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Abstract  
 

The impact of natural hazards on communities, from a structural, environmental, social, and 

economic perspective, is increasing worldwide. Following natural disasters, such as flooding, 

earthquakes, tsunami, hurricanes, and volcanoes, transportation systems are disrupted resulting 

in cities, towns, and villages being isolated for a period of time causing post-disaster response 

issues, evacuation difficulties, accessibilities issues, increased travel costs, and economic 

losses.   

New Zealand (NZ) is at risk from different types of hazards and has experienced a variety of 

disasters in recent years. The source of most disasters in NZ are geological hazards 

(earthquakes, volcanoes, erosion, and landslide); and meteorological hazards (wind and heavy 

rainfall). Since 2000, three major earthquakes have occurred in NZ, all in the South Island, 

causing 184 deaths and an estimated economic loss of US$28.5 billion in damage. The Alpine 

fault, one of the major fault systems in NZ, extends over 600km in the South Island. There is a 

high probability of a rupture in the next 50 years, with resulting severe damage to the built 

environment, especially to infrastructure, predicted. In order to assess the operational 

performance and resilience of the South Island regional road network following a potential 

Alpine Fault Magnitude 8 earthquake, this project was funded by the Ministry of Business, 

Innovation, and Employment (MBIE) under the National Science Challenge (NSC) – 

Resilience to Nature’s Challenges (RNC) program. Although the physical impact of the AF8 

has been studied in detail, there is a paucity of research in the literature assessing the operational 

performance of the road network following such an event. Only one study has estimated the 

operational performance of the road network post-disaster without using any transportation 
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simulation model. The main contribution of this research is, therefore, to develop, calibrate and 

validate a mesoscopic model of the South Island road network and develop a novel approach to 

assess the resilience of the network following a disaster.   

To assess the operational resilience of transportation networks following a natural disaster, 

three approaches have been reported in the literature, namely: conceptual, analytical and a 

combination of analytical and simulation. A combination of analytical and simulation was 

chosen for this research.  

In order to develop the simulation model, the road network from Open Street Map was first 

imported into the software. The South Island was divided into 541 traffic zones based on NZ 

geographic unit areas based on census data. An Origin-Destination (OD) matrix was created for 

light vehicles (commuting and tourism trips) and heavy vehicles (freight trips) based on 2013 

census data, land use GIS shapefiles, Regional Tourism Organisation data, and Ministry of 

Transport data. The model was first calibrated macroscopically against 2013 traffic data as the 

base year by adjusting the OD matrix separately for light vehicles and heavy vehicles using the 

matrix estimation and static assignment methods. Then the model was calibrated at the 

mesoscopic level using the C-Logit based Stochastic Route Choice method. To validate the 

model in a post-disaster environment, 7-day Average Daily Traffic (ADT) data starting from 

Day 8 after the 2016 Kaikoura earthquake was applied. Corridor and trip analyses were 

conducted to assess post-disaster operational performance of the road network. Corridor 

analysis results indicate a significant increase in traffic count and density, and a minor decrease 

in average travel speeds on four main corridors namely: SH65, SH63, SH6 (between SH63 and 

SH65), and SH7 (between SH65 and SH1), serving as the main alternative routes after the 

earthquake. Trip analysis results show a significant increase in the average travel time from 
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Marlborough to other affected traffic zones (typically 20-50% and as much as 90% in the worst 

case) due to the increased travel distances on the alternate routes. 

The calibrated and validated model, therefore, was utilised to estimate the performance of the 

road network impacted by the Alpine Fault Magnitude 8 earthquake scenario. The trip analysis 

of one day, one week, six months, and beyond six months after the earthquake indicates that 

around 2.02%, 1.16%, 0.39%, and 0.13% of total trips, respectively, cannot occur in the South 

Island due to accessibility issues. Almost all of the inter-district trips from the three main 

impacted districts, namely Buller, Westland, and Grey, would be cancelled for at least one week 

after the earthquake.  

To assess the resilience of road network following a disaster, a novel Normalised Trip 

Resilience (NTR) measure was proposed incorporating three different dimensions of resilient 

systems, namely; robustness, redundancy, and recovery. The proposed measure reflects the 

resilience of trips in percentage for the whole of the recovery period. The Equivalent number 

of Impacted Trips (EIT) is proposed as a measure of effectiveness to prioritize the importance 

of OD pairs post-disaster using NTR and flow. The proposed measures were implemented to 

evaluate the operational performance of New Zealand’s South Island road network in the event 

of the Alpine Fault Magnitude 8 earthquake scenario. The resulting measures were capable of 

being calculated from the outputs produced by a transportation simulation model thereby 

verifying their practicality in real-world situations. The importance of including both robustness 

(represented by the number of eliminated trips) and redundancy (represented by increased travel 

time), over the horizon of the post-disaster recovery phase was highlighted. Eliminated trips 

contributed significantly in areas that were cut off and isolated post-disaster, due to a lack of 

alternative routes, and increased travel time contributed as more roads were reopened but the 

alternative routes resulted in increased travel distances and, consequently, travel time. 
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1. Chapter 1 
Introduction 

 

1.1. BACKGROUND  

Disaster trends indicate that communities are increasingly becoming more vulnerable to 

disasters and that risks are rising globally (Mayunga, 2007, Ainuddin and Routray, 2012). 

Average economic losses from the five most devastating disasters each year between 2000 and 

2014 have increased from US$250 billion to US$300 billion (UNISDR, 2015). In 2011, 

earthquakes alone resulted in an economic impact of US$240 billion, the most devastating year 

since 2000. However, risk reduction measures are often ignored until the occurrence of disasters 

(Cutter et al., 2008). Natural hazards, such as flooding, earthquakes, tsunami, hurricanes, and 

volcanos, can affect communities structurally, environmentally, socially, and economically. 

Disturbance or destruction of infrastructure can destabilize society, impacting the economy, 

health, and safety of the community, as the functioning of communities is closely related to 

infrastructure functionality, especially in response to disasters and during an evacuation 

(Normandin et al., 2011).   

The transportation system, a critical infrastructure lifeline, is a multi-modal, multi-faceted, and 

multi-parametric system distinguished by a variety of complex and non-linear inter 

relationships and interdependencies between the physical system, information system, system 

users, and external components at the micro and macro level (Tamvakis and Xenidis, 2012). 

Although transportation systems are primarily designed for daily commuting and freight 

services’ on a day-to-day basis, the transportation system can also assist in the rescue operation 

and recovery of other lifelines following a disaster (Mattsson and Jenelius, 2015).   
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Transportation systems can be disrupted post-disaster resulting in cities, towns, and villages 

being isolated for a period of time causing post-disaster response issues, evacuation difficulties, 

accessibilities issues, increased travel costs, and economic losses. The impact of a 

transportation system failure in an urban, compared to a rural area, can be quite different, 

depending on the extent of road network damage. Generally, several alternative routes are 

available in cities, which is seldom the case in rural areas. Transportation network failure 

influences the connectivity and overall system performance (Taylor et al., 2006).  

