequencing efforts for future disaster events.  

 

2. Defining reconstruction time and reconstruction pathway  

We define ‘reconstruction pathway’ as the time path each building stock cohort takes to reach 

a defined recovery state after a disaster has occurred. It is important to associate 

‘reconstruction pathway’ to a specific recovery state. For infrastructure utilities, the 

reconstruction time can be associated to a specific level of service. There are a range of 

service level scenarios (Morrison Low, 2015) as listed below.  

x Minimum rebuild: a higher proportion of damaged assets will require increased 

maintenance and there will be a backlog of renewals created due to diminished 

useful residual asset life. 

x Pre-earthquake rebuild: the damaged infrastructure will be restored to the pre-

earthquake level of service and more than business-as-usual maintenance is 

required 
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x Reasonable rebuild1: the resulting standard of asset condition will be sound and 

reduced maintenance and deferment of the need for renewal for some years may 

be expected;  

x Aspirational rebuild: new infrastructure with a higher level of service than the 

agreed rebuild standard, including an improvement or increased network capacity 

designed to cater for land use development for future growth of the city over time. 

For individual facilities damaged by a disaster, there are three recovery states (Bonowitz, 

2011) listed below. 

x Re-occupancy of the building 

x Pre-earthquake functionality 

x Full recovery of the building 

Re-occupancy occurs when the building is safe enough to be used, although the functionality 

may not be restored. Functional recovery means the building has its main functions restored 

and is operational. Full recovery occurs when the building is restored to its pre-earthquake 

condition. However, in this study, we consider the full recovery state as a new condition 

where the damaged facility is brought to a potentially higher post-earthquake 

performance level as required by legislation (e.g. changes in Building codes). Therefore, 

reconstruction time is defined as the time between disaster occurrence and completion of 

repairs/rebuilds to the current building standards.  

There are several time-related concepts in literature in relation to loss estimation to address 

regional impact of earthquakes, including such as repair time, downtime and recovery 

                                                           
1 The key driver for choosing the most appropriate service level for repairs and rebuilds is the earliest economic 
recovery of the city and region. This was considered a significant factor in the selection of ‘’reasonable rebuild’ 
option in levels of service that the New Zealand central government supports. 
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timeline. For consistency and clarity, we discuss and compare these concepts with the term of 

‘reconstruction time’ defined in this study (See Table 1).  

Table 1: Time-related concepts in earthquake engineering research 

Concept Definition Method of estimate 

Repair time  The amount of time it would take to repair 
a damaged building component to its pre-
earthquake or new condition assuming that 
the labour, equipment and material 
required is available (Mayes et al., 2013).  

Repair time does not include any delays 
which hinder initiation of repairs. Each 
damage state has an associated 
consequence function from which the 
repair time associated with the level of 
damage in the component is estimated. 

Downtime x The time necessary to restore a facility to 
operability (Porter & Ramer, 2012) 
 
x The time required for re-occupancy 
(Cimellaro, 2016) 
 
x The time necessary to plan, finance and 
complete repairs on facilities damaged in 
earthquakes or other disasters (Comerio, 
2006) 

x Assembly-based vulnerability (ABV) to 
estimate downtime through vulnerability 
curves (Porter, Kiremidjian, & LeGrue, 
2001) 
x Several recovery models were proposed 
in (Cimellaro, Reinhorn, & Bruneau, 
2010) to describe the recovery function, 
which varies according to the parameters. 
x Through investigating the elements that 
affect the time needed for repairs and 
categorising these elements into rational 
and irrational components (Comerio, 
2006) 

Recovery timeline A list of events over time, reflecting the 
dependencies and overlap of key recovery 
activities (Wein et al., 2011) 

Using the recovery model for the 
ShakeOut scenario and data collected 
from community studies (Wein et al., 
2011) 

Reconstruction 
time/pathway  
(defined in this 
study) 

Reconstruction time is the time between 
disaster occurrence and the completion of 
repairs/rebuilds to the current building 
standards 
Reconstruction pathway is the time path 
each reconstruction sector takes to reach a 
full recovery state after a disaster has 
occurred. 

Through identification of significant time 
delays and the factors that contribute to 
these time delays during the 
reconstruction process; then using system 
dynamics modelling to represent the 
reconstruction process against time series 

 
x Repair time: the amount of time it would take to repair a damaged building 

component to its pre-earthquake or new condition assuming that the labour, 

equipment and material required is available (Mayes et al., 2013). Therefore, repair 

time does not include any delays that hinder initiation of repairs. 
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x Downtime: the amount of time required for re-occupancy of a facility (Cimellaro, 

2016), which includes the time necessary to plan, finance and complete repairs 

(Comerio, 2006).  

x Recovery timeline: a list of events over time, reflecting the dependencies and overlap 

of key recovery activities (Wein et al., 2011).  

x Reconstruction time (defined in this study): the time between disaster occurrence and 

completion of repairs/rebuilds to the current building standards. 

Many studies suggested approaches to improving estimation of downtime, whether it is a 

statistically-based loss estimation model such as HAZUS (NIBS & FEMA, 1999), or facility-

specific models such as REDi (Almufti & Willford, 2013) and ABV (Porter et al., 2001). The 

common rationale is to calculate downtime based on the value of structural and non-structural 

damage probabilities of buildings. Research has shown that there is often a large time gap 

between the damage state of a building and the initiation of construction for repairs (Comerio 

& Blecher, 2010). It is therefore crucial to examine the process involved in building repair to 

understand which elements affect the time needed for repairs (Comerio, 2006). Table 2 

presents a summary of critical elements/factors that contributes to downtime delays 

documented by several sources. 

Table 2: Factors that affect downtime 

 (Krawinkler & 
Miranda, 2004) 

(Comerio, 
2006) 

(Almufti & 
Willford, 2013) 

This study 

Post-earthquake inspection √  √ √ 
Engineering mobilisation and review/re-design √ √ √ √ 
Ability to finance for repairs √ √ √ √ 
Ability to relocate functions  √   
Contractor mobilisation and bid process √ √ √ √ 
Permitting and consenting   √ √ 
Procurement of long lead time components   √ √ 
Economic and regulator uncertainties  √  √ 
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Krawinkler and Miranda (2004) noted that the basic difficulties in quantifying length of 

downtime are the uncertainties associated with the availability of labour, materials and capital 

following a major disaster and the difficulties of relating quantifiable damage with the need 

for repair and loss of function. Comerio (2006) defined downtime as comprising both rational 

and irrational situation-specific components. The rational components are those easily 

measurable including construction costs and the time needed to repair damaged buildings and 

refinish spaces for use, whereas the irrational components are situationally specific and they 

influence the time needed to mobilise resources and make decision. The irrational 

components include four issues that affect the pre-construction period: 1) financing for 

repairs, 2) the ability to relocate operations from the damaged buildings to other spaces; 3) 

the availability of human resources; and 4) economic and regulatory uncertainties.  

The downtime assessment methodology developed by Almufti and Willford (2013) used the 

term ‘impeding factors’ to describe the factors that impede the ability to initiate repairs, 

including post-earthquake inspection, engineering mobilisation and review/redesign, 

financing, contract mobilisation and bid process, permitting, and procurement of long lead 

time components. Our longitudinal study following the Canterbury earthquakes, however, 

concurs most of the findings from the above sources, but also include factors contributing to 

the delays in repair process.  

Findings from our research revealed that in addition to prolonged downtime in rebuilding 

Christchurch post-earthquake, there are also two factors playing a major role in influencing 

the repair time, which have consequently increased the total time required to achieve a full 

recovery state. These two factors are the type of repair procurement adopted and variation in 

repair cost. In the following section we discuss, in detail, how each contributing factor 

influences the reconstruction time-path in Christchurch.  
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3. Existing Christchurch rebuild forecast models  

The estimation of reconstruction profile following the Canterbury earthquakes included 

several economic models that predict how the reconstruction process will evolve and the 

expected timing. The purpose of these models was to develop an understanding of the volume 

of reconstruction demand in order to support informed decision making of industry 

stakeholders in both public and private sectors. The typical examples are briefly outlined 

below: 

x Construction Forecast Model (CFM): it is an excel-based model developed by the 

Canterbury Earthquake Recovery Authority (CERA) and Ministry of Business, 

Innovation and Employment (MBIE) that calculates future output of rebuild-related 

and business-as-usual construction in Greater Christchurch2. Demand data is collected 

from a variety of sources and assumptions, and is aggregated to create a forward view 

on construction activity in the region.  

x Forecast of construction activity for Canterbury scenario3: it is an economic tool used 

by the New Zealand Institute of Economic Research (NZIER) in forecasting outlook 

for construction spending in Canterbury in relation to earthquake-rebuild related 

activities. The one-off reconstruction spending forecast was undertaken in 2011 

following the 22nd February earthquake.  

x Canterbury Economic Outlook: Westpac has made a series of forecasts 4  on 

reconstruction work with a focus on the anticipated mix of reconstruction spending 

                                                           
2 This is the area covered by the territorial authorities of Christchurch City Council, Waimakariri District 
Council and Selwyn District Council.  
3 NZIER, New Zealand Trends in Property and Construction, Fourth quarter 2012 
4 For instance, 1) Westpac, Rebuilding a city: An update on developments in Canterbury, 16 August 2012; 2) 
Westpac, Focus on the Canterbury rebuild, 9 April 2015; 3) Westpac, Forewarned is forearmed: What will 
happen to Canterbury’s labour force as the rebuild winds down?, 3 August 2015 
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and the factors that shape this mix. Their predictions on the timing of maximum 

reconstruction spending have evolved as more data become available.    

x Estimated profile of the Canterbury rebuild: the Reserve Bank of New Zealand 

(RBNZ) estimates the profile of rebuild according to its GDP proportion. The overall 

size of the rebuild has been revised several times as the Bank’s understanding of the 

construction cost is improved based on publicly available data and information from 

those involved in the rebuild5.      

To date, few of these forecast models have successfully foretold the output of rebuild-related 

construction and how the 40 billion dollars activity generated by the earthquake might 

translate into construction. The main reason is that it is difficult to predict how reconstruction 

proceeds over time based simply on the projected intentions of spending, without knowing 

what actually stopped or delayed construction demand from eventuating real construction. 

Therefore, it is not surprising to see the timing of when activity was expected to occur as 

predicted from those models has always been pushed out.  

The system dynamics modelling approach presented here addresses some of the shortcomings 

of existing reconstruction models and attempts to address the uncertainties that have taken a 

toll on the reconstruction schedule. Differing from the models described above, the system 

dynamics model created in this research is not intended for forecasting. Instead, it models the 

decisions throughout the reconstruction process of a damaged structure and reveals system-

level insights into how different reconstruction decisions or processes impact the recovery 

reconstruction trajectory and the resulting economic and social implications.     

                                                           
5 RSNZ, Bulletin Vol 79, No 3, February 2016 
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4. System dynamics modelling of reconstruction process 

4.1 The methodological core of research strategy 

Although the rebuild time and scope of each individual facility varies, the key reconstruction 

activities are similar. A reconstruction schedule defines the order of activities that are 

undertaken. In general, there are four phases in the process of repairing and rebuilding a 

damaged facility, as shown in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Four phases in the reconstruction process 

 

x The first phase following an event can be called inspection and assessment stage in 

which multiple inspections are undertaken by local government building officials, 

engineering professionals, insurers and/or building owners to check the severity of the 

damage and decide on whether the structure is safe for occupancy or can still function; 

followed by detailed assessment of safety and damage. Several re-inspections and 

reviews may be necessary if there are significant aftershocks affecting the structure. 

Facility at 
recovery state 

Facility at 
damage state 

Stage 4 

Stage 1 
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Inspection and assessment 

Financing and planning 

Repairing and rebuilding 

Decision making 
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Some critical decisions can be made at this stage about the safety of a particular 

facility (i.e. being kept closed or open).  

x The second phase is decision making stage including the decision rules introduced by 

authorities and decisions made by relevant stakeholders. It includes legislative and 

regulatory decisions such as changes to land zoning and building regulations, 

determining insurers’ liability, developing recovery master plan and establishing 

governance. Approaches to managing reconstruction can vary considerably ranging 

from self-managed, insurer-managed, to NGO-led, depending on the scale of damage, 

sources of funding, local capacities and structures of governance. 

x The third phase is financing and planning stage, but in Christchurch’s case, it 

focuses on claim settlement for the restoration of damaged structures due to high 

insurance penetrations. It mainly involves scoping of repair work, estimating costs 

and settling claims, as well as planning for relocation of functions/for housing 

displaced home owners in temporary accommodation while their house is being 

repaired or rebuilt.  

x The fourth phase is repairing and rebuilding stage where all the construction 

activities take place to bring a facility to its pre-earthquake state, or if required by 

regulation, to a potentially higher post-earthquake performance level. This includes 

obtaining building permits/consents from regulatory authorities, item procurement, 

contracting, and actual design, construction and finish work for re-occupancy or re-

use of the completed structure. 

In most cases, the tasks to be completed in one phase can only be done as upstream tasks 

upon which they depend are completed. For example, homeowners cannot commence the 

repair of their damaged houses until the funds are available. Likewise, not all tasks within a 

given phase can be done concurrently. For example, the decisions about whether to close a 
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building or re-occupy cannot be made until its detailed engineering assessment is completed. 

And every building site will progress through the phases at a different rate. These within- and 

between-phase dependencies, however, represent significant challenges for effective post-

disaster reconstruction sequencing and planning.  