The two main concepts used in the literature to assess the performance of a transport network 

following disasters are vulnerability and resilience. However, according to Faturechi and 

Miller-Hooks (2014a) risk, reliability, robustness, flexibility, and survivability are other 

common performance metrics or concepts applied in the literature to evaluate the impact of 

disasters on transportation networks.  

Vulnerability is not a new concept and has been adopted by many researchers to analyse the 

level of service in transportation networks. Berdica (2002) defined vulnerability in the road 

transportation system as “a susceptibility that can result in considerable reductions in road 

network serviceability”. Vulnerability is related to the impacts of disruption rather than the 

likelihood of disruption. Consequently, it considers events with low probability and high 

adverse impacts (Taylor et al., 2006). Mattsson and Jenelius (2015) highlighted the maturity 

and sophistication of transportation vulnerability research due to the wide variety of research 

that has been conducted in this field; however, they also mentioned that the appropriate 

implementation of this research by planners and operators has been lacking. 

While the concept of resilience has been used in science since 1625 (Alexander, 2013), it was 

first introduced by Holling (1973) in the field of ecology and has only been applied in disaster 
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risk reduction since 2000 (Alexander, 2013). Resilience, in general, has two components: 

firstly, physical components including the natural and built environment (infrastructure) and, 

secondly, human communities, including social and institutional aspects. Stevenson et al. 

(2015) summarized a range of definitions presented in the literature for disaster resilience and 

defined resilience as “the ability to absorb the effects of a disruptive event, minimize adverse 

impacts, respond effectively post-event, maintain or recover functionality, and adapt in a way 

that allows for learning and thriving while mitigating the adverse impacts of future events”. To 

evaluate community resilience, different dimensions are suggested to be considered including, 

social, economic, environmental, structural, institutional, and infrastructure. The performance 

of transportation networks, one of the most critical infrastructure in post-disaster situations due 

to its ability to provide accessibility for emergency and civil workers post-disaster, will have a 

significant influence on the overall resilience of a community. Resilience in transportation 

systems can be defined as the ability to reduce the loss of performance or impacts of disruption 

and properly recover or adapt to a (new) original condition (Zhang et al., 2015, Mason and 

Brabhaharan, 2016).  

The performance of a road network following a disaster can be assessed based on asset 

performance (Galli and Guzzetti, 2007, Wotherspoon et al., 2012, Abkowitz et al., 2017, Hood 

et al., 2003, Rowshan et al., 2003, Rowan et al., 2013) or operational performance (Xu et al., 

2015, Imran et al., 2014, Faturechi and Miller-Hooks, 2014b, Murray-Tuite and Wolshon, 2013, 

Jenelius and Mattsson, 2012, Jenelius, 2010, Faturechi and Miller-Hooks, 2014a). Disasters 

cause damage to transportation assets such as bridges, tunnels, and roads, which in turn can 

influence the operational performance of the network as measured by reduced capacity, 

increased travel time, and congestion. Understanding the operational performance of the 

transportation network following a disaster is crucial for post-disaster operations and business 
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continuity. To assess the resilience of transportation networks following a natural disaster, three 

approaches have been reported in the literature, namely: conceptual, analytical and a 

combination of analytical and simulation.  

1.2. RESEARCH MOTIVATION  

Hazards are divided into two main categories, namely man-made and natural. Natural hazards 

are subcategorized into biological, climatological, geophysical, hydrological, and 

meteorological. Figure 1-1 shows the occurrence of different hazards based on consolidated 

datasets (UNISDR, 2015) indicating flood, fire, and landslide as the most frequent hazards 

around the world. Table 1-1 presents the global statistics in terms of natural hazard impacts 

between 2000 and 2016, including the overall human and economic impact. The variation of 

data is related to the location, type of hazard, and the magnitude of the disaster. 

The physical impact of disasters in the case of two different types of disasters, namely intensive 

disasters and extensive disasters, was estimated by UNISDR (2015) using human losses, 

destroyed houses, damaged houses, damaged crops and woods, livestock lost, damaged 

educational facilities, damaged health facilities, and affected roads. The results show that 

damage to agriculture, roads, and other lifelines, as well as injured or affected people, are 

mostly related to extensive disasters (more than 80%) (Figure 1-2). Specifically, 81% of the 

damage to a road network occurred due to extensive disasters indicating that road infrastructure 

is reasonably resistant to intensive disasters. In fact, the probability of damage to the road 

network in the case of an intensive disaster is less than 20%.      
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Table 1-1: Worldwide Natural Hazard Impact 2000-2016 (EM-DAT, 2017) 

Year Occurrence Total Deaths Injured Homeless Total Affected 
Total Damage 

(‘000 $) 

2000 526 16,667 14,844 1,766,425 174,235,753 46,706,436 

2001 447 39,493 278,897 3,113,696 108,974,404 27,074,439 

2002 505 21,342 52,633 354,875 659,261,195 52,078,152 

2003 420 113,558 207,312 2,900,670 255,091,094 69,839,150 

2004 398 244,772 1,884,212 2,577,923 161,882,913 136,378,448 

2005 488 93,566 157,350 6,266,457 160,682,965 214,205,351 

2006 462 29,893 168,950 6,203,123 126,303,258 34,104,949 

2007 450 22,422 73,127 1,169,731 212,864,303 74,420,257 

2008 394 242,236 396,453 3,242,535 221,841,910 190,849,247 

2009 389 16,037 47,978 510,312 201,789,281 46,776,393 

2010 435 329,900 740,761 2,423,997 259,960,654 132,194,096 

2011 361 34,143 50,814 1,964,972 212,792,339 364,093,168 

2012 371 11,619 63,919 950,345 111,437,303 156,692,232 

2013 355 22,225 124,421 328,923 96,904,241 119,484,189 

2014 342 20,882 107,296 1364,787 140,969,258 97,769,314 

2015 396 23,893 170,191 619,992 433,928,496 84,006,136 

2016 344 10,057 284,787 2,572,961 142,737,400 147,392,411 

 

 

Figure 1-1: Composition by the Hazard of GAR 2015 Consolidated Datasets (UNISDR, 
2015) 
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Figure 1-2: Physical Loss Distribution (%) of Different Indicators in case of Intensive or 
Extensive Risk Disasters (UNISDR, 2015)    

New Zealand is an island nation with a land area of 268,107km2 and a population of 4,509,700 

(NZIP, 2015). Earthquakes, volcanoes, storms, and glaciers have shaped the landscape of New 

Zealand over millions of years (ODESC, 2007). It consists of two main islands, namely the 

South Island (150,437km2) and North Island (113,729km2). New Zealand has experienced 

several natural disasters in recent decades. Among those, earthquakes have caused the highest 

number of causalities (184 deaths) and economic loss (US$28.5 billion) (EM-DAT, 2017). The 

source of most disasters in New Zealand are categorized into two types:  

 Geological hazards (earthquakes, volcanoes, erosion, and landslides); and 

 Meteorological hazards (wind and heavy rainfall) (Berryman et al., 2014). 