To address these challenges, we use the system dynamics approach to manage the dynamic 

complexity and interdependencies among the phases and activities of reconstruction. The 

methodological core is to segment the damaged built environment into building stock 

cohorts and investigate how a given building stock of a similar type (i.e. governed by 

similar decision rules) changes over the reconstruction period from the damage state to 

a full recovery state. For example, it is appropriate to aggregate the claims for single family 

properties of similar damage level into one building stock since they are usually settled using 

the similar methods and their settlement time generally do not differ significantly. In contrast, 

cash settled repairs and insurer-managed repairs need to be disaggregated. Their total 

reconstruction times are different. The mechanisms for insurer-managed repairs differ 

substantially from those cash pay-out facilities due to differences in costs, financing, 

permitting and procurement issues.  

 

4.2 Stock and flow diagram for representing reconstruction process 

By drawing upon longitudinal studies in Christchurch following the earthquakes and 

principles of system dynamics, we consider a building stock as a system and the boundary of 

the system can be defined. The causal loop diagram in Figure 2 provides an overview of the 

model structure.  
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Figure 2: Generic causal loop diagram  

 
The causal loop in Figure 2 is a negative goal seeking loop which includes a process to 

compare the desired state of a system (goal of recovery) and its actual state 

(structures/building stock) and take corrective actions. So the reconstruction process aims to 

bring the state of the system in line with a goal. The earthquake disruption reduces the 

building stock. When there is a discrepancy between the goal of recovery and actual state of 

building stock, corrective action in terms of repairs and rebuilds is initiated to bring the state 

of the system back to match the recovery goal. The discrepancy in stock will lead to 

repairs/rebuilds and that has a positive feedback on the quantity and quality of building stock.  

In Figure 2, there are four types of time delays that occur in each of the four phases during 

reconstruction, including 

1) Inspection and assessment delays: they are delays in perceiving the state of the system 

(i.e. earthquake damage and losses) due to time needed for building inspections and 

assessment; 
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2) Administrative and decision making delays: they are delays in initiating repair and 

rebuild work due to the time required for decisions to make in order to reach a 

recovery strategy for damaged individual structures; 

3) Financing and planning delays: they are delays that occur in the process of settling 

insurance claims which include claim lodging, detailed damage assessment, costing of 

work scope, finalising a settlement either by cash pay-out or referring to insurer-

managed repair programme. For the latter option, the process includes determining 

the appropriate repair strategies for earthquake damage and organising for the 

initiation of repair/rebuild work; 

4) Construction delays: they are delays between the initiation of repair and rebuild work 

and its completion.  

Delays have a significant impact on the overall system dynamics as often they can give 

systems inertia, can create oscillations or are responsible for trade-offs between the short- and 

long-term effects of policies (Sterman, 2000, p150). To deal with delays in the system 

dynamics model, we add a stock between each delay to represent the transit state of the 

system. For instance, it takes time for a damaged building to be inspected. Therefore, the 

stock between the inspection and assessment delays and administrative and decision-making 

delays can be ‘stock of damaged structures’. It represents the facilities/structures at a state 

where the damage inspections have been completed but the decisions about when and how 

the repair/rebuild will be undertaken have not been reached. Similarly, it takes time to carry 

out the physical work of construction. So between the initiation and completion of repairs, we 

add a ‘stock of structures under repair/rebuild’ to represent those working-in-progress (WIP). 

The stock and flow diagram in Figure 8 shows how a given built environment stock changes 

over time during reconstruction phases.  
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Figure 3: The stock and flow map for the reconstruction process, showing the model boundary 

 
There is a chain of six distinct stocks of structures that interrelate in the reconstruction 

process: 

1. Stock of damaged structures: this is the initial state of the built environment under 

consideration, which can be measured by the impact of earthquakes on existing 

structures, for example, the number of housing units, buildings and facilities 

damaged/lost and the length of roading network, water pipes, and power lines 

damaged or affected by the earthquakes. It represents the reduced building stocks as a 

result of the earthquake effects. The aim of the post-disaster reconstruction, as defined 

in this research, is to restore the structures in this stock to the final desired state ‘being 

fully recovered’. Therefore, the entire process of earthquake reconstruction is to 

transform the ‘stock of damaged structures’ to the ‘stock of finished structures’.    

2. Stock of structures under decision rules: it represents the damaged structures under 

the effects of some decision rules, including such as land zoning, changes to the 

building code, damage apportionment between EQC and private insurers, introduction 

of earthquake-prone building policies. The repair strategies of these structures are 

governed by these decisions.   

3. Stock of structures ready for repairs/rebuilds: it contains the damaged structures 

are at the stage where all the prerequisite procedures including damage inspections 

and assessment, securing repair/rebuild financing, design and planning of repairs have 
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been completed. The stock of these structures will readily enter into the next stage of 

actual construction work.    

4. Stock of structures under repair/rebuild: those are the working-in-progress (WIP) 

structures under repair and rebuild. As all the damaged structures take time to be 

repaired or rebuilt, the way to handle this kind of time delay is adding a WIP stock 

denoting structures being repaired and rebuilt but essentially not yet finished. Once 

the repair and rebuild are completed, this stock will become the next stock, which is 

the stock of the finished structures.  

5. Stock of finished structures: this is an ideal state where all the repairs and rebuilds 

for the earthquake damage have been completed in quantity, quality and service 

delivered. The goal of the system is to close the gap between the stock of damaged 

structures and the stock of finished structures, seeking the equilibrium.  

6. Stock of sub-standard structures: it represents the structures with faulty repairs. It is 

often the case that some of the repair and rebuild work may fail to comply with the 

building standard. The defects of the sub-standard structures may not be immediately 

visible or detectable. Once detected, a transition from ‘being sub-standard’ towards 

‘finished structures’ through rework is needed.  

The stock and flow map in Figure 3 consists of a generic reconstruction phase module. Each 

phase contains a stock and flow structure including the flows of tasks within the phase along 

with required timelines, the resources dedicated to the phase, labour productivity and costs. It 

is worth noting that two stocks are added in the phase of Repairing and Rebuilding, namely 

the stock of structures WIP and stock of sub-standard structures. For the former one, the 

purpose is to model the lag/time delay in the response of the construction sector to changes in 

demand. For the latter one, it is to estimate to what extent the delay in the discovery of 

potential repair defects (i.e. faulty repairs) and the associated rework can impact on the time 
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path of reconstruction. Each stock in the structure represented in Figure 3 corresponds to the 

following integral equation: 

0
0( ) [ ( ) ( )] ( )

t

t
Stock t Inflow s Outflow s ds Stock t � �³                 (Equation 1) 

 

5. Critical mechanisms that underpin reconstruction pathways  

The longitudinal study looking at the experiences and practices of rebuilding damaged houses, 

buildings and infrastructure in Christchurch indicates that generalisations can be drawn from 

the particulars of different sectors and the factors/mechanisms that impact on  repairs and 

rebuilds of damaged structures. The damaged structures can be categorised into a number of 

categorises I  based on several parameters (See Table 3). 