ODESC (2007) reported flooding as the most common disaster, earthquakes and tsunamis as 

the most damaging, and volcanic eruptions as the most probable natural hazards in New 

Zealand. Table 1-2 indicates that geological (earthquake) and meteorological (flood and storm) 

hazards have the highest economic costs. Three major earthquakes have hit New Zealand in 

recent years, all located in the South Island, including the Canterbury Earthquakes in 2010 and 

2011, and the Kaikoura Earthquake in 2016. The Canterbury earthquake in 2011 was the most 

devastating in terms of fatalities.  
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Table 1-2: New Zealand Natural Hazard Impacts 2000-2016 (EM-DAT, 2017) 

Disaster Type Disaster Subtype 
Events 
Count 

Total 
Deaths 

Total 
Affected 

Total Damage 
('000 Us$) 

Drought Drought 1 0 0 823,000 

Earthquake 
Ground 

movement 
5 184 615,737 28,450,000 

Epidemic Viral disease 1 0 1 0 
Extreme 

Temperature 
Heat wave 1 0 0 200,000 

Flood -- 4 3 100 104,000 
Flood Flash flood 5 4 7250 320,000 
Flood Riverine flood 2 0 700 171,500 
Storm Convective storm 3 3 557 39,100 
Storm Tropical cyclone 1 0 300 0 

 

The first earthquake struck Darfield, 40 kilometres west of Christchurch with magnitude 7.1 

(ML) on 4th September 2010. Although some buildings were damaged and around 100 people 

were injured, no fatalities were reported due to the distance of the epicentre from the major 

urban residential areas and the time of the impact (Potter et al., 2015). Fenwick et al. (2012), 

based on a summary of Wotherspoon et al. (2012), stated that the highway bridges generally 

performed well due to NZTA’s successful retrofit program. The majority of the road network 

was passable for most types of vehicles, although with difficulties in some parts because of 

uplift (Eidinger and Tang, 2012). Due to the occurrence of a huge landslide six days after the 

earthquake, State Highway 1 between Christchurch and Kaikoura was closed for four days 

(Eidinger and Tang, 2012).   

A few months after the 2010 Canterbury earthquake, another earthquake struck Christchurch 

with a magnitude of 6.2 Mw on 22nd February 2011, causing massive destruction, killing 182, 

injuring many people, destroying many buildings, and disrupting lifelines. It was the most 

devastating earthquake in NZ since the 1931 Hawke’s Bay earthquake (Giovinazzi et al., 2011). 

The Christchurch International Airport was reopened the day after the earthquake. Lyttelton 
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Port, in spite of the impact of liquefaction and strong shaking, restarted services after ten days 

(Giovinazzi et al., 2011). According to Giovinazzi et al. (2011), while the damage to the road 

network was extensive due to significant liquefaction and lateral spreading, and 83 sections of 

57 local roads in the eastern suburbs of the city were affected, most of the state highways were 

open and accessible. Generally, bridges performed well after the strike, although a small 

number of them were severely affected, mostly due to lateral spreading. Among 25 affected 

state highway bridges, only two of them were seriously damaged, and one of them required a 

one-lane restriction (Eidinger and Tang, 2012).  

Initial estimated costs of damage by these two earthquakes were around $15 billion, about 8% 

of New Zealand GDP (Table 1-3) (NZTreasury, 2011). However, NZParliament (2011) later 

revised this estimate upwards to $20 billion including $13 billion for the residential sector, 4$ 

billion for the commercial sector, and $3 billion for infrastructure. NZTA estimated $6 million 

damage from the 2010 earthquake and $40 million damage from the 2011 earthquake (Eidinger 

and Tang, 2012).  

Table 1-3: Initial Damage Estimate (NZTreasury, 2011) 

 

The last major recent earthquake in the South Island occurred on the 14th of November 2016 

around 60km south-west of Kaikoura at a depth of 15km with a magnitude of 7.8 Mw, killing 

two people and injuring 57. At least 21 faults ruptured causing 80,000 to 100,000 landslides 

within an area of 10,000 km2, five of them with more than 1,000,000 m3 volume (Davies et al., 
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2017). The earthquake caused widespread disruption to State Highway 1, a critical corridor in 

the South Island of New Zealand, due to numerous landslides, many of them significant, 

blocking the highway. The Kaikoura earthquake affected a number of industries in the Kaikoura 

and Hurunui districts, especially tourism and primary production (seafood and dairy) due to 

infrastructure disruption (NZTreasury, 2016). Damage costs were significant, around $1.5 to 

$2.0 billion (NZTreasury, 2016), and most of them related to transportation infrastructure (road 

and rail) (Table 1-4).   

Table 1-4: Initial Estimate of Damage Cost of The Kaikoura Earthquake (NZTreasury, 2011)  

 Estimate range 
Transport infrastructure (roads and rail) $1.5 to $2.0 billion 

EQC claims costs for damage to residential properties $0.5 to $0.7 billion 
Non-transport infrastructure costs Up to $0.1 billion 

Other costs Up to $0.2 billion 
Total $2.0 to $3.0 billion 

 

The Alpine Fault in the South Island is of major concern in the region as a potential earthquake 

location and could be of higher magnitude than those experienced earlier (Berryman et al., 

2014). The Alpine Fault, which runs for over 600km up the spine of the South Island, is part of 

the active boundary between the Pacific and Australian tectonic plates and has an unusually 

regular history of producing large earthquakes. This research program is tasked with developing 

a network model capable of simulating the post-disaster operational performance of the South 

Island road network in NZ. The program is primarily focused on a potential future Alpine Fault 

earthquake due to the likelihood that the next large earthquake on the Alpine Fault will occur 

within our, or our children’s, lifetime (Berryman et al., 2014, Benn et al., 2002).  

As one of the 11 National Science Challenges (NSC), the Ministry of Business, Innovation, and 

Employment (MBIE) has funded the Resilience to Nature’s Challenges (RNC) to develop new 
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scientific solutions to make New Zealand a resilient nation. Four Co-Creation Laboratories, 

namely cities, edge, Maori, and rural, have been defined which are supported by six Resilience 

Toolboxes, namely trajectories, hazards, culture, government, economics, and infrastructure 

(CDRRR, 2017). This research is situated in the intersection between the Infrastructure Toolbox 

and Rural Co-Creation Laboratory to assess the impact of a major earthquake on the road 

network in the South Island.   