Table 3: Basic parameters used to categorise the damaged structures 

Houses Horizontal infrastructure Buildings 

Home ownership/ Type of occupancy 
Size of house 
House age 
Financing method 
Repair strategy/type 
Location 

Depth under ground 
Type of utility  
Nature of repairs (emergency/permanent) 
Repair strategy/type 
Age of the facility 
Location 

Type of structure 
Type of occupancy 
Size of building 
Repair strategy/type 
Age of the building 
Location 

 

Interviews with experts over the reconstruction time revealed the complexity of the post-

earthquake decision making process. The high level of insurance penetration and high level 

of regulation in our built environment made the pace and approach of recovery reliant on 

insurance settlements and post-earthquake regulatory decisions. Table 4 summarises the core 

factors and/or mechanisms that play a critical role in commonly influencing the time needed 

for each phase of reconstruction in Christchurch. 
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Table 4: Critical mechanisms/factors that contribute to time delays of reconstruction 

Time delay  

(Dependent variable ( , )DT i j ) 

Critical contributing factor  

(Independent variable k  ) 

Inspecting and assessing time 
(Time needed for concluding damage 
results) 

,i jTA  

Technical capability of engineering professionals 

Speed of engineer mobilisation 

Availability of engineers 

Fatigue of engineering assessors 

Frequency of ongoing after shocks 

Existence of a robust building inspection methodology 

Decision making time 
(Time needed for achieving recovery 
strategies) 

,i jTD   

Changes to the building code 

Land zoning decisions 

Consenting and permitting process  

Insurance claim apportionment process/process of securing finance  

Mechanisms of recovery governance 

Coordination with other sectors 

Financing time/Claim settlement time 
(Time needed for securing financing or 
settling insurance claims) 

,i jTS  

Availability of loss adjusters/quantity surveyors 

Productivity of quantity surveying 

Work hours of loss adjusters/quantity surveyors 

Pace of decision making of policy holder 

Adjustment time 
(Time needed for mobilisation of 
construction resources) 

,i jTM  

Capacity of construction businesses 

Availability of construction manpower 

The state of the economic system  

Economic conditions elsewhere 

Availability of temporary accommodation 

Needs perception delays (Flow of information on reconstruction work 
pipeline) 

Completion time 
(Time needed for undertaking 
construction work) 

,i jTC  

Repair/rebuild procurement method 

Repair scope variations 

Extent of demand surge (labour wage inflation) 

Productivity of construction labour 

Long lead time components 

Speed of design process 

Rework time (Time for discovery of 
repair defects and rework) 

,i jTR  

 
Treated as a constant 
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The mechanisms (in Table 4) that affect the time-path of post-earthquake reconstruction fall 

into four categories (See Figure 4).  

x Planning and regulatory environment 

x Capability of engineering and construction sector 

x Financing mechanism (e.g. insurance settlement) 

x Decision making and actions of facility owners 

 

 

 

 

Figure 4: Mechanisms underpinning reconstruction pathways 
There are other contextual factors that affect these mechanisms and thus the progression of 

entire reconstruction; namely, factors related to the political, economic, social and 

technological aspects of the quake-affected areas. However, this study will focus on the four 

categories of mechanism as depicted in Figure 4 and detailed in Table 4, given the prevalence 

of their impacts on earthquake reconstruction. 

With regard to the reconstruction time for different categories of structures/facilities, the time 

increment derived from the presence of any of the associated factors can be obtained using a 

weighted average expressed as  

,
1

( ) ( ) /
N

D k D k
k

T I T I NZ
 

§ ·
'  u'¨ ¸

© ¹
¦                                       (Equation 2) 

Regulatory 
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(Political, Economic, Social and Technological)  
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where , ( )D kT I' is the direct time increment associated with factor k for facility category I , 

N  is the total number of critical contributing factors and kZ is the weight associated with 

each critical contributing factor.  

If we also consider the spatial effect of decision rules, we introduce another parameter the 

facility location j . In this research, we assume delay time6 is linear which allows delays to be 

treated as linear operators. The reconstruction time for facilities in category i and located in 

area j  can be described as 

, , , , , ,i j i j i j i j i j i jT TA TD TS TM TC TR � � � � �                            (Equation 3) 

where ,i jTA is the time needed for inspections and damage assessment, ,i jTD  is the time 

needed for achieving recovery strategies, ,i jTS is the time needed for securing finance/settling 

claims, ,i jTM is the time needed for mobilisation of construction resources, ,i jTC  is the time 

needed for undertaking construction work and ,i jTR  is the total time for discovery of faulty 

repairs and rework to achieve full recovery. For each type of time delay (i.e. ,i jTA , ,i jTD , 

,i jTS , ,i jTM , ,i jTC ) for building stock in category i and located in area j , except ,i jTR which 

is treated as a constant, we can use a regression model assuming a category dependent 

variance to allow the coefficients and the error term to be different among categories: 

0, , , , , ,1 1
( , )

p q
D j m j m j n j n j i jm n

T i j k ITD D E H
  

 �  �  �¦ ¦                       (Equation 4) 

where 0, jD , ,m jD and ,n jE are the model parameters and are independently distributed in 

category i ; ,m jk is the critical contributing factor; p  is the number of critical contributing 

factors associated with that time delay estimated; ,n jIT represents the interaction terms; q  is 

                                                           
6 The mathematics of the basic time delays can be in continuous and discrete time. System dynamics models 
typically treat time as continuous. However, the discrete time formulations are useful as the data from which 
delays are estimated are usually reported at discrete intervals. 
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the number of all possible interaction terms between individual critical contributing factors; 

and ,i jH  is the error term.  

Equation 4 describes the mathematical relationship between the time delay as a dependent 

variable and its critical contributing factors/mechanisms which are the independent variables. 

Of the dependent variables in Table 4, some can be readily measured quantitatively from the 

statistical data or inferred from existing calculations while others can be measured by using 

tailored data collection instruments such as questionnaire surveys. Availability of 

construction manpower, for instance, can be inferred from questions that ask about the supply 

status of construction labour using a scale or Likert type questions. Existence of a robust 

building inspection methodology can be measured by either 1 or 0, denoting the questions of 

Yes or No, respectively, in the questionnaire.  

Inspecting and assessing time shows the ability of engineering professionals responding to 

the earthquakes and efficiency of the engineering assessment process. Similarly, different 

from other more tangible ‘doing’ parts of the process; the time for decision making part is the 

time/delays in the reconstruction process due to negotiations of various kinds. The claim 

settlement time can be used to measure insurers’ ability to meet policy holders’ needs. 

Adjustment time denotes the time needed for mobilising construction resources in response to 

growing construction demand. It is the goal time the construction industry sets to close the 

gap and therefore can be used to represent the construction sector’s capacity. Completion 

time is equivalent to repair time as defined earlier in this paper. It can be used to show the 

productivity or efficiency of the building and construction process that is regulated in the 

quake-affected region.  