1.3. PROBLEM STATEMENT 

Given the potentially devastating impact of an Alpine Fault earthquake on infrastructure, 

especially transportation systems, there is a need to undertake post-disaster operational 

performance and resilience assessment of the South Island road network, in order to assist Civil 

Defence and Emergency Management, and other relevant organisations, to plan for such an 

eventuality. The structural performance of road assets following such an event has been 

undertaken in a previous study, and this will help inform the operational performance and 

resilience assessment. Such an assessment should be able to account for eliminated trips, due 

to lack of accessibility, and increased travel time, due to increased traffic volumes and travel 

distance on the available alternative routes. Finally, in order for the relevant authorities to have 

confidence in the outputs, it is required to validate the model in a post-disaster setting. 

1.4. RESEARCH AIM AND OBJECTIVES 

The main aim of this research is to assess the resilience of a rural road network in the South 

Island, New Zealand, in case of a major earthquake, namely the Alpine Fault Magnitude 8 

earthquake scenario, termed hereafter as AF8. The objectives of this research are:  
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1. To develop a large-scale regional travel demand and traffic simulation model of New 

Zealand’s South Island  

2. To calibrate the model at the macroscopic level and, then, at the mesoscopic level  

3. To validate the model against two data sets, one against 2016 BAU and the other against 

7-day Average Daily Traffic (ADT) data post-Kaikoura earthquake 

4. To assess the operational performance of the network following the Kaikoura 

earthquake.  

5. To assess the operational performance of the network following the AF8 scenario   

6. To propose a novel approach to measure the resilience of trips on a road network 

following a disaster; 

7. To assess the trip resilience of the network following AF8 using the new proposed 

method.  

1.5. RESEARCH SCOPE 

This research addresses the operational performance and trip resilience of the New Zealand 

South Island regional road network in the case of a major disaster. The transport network (road, 

rail, sea, and air) in New Zealand is a well-developed and well-connected infrastructure 

containing:  

 11,000km of State highways 

 80,000km of local roads 

 Seven international airports 

 28 regional airports with scheduled services 

 4,000km of rail track 

 14 exporting seaports (MOT, 2017) 
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The road network, in particular, plays a vital role in the transportation system. Around 70% of 

freight tonne-kilometres and more than 100 million bus trips are undertaken on the road network 

each year (MOT, 2017). Although state highways cover just 12% of all roads in NZ, they carry 

around 50% of all flow (MOT, 2017) indicating the importance of state highways in connecting 

communities and goods.  

The South Island is the larger island, dominated by the Southern Alps (ODESC, 2007), with a 

population of 1,004,400 (2013 census), and, referring to Figure 1-3, contains seven regions 

(Canterbury, Otago, Southland, West Coast, Marlborough, Nelson, and Tasman). The West 

Coast is located between the Southern Alps and Tasman Sea with an area of 23,000 square 

kilometres, around 8.5% of New Zealand’s land (WCRC, 2014). Figure 1-4 shows the three 

most important industries in the West Coast Region as agriculture, mining, and manufacturing, 

which account for 16.9%, 12.7%, and 9% of total annual NZ GDP, respectively (Infometrics, 

2016). The role of infrastructure networks in keeping these industries alive is undeniable, 

especially the transportation network, to keep industries connected to other regions and other 

parts of the world.  

Benn et al. (2002), as part of a study for the West Coast Regional Council (WCRC), reported 

that the main natural hazards include:  

1) “River flooding and aggradation hazards. 

2) Landslides and landslide dam hazards. 

3) Coastal hazards (stability, storm surge, tsunami, sea level rise). 

4) Earthquakes hazards (ground shaking, surface rupture, liquefaction, seiches). 

5) Climatic hazards (strong wind, tornadoes, hail, snow, ice, droughts, and wildfires).” 
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Figure 1-3: The South Island Boundaries (LGNZ, 2017) 

 

Figure 1-4: West Coast Region Industries Proportion of NZ GDP (Infometrics (2016)) 
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West Coast Civil Defence and Emergency Management (WCCDEM) reported the five top 

hazards in priority order as major earthquakes, human pandemic, flooding, tsunami, and severe 

storms (Table 1-5) using risk analysis methods (WCCDEM, 2016).  

Table 1-5: Summary of CDEM Group Risk Profile (WCCDEM (2016)) 

 

Figure 1-5 shows the active faults in the South Island. The Alpine Fault is the longest active 

fault in NZ, more than 800km long, with the highest average long term slip rate (Yetton, 2000). 

Berryman et al. (2014) reported the probability of occurrence of the Alpine fault M8 earthquake 

in the next 50 years as 30% with an estimated economic cost in excess of $10 billion (Table 

1-6). Benn et al. (2002) reported around 65% probability of the Alpine fault rupture occurrence 

in the next 50 years and nearly 85% probability in the next 100 years. Therefore, rupture of the 

Alpine fault is inevitable with severe damage to the built environment, especially to 

infrastructure. Yetton (2000) reported that the rupture of the Alpine Fault might be felt in all 
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districts of the South Island causing serious damage to the West Coast Region (Westland and 

Buller), Canterbury, and Otago.  

Table 1-6: Selected Geological Hazards Risks for New Zealand (Berryman et al. (2014)) 

Event 
Likelihood in The 

Next 50 Years 
Possible Economic 

Cost ($Billion) 
Alpine fault – M8 earthquake [AF8] 30% >10 

Ruapehu/Tongariro/Nguaruhoe/White Island major 
eruption 

Almost certain >1 

Taranaki eruption 20% ~1 
Hikurangi subduction zone M8+ and tsunami 10% >10 

Hope fault M7.2 earthquake 50% ~1 
South America M9+ earthquake & NZ tsunami 50% >1 

Auckland volcanic eruption 5% >>10 
NZ earthquake sequence like 1929-1942 50% >>10 

 

Referring to Figure 1-6, the South Island State Highways are long, thin routes with little 

alternative routes in case of emergency. State Highway 1 (SH1) connecting the north to the 

south of the Island, along the east coast, carries the majority of traffic on the network, as the 

main cities including Christchurch and Dunedin are located on this side of the Island. Corridors 

connecting Christchurch to Dunedin carry the highest traffic volume. Parallel to SH1, there is 

SH6 on the west coast starting from Marlborough (on the top of the Island) and ending in 

Invercargill (Southland District) where both SH1 and SH6 connect. Three corridors connect the 

east coast to the west coast, namely SH63, SH7, and SH73. In addition, SH6 connects the east 

and west, albeit at the very top of the island. In comparison to SH1, SH6 carries low traffic 

volumes on the west coast. The west coast is predominately a destination for tourists, with 

limited industries. The main ports and cities are all located on the east coast of the South Island, 

resulting in higher traffic volumes on this coast.  
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Figure 1-5: Active Faults in the South Island of New Zealand (Robinson et al. (2016)) 
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Figure 1-6: The South Island State Highways (NZTA, 2004) 

1.6. OVERVIEW OF RESEARCH METHODOLOGY  

The overall methodology of the thesis is outlined in Figure 1-7 and contains five steps. Given 

that the thesis is manuscript-based, the detailed methodology of each step is included in the 

relevant chapters. The first step is to develop the base model of the road network for the whole 
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South Island. The base model, a combination of supply data and travel demand, is formed using 

transportation planning processes and travel demand modelling. Required data to build the base 

model included supply data, land use data, and demand data. To build the network, the Open 

Street Map (OSM) file was imported into Aimsun directly. The features of the road network, 

such as speed and capacity, were then amended using NZTA guidelines, Google Maps, and 

other available sources of data.  