6. Dynamic representation of time delay 
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6.1 Stock and flow diagram of a reconstruction state 
In system dynamics modelling, stocks change through their rates of flow. Mathematical 

description of a system requires only the stocks and their rates of change. For any of the 

stocks in Figure 3, the rate of change can be simplified as  

/Rate Stock Time                                   (Equation 5) 

For instance, ,/ i jCompleting StructuresWIP TC                    (Equation 6) 

Therefore, the rate of change is determined by the state of the stock at a given time and the 

critical contributing factors that affect the time delay. For ease of communication and clarity, 

it is helpful to explain this correlation in individual stock and flow diagrams and show the 

drivers/levers behind a particular rate of change.  

6.1.1 Building inspection and assessment 

The model for building inspection and assessment, as shown in Figure 4 below, recognises 

that the rate at which the damage of facilities is assessed is the product of number of 

inspecting engineers available, their technical capability, level of fatigue they may encounter, 

speed of mobilisation of such resources, robustness of damage assessment methodology as 

well as the frequency of aftershocks.  

 

Figure 5: Stock and flow structure for building inspection and assessment 
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The positive link means that if the cause increases, the effect increases and if the cause 

decreases, the effect decreases. The negative link means that if the cause increases, the effect 

decreases and if the cause decreases, the effect increases. For example, in Figure 4, a larger 

number of buildings damaged by the earthquakes leads to more engineers needed for damage 

inspection (a positive link). A more robust damage assessment methodology results in a more 

rapid inspecting and assessing process. However, the high frequency of aftershocks in 

Christchurch has led to a necessity to undertake multiple inspections thus significantly 

slowing down the rate of this process.    

6.1.2 Decision making mechanisms 

The stock and flow structure in Figure 6 highlights four important factors that affect the 

building/facility recovery decisions, namely, financing mechanism, changes in legislation and 

regulations, recovery governance and level of coordination between recovery sectors and 

among key agencies. Insurance penetration rates for both the residential and commercial 

sectors are on average high in New Zealand. High insurance penetration rate generally results 

in more ease of securing financing for reconstruction work. However, the insurance process 

also involves, at times, complex negotiations, which can negatively affect the rate of decision 

making. At the same time, the high unit cost of construction leads to more intensified demand 

surge7, which can cause more delays in funding allocation. The higher level of regulatory 

compliance in New Zealand also means that any changes in legislation, such as changes to 

building code, land zoning decisions and changes to the construction consenting and 

permitting process, play a critical role in determining the pace of recovery.  

                                                           
7 Demand surge is generally understood to be an economic process in which the cost to repair damage to 
buildings and other infrastructure in large natural disasters is significantly greater than the cost to repair 
the same damage in a smaller disaster (Olsen & Porter, 2011). 
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Figure 6: Stock and flow structure for decision making 

On the other hand, both recovery governance and level of coordination among stakeholders 

can have a positive impact on the rate of decision making as shown in Figure 6. For example, 

an alliance framework (i.e. SCIRT - Stronger Christchurch Infrastructure Rebuild Team) 

which was adopted by the infrastructure reconstruction sector has provided the essential 

coordination of resources to effectively and progressively investigate, design and deliver an 

immense workload in the time required. Experts interviewed reported that it would not have 

been time and cost saving through traditional contracting methods due to the lead times 

required for investigations, design and documentation, competitive tendering, award and 

importantly the lack of resources to manage the contracts. The importance of effective 

recovery governance and coordination in expediting recovery process is also exemplified in 

residential and commercial sectors through well-organised project management approach.  

6.1.3 Securing finance  

Approximately 80% of the economic loss from the Canterbury earthquakes was borne by the 

insurance industry (Bevere & Grollimund, 2012). The means of funding for infrastructure 

rebuilds are substantially different from the residential and commercial sector with less 
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complexity. Therefore for this section we only discuss how the critical factors identified in 

Table 4 impinge upon the insurance settlement process (Figure 7).  

 

Figure 7: Stock and flow structure for claim settlement 

Figure 7 highlights the two important factors that affected the claim settlement process, one is 

the insurer’s ability to settle claims in an efficient manner and the other lies with the policy 

holder’s attitude towards settlement results. A longer queue of outstanding claims leads to 

longer work hours, more loss adjusters and higher productivity needed, all these conditions 

result in an increase in the claim processing rate. In addition, our interviewed experts 

commonly suggested that the speed at which policy holder makes a decision about the 

settlement all positively influence the rate of claim settlement. The disagreement between the 

owners and the insurers over the scope, cost and method of repairs often delay the claiming 

process. 

6.1.4 Mobilisation of construction resources 

The adjustment time is the concept that is introduced in this study to assess how well the 

construction sector responds to the changes in building and construction demand, not only in 

the reconstruction sectors but also in the wider construction market. There are a number of 
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factors at play that affect the way the construction sector mobilises labour resources for 

rebuild-related efforts. Therefore, other than using stock and diagram to represent the 

resource mobilisation process for residential rebuilds alone, we use causal loop diagram to 

show how the critical contributing factors are shaping the construction activity in Canterbury 

as a whole, having time delay effects for residential rebuilds.   

 

Figure 8: Causal loop diagram representation of the construction labour mobilisation process 

The causal loop diagram in Figure 8 consists of information links on which the construction 

sector relies to make decisions. The sector perceives the need for building houses in the 

market place from two sources: 1) reconstruction needs which can be derived from estimated 

housing damage and losses data (i.e. housing damage and losses in earthquakes in the 

diagram), also taking into account current rebuild activities (i.e. housing stock in the diagram) 

and 2) housing needs from the growth of population in the region. If there is an increased 

need for more houses, more building activities including restoring the damaged homes will be 

undertaken and the quantity of housing stock will increase as well. So the loop on the top 

right is a balancing loop.  
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In the meantime, the perceived more building needs means that the construction sector likely 

recruit more labour to meet the shortages. Nevertheless, in a situation where local 

construction capacity cannot meet the demand, the relevant question is at what speed the 

extra labour can be brought in the affected area. Workers outside the quake-zone will weigh 

up the benefits of going to Christchurch against the costs of transportation or temporary 

accommodation to decide whether to make a move. All these factors are fundamental in 

influencing the availability of construction labour.  

Additionally, the pressure for labour in Christchurch will likely come from other markets 

including increased housing development in Auckland, the infrastructure investments in other 

cities of New Zealand or improved economic prospects elsewhere in Australia or Europe. 

Economic conditions elsewhere will impact on the labour supply in Christchurch. Another 

positive link is that the larger the ‘talent pool’ gets (i.e. availability of construction labour in 

the diagram), the higher capacity the construction businesses will become, which then leads 

to increased building activities in the residential market.  