Travel demand modelling is a critical part of transportation planning arising from the need to 

connect different land uses, such as residential to business, recreational, and educational, based 

on individual human behaviour influenced by several factors including “the size of the city, its 

urban density, its layout, the demographic and cultural properties of its population, economic 

conditions and the type and quality of the transport networks.” (Moran and Veysey, 2013). The 

standard four-step method was applied to create the Origin-Destination (OD) matrices 

consisting of Trip Generation, Trip Distribution, Modal Split, and Trip Assignment, with Modal 

Split being undertaken as the first step. The hourly source OD matrices of the whole South 

Island were generated based on two types of mode (heavy vehicle and light vehicle) and three 

trip purposes (commuting, tourism, and freight) using 541 traffic zones, general hourly traffic 

profiles, land use data, 2013 census data, and several other available sources of data. The 

detailed steps of generating travel demand data and developing the base model are reported in 

Chapter 3. The outputs of this step, the generated hourly source OD matrices and the base 

model, were applied as an input for the next step, the calibration process.  

In step 2, the network was first calibrated macroscopically (statically) and then mesoscopically 

(dynamically). To calibrate the network macroscopically, the final travel demand matrix was 

estimated based on the three created source matrices and matrix estimation methods. Matrix 
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estimation is a common calibration process applied to decrease the differentiation between 

observed and modelled count data. The static OD adjustment process of Aimsun (TSS, 2017) 

was applied to create the final OD matrices. The outputs of the macroscopic calibration were 

adjusted OD matrices and static path assignments applied to the dynamic assignment. The 

calibration of the network dynamically tests the behaviour of the travel demand (OD matrices) 

by applying dynamic assignment methods and adjusting a variety of parameters. Considering 

the two dynamic models, Stochastic Route Choice (SRC) and Dynamic User Equilibrium 

(DUE), the SRC was selected based on the scope and aim of the project. The calibration process, 

statically and dynamically, is reported in Chapter 4.  

According to TRB (2010), validation is the process “by which the analyst checks the overall 

model predicted traffic performance for a street-road system against field measurements of 

traffic performance, such as traffic volumes, travel times, average speeds, and average delays.” 

While the model is calibrated dynamically based on Annual Average Daily Traffic (AADT), it 

is recommended to validate the model, as the third step, applying a different set of data, such 

as travel time or traffic count data of a specific date, instead of using AADT. Given that the 

base model was calibrated dynamically based on 2013 AADT, therefore, the model was first 

validated against 2016 BAU AADT data using the same calibration parameters, and then 

against post-disaster data, in this case the 2016 Kaikoura earthquake. The operational 

performance of the network after the earthquake was assessed using corridor and trip analysis, 

as detailed in Chapter 5.  



Chapter 1: Introduction 

 

20 

 

 

 Figure 1-7: Proposed Overall Methodology 

Given that the rupture of the Alpine fault is almost inevitable, with severe damage predicted to 

the built environment, especially to infrastructure, the next step was to estimate the performance 

of the road network impacted by the Alpine fault scenario. To implement a scenario on the 
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network, one of the most recent study predicting the impact of AF8 on different infrastructure 

(Davies, 2019) was applied. Corridor and trip analyses were undertaken in order to identify the 

impact of the earthquake on the performance of the network. A corridor is a group of sections 

connection two major nodes (cities or highways) to evaluate the impact of disasters locally, for 

instance, SH1 connecting the north to the south is divided into several corridors to make 

calculations and assessments more understandable. While corridor analysis investigates the 

impact of the earthquake on the traffic variables of each corridor, trip analysis is a process to 

assess how travel time and flow varies among traffic zones. Chapter 6 contains the detailed 

methodology and AF8 scenarios. 

Finally, the last step is to propose a new method, Normalised Trip Resilience (NTR), to evaluate 

the trip resilience of the road network following a disaster using three dimensions of resilient 

systems, namely robustness, redundancy, and recovery. Robustness is defined as the structural 

and physical strength of the transportation network assets, whereby the operational impact of 

disruption following a disaster would be reflected in the total number of trips still possible 

between an OD pair. Redundancy determines the impact of post-disaster trip reassignment (new 

route choice, the shortest alternative route) on travel time, whereby infinite post-disaster travel 

time indicates no redundancy. To prioritize the importance of OD pairs, post-disaster, the 

Equivalent number of Impacted Trips (EIT) is proposed as a measure of effectiveness. The new 

methodology, defined as Normalised Trip Resilience (NTR), and its application on AF8 

scenarios are reported in Chapter 7.   

1.7. THESIS OUTLINE  

According to the University of Auckland PhD guidelines, the doctoral thesis can be a 

manuscript-based thesis containing a series of published and unpublished research papers of 
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which the PhD candidate is the lead or sole author. In addition to the research papers, a 

contextual framework and discussion should be included in the thesis, which generally contains 

introductory and conclusion chapters. Accordingly, this doctoral thesis consists of an 

introductory chapter, six main chapters, and one final chapter covering the conclusions and 

recommendations of the thesis. Five of the chapters are based on submitted papers. Additional 

material was added as required. The introduction section of paper-based chapters has been 

modified to avoid repetition as much as possible, although some unavoidable repetition 

remains. The thesis is organised into eight chapters, including this introductory chapter, as 

follows:     

Chapter 1 includes the motivation for the research followed by the problem statement. The 

main aim of this research was set out and seven objectives were defined to achieve the main 

aim. The research scope was defined followed by an outline of the overall research 

methodology.    

Chapter 2 provides a comprehensive review of relevant literature to identify the key concepts 

and approaches in evaluating the performance of a road network in case of a disaster.  

Development of the base model and travel demand modelling for the whole South Island road 

network is detailed in Chapter 3 where all supply data, demand data, and land use data are 

combined to create the base model using the transportation planning process and the four-stage 

model. The source matrices and the base model are the main outcomes of this process. 

The developed base model and created source matrices used to calibrate the network are 

reported in Chapter 4. The model is calibrated first statically, using the matrix estimation 

method and static assignment method, and then dynamically, using adjusted matrices and the 
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Stochastic Route Choice (SRC) model. NZTA guidelines are utilised for the calibration and 

validation process. 

Chapter 5 details the validation process of the model using two different sets of data. Initially, 

it is validated against 2016 Business as Usual (BAU) data, and then it is validated against 

Kaikoura earthquake data to help quantify the reliability of the simulation outcomes and, 

therefore, decrease the degree of uncertainty. In both cases, the traffic count data is used as a 

reference. Finally, the output data for the Kaikoura scenario is applied to analyse the operational 

performance of the network using corridor and trip analysis methods.  

Chapter 6 introduces the developed scenarios for the Alpine Fault Magnitude 8 earthquake. 

The disrupted areas are applied to the calibrated and validated base model to run each scenario. 

The trip analysis is used to estimate the travel time variation and flow variation from four main 

impacted districts, namely Buller, Grey, Westland, and Southland, to other districts using four 

scenarios. The impact of the hypothetical earthquake on heavy vehicle movements is also 

examined.    

A new method to assess trip resilience of the road network is proposed in Chapter 7 where 

three dimensions, namely robustness, redundancy, and recovery are applied in combination to 

estimate the trip resilience of each traffic zone or a group of traffic zones. The application of 

the new method is tested on the AF8 scenario for the three main impacted districts, Grey, Buller, 

and Westland.  

Finally, the achievement of the research objectives and the significance of the research are 

stated in Chapter 8. The limitations are also discussed and, finally, recommendations for future 

studies are suggested.
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2. Chapter 2 
Literature Review 

This chapter has been extracted from: 

Aghababaei, M. T., Costello, S. B., Ranjitkar, P., (2021), Measures to Evaluate Post-Disaster 

Trip Resilience on Road Networks, Submitted to the Journal of Transport Geography. 

2.1. INTRODUCTION  

This chapter provides a literature review on the performance of transportation networks during 

and after disasters using two main concepts, namely resilience and vulnerability. The impact of 

disasters on a road network can be assessed based on the physical impact and/or the operational 

impact. The physical impact examines the effect of disasters on different assets such as 

pavements, structures, bridges, and tunnels, which in turn can disrupt the network, completely 

or partially. Therefore, the travel behaviour of the users will vary, causing increased travel time 

and travel cost, or even unsatisfied demand (El-Rashidy and Grant-Muller, 2014, Jenelius et 

al., 2006). This is referred to as the operational impact of a disaster.  

To assess the resilience of transportation networks following a natural disaster, three approaches 

have been reported in the literature, namely: conceptual, analytical and a combination of 

analytical and simulation. The conceptual approach estimates the performance of the network 

using questionnaires and qualitative methods (Mason and Brabhaharan, 2016, Wang, 2015, 

Hughes and Healy, 2014, Tamvakis and Xenidis, 2012, Brabhaharan et al., 2006). The analytical 

approach utilises mathematical methods to assess the performance of the network (Zhang and 

Wang, 2016, Pokharel and Ieda, 2016, Zhang et al., 2015, Miller-Hooks et al., 2012, Chen et al., 

2012, Taylor et al., 2006, Jenelius et al., 2006, Murray-Tuite and Mahmassani, 2004).  
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The last approach applies simulation software to estimate the required traffic variables, then 

evaluates the performance of the network using analytical methods and extracted traffic 

variables (El-Rashidy and Grant-Muller, 2014, Balijepalli and Oppong, 2014, Luathep et al., 

2011, Erath et al., 2009, Murray-Tuite, 2006, Scott et al., 2006). 

 In this chapter, the three aforementioned approaches are discussed followed by a review of the 

traffic simulation and general performance measures applied in different literature.  

2.2. CONCEPTUAL APPROACH  

The conceptual model examines the network condition based on a qualitative method using 

frameworks, questionnaires and statistics to assess resilience or vulnerability of the network. 

Mason and Brabhaharan (2016) assessed the resilience of the New Zealand state highway network 

based on a methodology developed by Brabhaharan et al. (2006) using the availability state (Table 

2-1a), outage state (Table 2-1b), and the disruption state (Table 2-1c and Table 2-1d).  

Table 2-1: a)Availability State, b) Outage State, c) Disruption State, and d) Disruption State 
Derivation (Mason and Brabhaharan, 2016) 

a)  

b)  
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c)   

d)  

The availability state indicates whether the road section would be available for full access, at 

various reduced access levels or not at all post-disaster. The outage state indicates the duration 

over which the road will be in the availability state. This indicates the duration of loss or reduced 

access in links along the road network. The disruption state combines the availability state and 

the outage state to create a single parameter determining the level of disruption. The level of 

disruption for nine main highways in New Zealand was assessed and illustrated using ArcGIS. 

The New Zealand Transport Agency (NZTA) has uploaded an online disruption status map 

using this conceptual model to illustrate disruption levels in state highways (NZTA, 2019). 

Wang (2015) defined “comprehensive resilience in transportation” as a concept that addresses 

the three resilience components namely recovery, reliability (network connectivity and travel 

time reliability), and sustainability (economically, environmentally, and socially). Then, 

transformability was proposed in the analysis framework (Figure 2-1) to achieve 

“comprehensive resilience in transportation” by addressing both engineering resilience and 

ecological resilience. The three components included in the conceptual model cover three 

categories of disruption in transportation systems namely disasters, day-to-day variations to 
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demand or capacity, and long-term changes such as climate change, where recovery, reliability, 

and sustainability are responses to each of these disruptions, respectively.     

 

Figure 2-1: Incorporating Transformability in “Comprehensive Resilience in Transportation” 
(Wang (2015)) 

Given the interest of NZTA in continuous and safe functionality of transport assets and services, 

Hughes and Healy (2014) developed a practical and feasible framework and assessment tool to 

evaluate the resilience of the transportation network. The tool assesses the resilience of the 

network based on two dimensions: technical and organizational. For each dimension, three 

principles were examined, namely robustness, redundancy, and safe-to-fail for the technical 

dimension, and change readiness, networks, leadership and culture for the organizational 

dimension. Each principle has several indicators that are scored from 1 (low resilience) to 4 (very 

high resilience). Figure 2-2 shows the assessment method including the indicators of each 

principle, the scoring method, and how the overall resilience score is estimated. While this 

framework evaluates the resilience of transport infrastructure in terms of assets and services, there 

is a lack of operational resilience assessment in this framework.   
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Figure 2-2: Resilience Assessment Method Proposed by Hughes and Healy (2014) 
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Tamvakis and Xenidis (2012) explored the resilience of the transportation system in terms of 

micro- and macro-levels. At the micro-level, they characterized the physical system, providing 

service, and information system, as illustrated in Figure 2-3 and the components of each. At the 

macro-level (Figure 2-4), external components such as the government, customers, general 

public, supply industry, the financial community, and competitors are form part of the system.  

 

Figure 2-3: Transportation System’s Components at Micro-Level (Tamvakis and Xenidis (2012)) 

  

Figure 2-4: Transportation System’s Components at Macro-Level (Tamvakis and Xenidis (2012)) 



Chapter 2: Literature Review 

 

30 

 

Discussion: Table 2-2 summarises the literature related to the conceptual approach of 

transportation network resilience and vulnerability along with their components or indices.  