It is important to note that how the construction sector mobilises labour resources in response 

to the demand depends critically on how they perceive the construction needs. The flow of 

construction information has been quoted as one of the most crucial factors dominating 

reconstruction profiles. Many construction businesses interviewed from 2012 to 2016 

suggested that although they knew that there is a sheer volume of earthquake-related 

construction, the lack of a clear pipeline of work from funding agencies accompanied by long 

lead time for planned projects to eventuate has made it difficult for them in workforce 

planning. Similarly, without a clear timeframe of rebuild, construction workers from outside 

the region had a ‘wait and see’ attitude before they committed to moving to Christchurch. To 

reflect this information lag, in Figure 8 we added delays marks in the information links from 
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‘Gap/Need for houses’ to ‘Capacity of construction businesses’ and ‘Availability of 

construction labour’.  

6.1.5 Repair and rebuild 
The model of repair and rebuild process in Figure 9 reveals that the rate of completing repair 

work is determined not solely by labour productivity alone, but also by many other factors. 

Procurement method differs between insurer-led repairs and cash-settled own repairs and 

even within the same insurer-led repair schemes. For example, facing large numbers of 

repairs, it was desirable for an insurance company to assign a third party and establish a 

Project Management Office (PMO) to manage the repair and rebuild of properties. By 

utilising economies of scale, the PMOs are in a better position, in comparison with owner 

self-managed repairs, to contain cost escalation (i.e. demand surge) by negotiating prices for 

labour and building materials in the construction market.  

 

Figure 9: Stock and flow diagram of repair and rebuild process 

Such procurement method also has its shortcomings. For example, for the EQC’s managed 

repair programme, the Canterbury Home Repair Programme (CHRP), its PMO Fletcher EQR 

had initially established 18 hubs across Christchurch to manage home repairs. Our research 

suggested that some contractors had difficulty supervising their tradesmen and subcontractors 
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as they tended to work on bundled and collaborative projects across different hubs (Chang-

Richards & Wilkinson, 2016). There was also an initial lack of consistency of work 

procedures across the hubs regarding the management of contractors and builders. As a 

result, builders who worked for various hubs had difficulty meeting different requirements in 

terms of quality of work and schedule.  

There were instances where variations took place due to different scoping results between the 

EQC inspectors and appointed contractors, or more out-of-scope damages were detected 

during the repairs. At the same time, cost pressures as a result of demand surge will cause 

some planned spending to be delayed or delays of claim settlement. The speed of design 

process which either gets expedited or remains business as usual, will account for the rate of 

completing. Some building components, such as a new foundations to withstand future 

liquefaction, require long lead time – they are not readily available in normal circumstances. 

The longer time it takes to have these components in place, the slower it will take to complete 

repairs.      

To calculate the reconstruction time for facilities using Equation 3 and 4, more research 

needs to be undertaken to quantify the effects of each critical contributing factor on the time 

delay associated. A thorough study of this is beyond the scope of this project; the emphasis 

here is demonstrating the system feedback loops and using time estimates acquired from the 

field interviews to gauge the reconstruction pathways over the time horizon. We only model 

three sectors, namely, residential housing, horizontal infrastructure and commercial buildings 

in this paper. We hope that the accuracy of such estimates can be improved as more data 

becomes available.  
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6.2. Modelling residential rebuild 
In general, the housing stock that was damaged in the earthquakes is composed of three types 

of home ownerships, namely, the single family dwelling, multi-unit dwelling and multi-unit 

apartment (See Figure 10). The way in which the repair and rebuild of those damaged houses 

were dealt and the time needed for repair/rebuild depended considerably upon its funding 

mechanism (e.g. insurance cash settlement, insurer managed repair, uninsured/other funding 

sources) and severity/level of the damage (needing minor repair, major repair, replacement on 

site, replacement elsewhere). 

 

 

 

 
 
 
 
 

Figure 10: Housing stock categories 

As the design, procurement and construction of these three types of residential buildings are 

sufficiently different in scope, duration and cost that they could not be reasonably lumped 

together. The multi-unit apartment buildings, in particular, had to be modelled in more detail 

as they have complex ownership issues and associated higher transaction costs. Therefore, the 

time needed for resolving multi-owner related issues such as property law issues, insurance, 

building standards, council consenting and homeowner agreement can be much longer than 

that of single-ownership properties.  

For those uninsured houses, owners may need to rely on other sources to finance their home 

repairs/rebuilds. However, for the insured properties, insurers’ and home owners’ decisions to 

opt for claim settlement or insurer managed repairs/rebuild will affect the future state of 
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house recovery. Cash settlements may give home owners the ability to manage their own 

rebuild or repair or to purchase a new home, but owners may also choose to not rebuild or 

repair, and use the cash pay-out for other purposes. The insurer-managed home repair 

programmes through established Project Management Offices (PMOs) may give owners less 

flexibility in terms of home alteration, but can ensure that the damaged housing stock be 

brought back to its pre-earthquake state, or to a potentially higher post-earthquake 

performance level. This makes it possible for us to model insurers’ and home owners’ 

decisions about insurance settlement (cash-out or insurer-managed repairs) and their impacts 

on residential rebuild activities. 

The insurance industry has classified home repairs into two categories, major repairs and 

minor repairs. Major repairs are repairs that are over the EQC cap8 and minor repairs are 

those under the EQC cap. In this study, we use the same way of categorising of home repairs9: 

minor repair (average repair time10  is 6 weeks) and major repair (average repair time is 12 

weeks). For homes that suffered significant damage and needed full replacement, whether the 

rebuild takes place on the original site or elsewhere will affect the housing stock in the 

development market. Therefore, we categorise the replacement of damaged homes into two 

categories: rebuild on site and rebuild elsewhere (average rebuild time is estimated to be 20 

                                                           
8 EQC, namely the Earthquake Commission, is a state-owned insurer that insures homes, their contents and land 
against damage by earthquake, volcanic eruption, natural landslip, hydrothermal activity, tsunami and fire 
following any of these natural events. A cost-sharing mechanism for paying for property damage caused by the 
earthquakes was agreed upon by EQC and other insurance companies after a lengthy process of negotiations 
since the first earthquake in September 2010. If a home did not sustain structural damage and the cost of repair 
has been estimated as being under $15,000, the home owner will (or already have) receive a cheque from EQC. 
For people whose overall home repair or replacement will cost more than $15,000 (+GST) and less than the 
EQC cap which is usually $100,000 (+GST) per event, the claim will be referred to the Canterbury Home 
Repair Programme (CHRP). If damage from any single event exceeds the EQC cap, the repairs or replacement 
will be managed by the private insurer. 
9 There is another category of houses with pending decision on repairs. For those houses, owners may try to 
negotiate different timeframes for repairs or may not be able to make a decision on the types of repairs needed 
due to a range of factors. Therefore there is a significant time delay for these types of properties. For the purpose 
of modelling reconstruction time, we do not consider these types of properties in this study. 
10 ‘Repair time’ in this study refers to the time taken for physical construction work. 
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weeks). The system dynamics model for any category of damaged houses, is depicted in 

Figure 11 below. 
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We generally represent the process of accumulation with the INTEGRAL() function as 

shown below, which is exactly equivalent to Equation (1).  