These studies determine the influence of different dimensions and components of the 

transportation system in the resilience or vulnerability assessment of the system. Mason and 

Brabhaharan (2016) presented a disruption status on the network based on the predicted level 

of damage. Damage data is applied to estimate availability and outage levels. This kind of 

framework is suitable for a quick assessment of the network in disasters. The other qualitative 

resilience assessment framework developed in New Zealand, presented by Hughes and Healy 

(2014), includes more detailed elements and scoring approaches. It primarily relies on the 

structural functionality of the network and organizational or procedural activities in disasters. 

Its results are suitable for decision-makers and authorities to estimate the resilience score for 

each dimension, aggregated up to an overall resilience score, based on expert’s opinions. It does 

not examine, however, the interrelationship between different dimensions and principles. The 

conceptual framework proposed by Wang (2015) includes the high-level components of 

transportation resilience, which require further work to develop indicators and associated 

scoring. Although the framework proposed by Tamvakis and Xenidis (2012) categorises 

different elements of the transportation system at both the micro and macro levels, it does not 

explain the evaluation methods or the impact of each element on each other and the resilience 

of the network.  

None of the proposed frameworks examined the holistic view of the resilience of the 

transportation system. For instance, they did not test the impact of other infrastructure and other 

dimensions such as economy or society on the resilience of transportation systems. Hughes and 

Healy (2014) and Mason and Brabhaharan (2016) proposed qualitative frameworks and scoring 

methods to evaluate the resilience of New Zealand’s road network, however, they missed 
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several dimensions and components of a holistic resilient transportation system. For instance, 

their methods only deal with assets and organizational components of the transportation system.  

2.3. ANALYTICAL APPROACH 

Several studies have utilized mathematical methods to evaluate network performance post-

disasters or following on unpredicted disruption. Herein, these studies are classified as the 

analytical approach.  

 Zhang and Wang (2016) defined a method known as the Weighted Independent Pathway 

(WIPW) to evaluate the resilience of road networks after disasters. This method integrates 

different network characteristics such as topology, redundancy level, traffic patterns, structural 

reliability and functionality of the network to improve network resilience in comparison with 

the business as usual condition. Figure 2-5(a) illustrates the concept of resilience and Figure 

2-5(b) shows the effect of a risk mitigation plan on the improvement of resilience and 

performance levels of the network. The defined method is based on the “weighted average 

number of reliable independent pathways (IPW) between any network O-D pairs” (Zhang and 

Wang, 2016). IPW means different pathways with no shared road links. Therefore, despite the 

existence of many links between O-D pairs, there are limited IPWs. Shared links between O-D 

pairs cause increased sensitivity of the network towards the damage occurred to these shared 

links. The presented mathematical method known as WIPW (Zhang and Wang, 2016) is 

calculated as a sum of weighting factors applied to the individual node (wi) and the average 

number of IPWs (ri) as expressed in Equation (1).  

n

i i
i=1

WIPW(G)= w r             (1) 
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Table 2-2: Conceptual Studies and Frameworks of Transportation Network Resilience and Vulnerability 

References Main Topic 
Main 

Concept(s) 
Components 

Mason and 
Brabhaharan 

(2016) 

New Zealand 
State Highway 

resilience 

Disruption 
state 

Availability state and outage state 

Wang (2015) 
Comprehensive 

resilience in 
transportation 

Resilience  
 Recover efficiently 

 Reliable in terms of network connectivity and travel time reliability 
 Economically, environmentally and socially sustainable 

Hughes and 
Healy (2014) 

NZTA resilience 
framework 

Technical and 
organizational 

 Robustness; redundancy; safe-to-fail; (structural; procedural; interdependencies) 
 Change readiness (communication and warning; information and technology; insurance; internal 

resources; planning strategies; clear recovery priorities; proactive posture; drill and response exercises; 
funding; adaptation; learning) 

 Networks (breaking silos; leveraging knowledge; effectiveness partnerships) 
 Leadership and culture (situation awareness; leadership; staff engagement and involvement; decision-

making authority; innovation and creativity) 

Tamvakis and 
Xenidis 
(2012) 

Resilience in 
Transportation 
System (TS) 

Transportation 
system's 

components  

 Physical System (infrastructure; fuel; vehicles; power system; control communication; location systems) 
 Providing service (commercial travel; business travel; utility repair (maintenance); freight delivery; 

leisure travel; commuting; emergency response) 
 Information system (collision avoidance system; dynamic monitoring; sensing technologies; emergency 

vehicle notification system; computing and telecommunications) 
 External components (Government; customer; general public; competition; financial community; supply 

industry) 

Brabhaharan 
et al. (2006) 

Risk 
management 

Performance 
criteria 

 Influencing performance measures (safety of life; disruption; emergency services access; lifeline 
importance; community expectations; communication; broader economic impact; growth; alternative 

routes; damage repair cost) 
 Constraining performance measures (mitigation cost; resources and skills; suddenness of event; 

feasibility of mitigation; other lifeline effects; public perception) 
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A hypothetical road network with 37 links (all containing one bridge) and 30 nodes was created 

to demonstrate the evaluation of the resilience-based performance metric of the network 

assuming two different risk mitigation scenarios; prioritizing pre-disaster retrofitting bridges 

and altering the topology of newly constructed bridges. This method can be used to find critical 

network components, to optimize new network topology, to alter traffic flow patterns and to 

find the best location of emergency response facilities (Zhang and Wang, 2016). 

a)  

b)  

Figure 2-5: (a) The Concept of Resilience and (b) The Effect of Risk Mitigation Plan (Zhang 
and Wang (2016)) 

Pokharel and Ieda (2016) developed and implemented the Network Performance Index (NPI) 

to evaluate the potential impact of network disruption, first prioritizing the network connectivity 

based on the accessibility index (Taylor et al., 2006) to find critical links. Then, in the second 
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stage, assessing the network performance using the redundancy concept. They also applied this 

method to prioritise road network links in the Tohoku region in Japan.   

Muriel-Villegas et al. (2016) assessed the connectivity reliability and the vulnerability of the 

inter-city transportation network (the state of Antioquia, Colombia) under network failure using 

probability and graph theory to show traffic flow reduction to a remote area as a result of the 

network degradation. They assumed that only one link would be disrupted completely at a time 

and the congestion on the network was not considered. 