0
( , )tStock INTEGRAL Inflow Outflow Stock �                  (Equation 7) 

 The common stock management structure used to formulate the residential rebuild system 

dynamics model in Figure 11 is show below (Figure 12). Using the insured residential repair 

process as an example, the time lag between the building stock under insurance claims (S1) 

and the building stock with construction work in progress (S2) is determined by the critical 

factors (i.e. exogenous variables and endogenous variables identified in Table 4) and the 

quantity of houses to be repaired/rebuilt (S1). The decision rules in this process consist of 

Adjustment for S1 and Adjustment for S2, both of which indicate how soon the respective 

industry, namely, the insurance industry and construction industry, can close the gap to reach 

the desired building stock quantity of completion. Mathematical expression of these two 

decision rules are shown below. 

11 ( 1 1) /AS DS S t �  (Equation 8) 

22 ( 2 2) /AS DS S t �  (Equation 9) 

Where 1AS  and 2AS  are building stock adjustments, 1DS  and 2DS  are the desired building 

stocks for building stock 1S  and 2S  respectively, 1t  and 2t  are the time needed to close the 

gap to reach the desired building stock quantity of completion. Based on the stock 

management structure in Figure 11, we can simplify the system dynamics model of 

residential reconstruction, by using the average time delay in each phase in place of the 

critical factors (i.e. the exogenous variables and endogenous variables in Figure 12) 

associated with that time delay. 
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Figure 12: Basic stock management structure for residential rebuild process 

 

The main structure in Figure 11 consists of two production chains: one for insurer-led 

housing reconstruction and one for owner-managed housing reconstruction. Owner-managed 

damage repairs are those with cash settlement and opt out the insurer home repair 

programmes. An important decision parameter is the rate of insurer-managed repairs in total 

claims. If its initial value is 40%, it means that out of 100 property claims, 40 houses are 

included in the insurer-managed repair programmes and 60 will be cash settlements. 

Another decision parameter is the percentage of self-initiated repairs/rebuilds which is the 

number of houses with self-initiated repairs/rebuilds, divided by the total number of cash-

settled houses. For example, if its value is 80%, it means that out of 100 cash settled claims, 

80 house owners decided to organise their own repairs and the other 20 home owners decided 

to not use the cash payout for repair-related purposes, or wanted to carry out repair work at a 

later time.  
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The diagram on the lower right hand side focuses on new housing development in 

Christchurch. In this model, we do not consider renovation works to houses that were not 

damaged during the earthquake sequence. With regard to new house construction, we 

consider the change of population as a main driver for increased demand for new houses. 

Access to labour is a common link between the earthquake-related rebuild work and houses 

in new development. In this simplified model, the gap (construction demand) can be 

described as the sum of quake-related demand and demand for new houses in business as 

usual (Equation 7). 

1 1

( )
r r

insurer owner new
i i

G G G G
  

 � �¦ ¦               (Equation 10) 

Where 
1

r

insurer
i

G
 
¦ and 

1

r

owner
i

G
 
¦ stand for the sum of PMO rebuild-related gap and the sum of 

self rebuild-related gap for all facilities (type of category i  and the number of category r ); 

newG is the demand for new houses. The home building companies resourcing and hiring 

strategies, however, heavily relies on how they perceive the demand changes in the 

construction market.  

6.3. Base simulation and model behaviour 
The simulation time horizon is 100 months. The empirical data collected from longitudinal 

study of Christchurch recovery provides the data for the model base run. The simulations 

start in 2011 and run for 100 months until 2019. The base simulation shown in Figure 13 

shows oscillated exponential pattern for both insurer managed houses and owner self-

managed houses. The feedback loop shows there is a delay in construction demand 

eventuating real construction which caused incorrect demand perception.  
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Figure 13: Model behaviour for PMO finished houses (left); for self-finished houses (right) 

This oscillation type of system behaviour shows the unstable response from the construction 

sector, similar to the cases observed in Christchurch. This oscillation has important 

implications for the cash flow and financing requirements of a construction business. How 

the construction sector had responded to the demand from the quake-related work can be 

described in a series of three phases: 
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building, innovation and upskilling for growing businesses become a focus for 

construction businesses. Most businesses went through a period of significant growth 
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better working environments, others had to develop new business systems to cope 

with growth. 
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outside Christchurch impacted businesses including businesses having to pay higher 

wages and facing increased pressure on housing their workforce. 

x Between 2014 and 2015, work load fluctuations meant contracting businesses moved 

to diversify into new business markets such as new subdivisions in Canterbury and 

housing and infrastructure markets elsewhere. There were concerns about the risks of 

overcapacity in Christchurch. The trend in 2015 is now moving away from growth to 

maintaining and in particular from recruitment of staff (to grow businesses) towards 

retaining and replacement of staff (to maintain businesses). 

In many cases, as construction businesses tried to respond to the rising demand, debts 

were taken on to finance the growing capacity. However, as the lower than expected 

construction pipelines had caused demand to fluctuate, many companies suddenly found 

themselves carrying capacity for predicted forward workloads that did not materialise. 

The time delay for the intention of spending in the reconstruction sector to land for the 

real construction has made many forward-thinking businesses to move away from the 

reconstruction work. They realised that the building work in the subdivision areas with 

short planning, permitting and construction times were a better investment even though 

their costs per project were higher.  

 

7. Model adjustment and policy analysis 
The discussion so far examines material delays in which both the input and output of the 

delay is a stock of damaged building units. However, the oscillation behavior of the 

reconstruction process, as shown in the simulation comes from the construction sector’s 

incorrect perception of demand, using the lagging construction intelligence with a time delay 

to a varied degree. For instance, most construction businesses do not have the knowledge 

about what their competitors are doing at the same time and thus they failed to correctly 
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perceive what is in progress (WIP in Figure 11) and what jobs available, and compare that 

with the gap in different building sectors. So if construction businesses use a lagging metric 

like the number of PMO finished houses and self-finished houses, without considering 

working in progress for both PMO and self-managed programmes, they may incorrectly plan 

their future investment. So the solution to removing oscillation is to change the way the 

construction sector perceive the construction demand gap and make wise investment 

accordingly (See Figure 14). A better way to express demand perception could be: 

Perceived gap = Goal – (Number of completed houses + Number of WIP) (Equation 11) 

When we run the base simulation again for the adjusted model, the system shows the smooth 

exponential pattern without oscillation (See Figure 15). The model in its initial conditions 

(Figure 11) corresponds to the observed activities of residential rebuild. Confidence in the 

similarity of the system behavior, and in particular the oscillations of the reconstruction 

pathways, was also increased by key informant interviews with construction businesses that 

had been involved in the longitudinal study of Christchurch recovery. The simulation of 

adjusted model (Figure 14) shows that the model is considered useful for understanding the 

critical dynamics that affect the residential reconstruction pathways.  

Several policy implications are discussed below, in relation to the dynamics identified in this 

research, in order to achieve a reasonable ‘healthy’ shape and slope of reconstruction 

pathway for residential rebuild. 

x The building regulatory changes in anticipation of future seismic events caused 

changes in technical capacity landscape. Lengthy lead times for repairing and 

rebuilding damaged houses were primarily caused by regulatory constraints and 

complex insurance settlement issues. Those are the major decision rules that affect the 

time path of physical reconstruction process. The lessons learned from the Canterbury 
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earthquake recovery, however, will surely improve the regulatory response and 

insurance settlement efficiency if a similar disaster strikes. 
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Figure 15: Adjusted model behaviour for PMO finished houses (left) and self-finished houses 
(right) 
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8. Conclusion 
System dynamics modelling is used in this research to understand the reconstruction process 

following the Canterbury earthquakes and, especially, explore the dynamics that affect 

reconstruction trajectories. The residential rebuild model and its simulated behaviour 

presented in this paper demonstrates consistency between the empirical data, model structure 

and parameter definitions. The model suggests that the information links are critical in 

affecting the system behavior; in particular, the construction sector’s incorrect perception of 

construction demand caused oscillation in the system, posing financial burdens for the sector 

and economy as a whole. To improve the reconstruction planning and expedite the 

reconstruction process, a better construction information reporting system (not using lagging 

metrics) that takes into account of current activities is needed.   

The present model is a first attempt to develop a dynamic representation of post-disaster 

reconstruction pathways in the study area. The model was not used with the aim of predicting 

reconstruction pathways or evaluating exact effects of policies, but with the aim of exploring 

behavioural dynamics based on empirical data collected in Christchurch. Opportunities for 

future work are suggested below: 

x The model needs to be broadened and tested against other disasters in order to be 

transferrable to different contexts. By the time of completing this report, the 

researchers received the notification from QuakeCoRE that a new project has been 

funded for 2018. This new project entitled ‘Quantification of infrastructure downtime 

in earthquake reconstruction’ aims to improve the model’s functionality by exhibiting 

how the decision variables can affect the rebuild progress through quantification of 

time effects of these critical decision variables. The model developed in this research 

will be refined and tested by using the Kaikoura earthquake recovery data. 
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x The model does not consider the housing stocks that need non-quake related 

renovation and the houses that decay once the repairs and rebuilds are completed, 

which might affect the way the construction sector perceives and reacts to the 

changing demand. 

x Time delay estimates for each stage of reconstruction are based on empirical data, 

rather than statistical data. The quantification of time delay variables and their effects 

on the associated time delay are not considered in this research; however, it can be an 

important work for future research.  

x The model developed in this paper is for the residential rebuild alone. The system 

dynamics models for infrastructure and commercial sector are needed as more 

statistical data and empirical data become available; and the interdependencies among 

sectors should be considered for future reconstruction sequencing and planning.  

x To evaluate the effects of different reconstruction pathways on the recovery and 

regional economy, two additional system dynamics models need to be formulated in 

detail for future research; one is the unit cost for construction and the other is the 

construction occupational workforce model.  

 

Acknowledgements 
The authors wish to thank the funding support from the New Zealand QuakeCoRE flagship 5 

‘Pathways to Resilience’ (Project #3710620). We are grateful for the support of the Advisory 

Committee, in particular Dr Erica Seville of Resilient Organisations and Dr Garry 

MacDonald of Market Economics, and many reconstruction practitioners who provided 

views and feedback on the models developed. 

 



45 | P a g e  
 

Appendix: Equations of variables 
System variable Type Equation Measurement 
Inspecting and 
assessing 

Auxiliary  Total number of damaged houses / Avg inspecting 
and assessing time 

Houses/month 

Decision making Auxiliary Damaged houses / Avg decision making time Houses/month 
Non-cash claim 
settling 

Auxiliary Houses under decision rules * (1-Percentage of cash 
settlement) / Avg non-cash claim settlement time 

Houses/month 

Repairing and 
rebuilding 

Auxiliary “Rebuild-related gap” / Avg adjustment time Houses/month 

Completing Auxiliary “PMO-managed working in progress” / Avg PMO 
completion time 

Houses/month 

Discovery faulty 
work 

Auxiliary PMO finished houses  / Avg time to detect defects Houses/month 

Re-fixing Auxiliary “Sub-standard houses” / Avg time to rework Houses/month 
Cash settling Auxiliary House under decision rules * Percentage of cash 

settlement / Avg cash settling time 
Houses/month 

Financing and 
planning 

Auxiliary Cash settled houses * “Percentage of self-initiated 
repairs/rebuilds” / Avg self financing and planning 
time 

Houses/month 

Self mag repairing 
and rebuilding 

Auxiliary “Self rebuild-related gap” / Avg adjustment time Houses/month 

Self-completing Auxiliary “Self-managed houses working in progress” / “Avg 
self-managed completion time” 

Houses/month 

Discovery of faulty 
work 

Auxiliary Self finished houses / Avg time to detect defects Houses/month 

Self mag re-fixing Auxiliary “Self finished sub-standard houses” / Avg time to 
rework 

Houses/month 

Owner decision 
making 

Auxiliary Cash settled houses * (1-“Percentage of self-initiated 
repairs/rebuilds”) / Avg owner decision time delay 

Houses/month 

PMO rebuild-
related gap 

Auxiliary “Insurer-managed houses” – PMO finished houses – 
“PMO-managed houses working in progress” 

Houses 

Self rebuild-related 
gap 

Auxiliary “Self-managed houses” – Self finished houses – 
“self-managed houses working in progress” 

Houses 

Percentage of cash 
settlement  

Constant 0.6, namely 60% --- 

Percentage of self-
initiated 
repairs/rebuilds 

Constant 0.8, namely 80% --- 

Hiring Auxiliary Max(("Gap (construction demand)"*Labour demand 
rate-Construction labour)/Avg hiring time, "Gap 
(construction demand)"*Labour demand 
rate*Employee turnover rate) 

People/month 

Leaving Auxiliary Employee turnover rate * 100/12 People/month 
Labour demand rate Constant 8  People/house 
Total number of 
quake-damaged 
houses 

Constant 170000 --- 

Gap (construction 
demand) 

Auxiliary “Total number of quake-damaged houses” + “Gap 
(need for new houses)” 

Houses 

Employee turnover 
rate 

Constant 0.3, namely 30%  
The number of employees leaving, divided by the 
average total number of employees; 30% turnover 
rate manes out of 100 employees, 30 leave by the 
end of a year 

People/month 
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