The impact of the network topology on the resilience of the network is an important subject 

examined by Zhang et al. (2015). They assessed the resilience of 17 hypothetical network 

topologies (Figure 2-6) employing three different types of resilience: Throughput, 

Connectivity, and Average Reciprocal Distance (ARD), as expressed in Equations (2), (3) and 

(4), respectively.     

w

T w
ξ k w

wÎW kÎK wÎW

Throughput(R )=maxE max f (ξ) D
 
 
 

     (2) 

OD w
ξ w

wÎW wÎW

Connectivity(R )=maxE max φ (ξ) Γ
 
 
 

    (3) 

ARD
ξ w

wÎW wÎW w

1 1
ARD(R )=maxE max

d (ξ) Ψ

 
 
 

     (4) 

Throughput resilience seeks the maximum expected post-disaster flow that should not exceed 

pre-disaster demand. Connectivity resilience considers the proportion of connectivity of O-D 

pairs in the post- and pre-disaster scenarios (ζ). Average Reciprocal Distance (ARD) is 

calculated using the average shortest distance of available paths between each O-D pair before 
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and after the disaster. They evaluated the resilience of the network assuming two preparedness 

activities and three recovery activities with a limited budget.   

 

Figure 2-6: Different Network Topology Assessed by Zhang et al. (2015) 

The result has been reported using coping capacity (CC), only preparedness (P), only recovery 

(R), and both preparedness and recovery (P&R) actions on two kinds of hypothetical network 
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topology, small networks and large networks with 100 nodes. The most resilient topology using 

this method was a complete grid network and the least resilient topology was a ring network. 

The outputs indicate that improvement of resilience on the network will be highest by focusing 

on both recovery and preparedness actions. In addition, recovery actions alone are more 

effective than only preparedness activities to improve the resilience of the network (Zhang et 

al., 2015).    

Soltani-Sobh et al. (2015) considered how improved reliability can increase the resilience of a 

transportation network. The reliability is assessed using three performance measures namely 

total travel time, flow and consumer surplus. They defined resilience as the ability to 

accommodate disruptions on the transportation system and return to its normal function in a 

period of time. The probability of meeting an acceptable level of service in an unprecedented 

event is defined as reliability. They consider reliability as a subset of resilience. Reliability is 

determined by an analysis of uncertainty in terms of capacity and demand.   

The Network Infrastructure Resilience Assessment (NIRA) framework developed by Omer et 

al. (2013) was applied to measure the impact of disruption on the performance of the network 

using three metrics including travel time resilience, environmental resilience and cost 

resilience. The resilience is evaluated as “a ratio between the value delivery of the system before 

and after a disruption”. The resilience of the network over time t is measured, for instance, by 

the following equation: 

t

tt

0

ij(before)
tt

ij(after)

R (t)dt

R=
Δt
t

R (t)=
t


    (5) 
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Where Rtt represents the travel time resilience and tij represents the OD pair travel time. In this 

case, a travel time resilience value of 0.7, for instance, indicates a 30% increase in travel time 

to reach the destination. The resilience of the Boston-New York City road network was assessed 

using the proposed method, by adopting the Bureau of Public Roads (BPR) function to calculate 

the segment travel time between two nodes. 

Chen et al. (2012) investigated the impact of demand variation and travellers’ risk-taking 

behaviour on the “impact area vulnerability analysis” against the whole network vulnerability 

analysis to reduce the computational time and performance. The result highlights the significant 

impact of these two factors on network vulnerability. The proposed vulnerability index is 

calculated based on the relative change in the “network efficiency” as expressed in the 

following equations:  

rs
i rs

rs
i rs i

rs
rs

u q

E(G) , rs RS, i I
q


    



   (6) 

g 0 a
a

0

E (G) E (G)
VUL

E (G)


    (7) 

Where qrs is the average travel demand between traffic zones, ui
rs is the proportion of mode i 

users travelling from r to s, and πi
rs denotes the minimum travel time between traffic zones by 

mode i. In the second equation, E0(G) denotes the network efficiency under normal conditions 

and E0(G) is the network efficiency when the link (a) is closed.  

In terms of freight transport resilience, Miller-Hooks et al. (2012) and Chen and Miller-Hooks 

(2012) evaluated the resilience of the network using the expected proportion of post-disaster 

demand to the pre-disaster demand expressed in Equation (5), where Dw is the original pre-
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disaster demand and dw is the post-disaster maximum demand. They also assessed the impact 

of implementing different preparedness and recovery options on the resilience of the network 

based on a given budget.      

w w w w
wÎW wÎW wÎW wÎW

α = E d / D = 1/ D E d
     
     
     
      (8) 

Reliability was used by Heydecker et al. (2007) and Berdica (2002) to assess the road network 

reliability and vulnerability, respectively, in unusual events but not necessarily disasters, based 

on three different terms: connectivity, travel time, and capacity. Heydecker et al. (2007) 

defined:  

 “Connectivity reliability as a probability of the ability to reach a given destination from 

an origin. 

 Travel time reliability as a probability of the ability to reach a given destination from an 

origin within a given travel time.  

 Capacity reliability as a probability that the demand level under the degraded network 

condition is greater than the specified demand level”.     

Taylor et al. (2006) assessed the vulnerability of a degraded network based on reduced 

accessibility using various indices including generalized travel cost, the Hansen integral 

accessibility index, and the Accessibility/Remoteness Index of Australia (ARIA) index. The 

normalized Hansen integral accessibility index is expressed as follows: 

 j ij
j

i
j

j

B f c

A =
B




   (9) 
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Where Bj represents the attractiveness of location and f(cij) is defined as the relationship 

between cost and accessibility, “the higher the cost of travel, the lower the accessibility.” 

 ij
ij

1
f c =

x
   (10)  

ARIA is identified as an index of remoteness (accessibility to services) classified from zero 

(high accessibility) to 15 (high remoteness). It is based on the distance of populated areas to 

nearest service centres. Generalized travel cost can be formulated as follows:  

rs ij ijrs
i j

V = d v    (11) 

The values of Vrs and vijrs are local and global values of the failure of the link ers. The loss of 

community amenity is determined by dijvijrs where dij is the demand between i and j.  

Jenelius et al. (2006) assessed the criticality and vulnerability of the network by employing the 

concepts of importance and exposure. The importance is defined as an increase in the 

generalized travel cost when a link or group of links is entirely closed and is expressed as 

follows:  

(k) (0)
ij ij ij

i j¹i
net

ij
i j¹i

w (c -c )

Importance (k) =
w




   (12) 

They applied this method to the Northern Sweden road network using C++ and ArcGIS to 

calculate and illustrate the results. However, they assumed travel time is independent of the 

flow on the links and calculated travel time by dividing the length by the free-flow speed.  
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Murray-Tuite and Mahmassani (2004) used game theory to assess disruption to the network. 

The game theory assumes the problem as a game between an “evil entity” and the traffic 

management agency. Therefore, the disruption index is utilized to measure the network damage 

using an alternative path, link capacity, marginal costs and travel time. 

Discussion: Table 2-3 presents a summary of the analytical studies, including traffic variables, 

used to assess the performance of the network. Each study has utilized different indices and 

traffic variables depending on data availability, the aim of the study, the specific status of the 

case study, computational capability and the type of hazard. For instance, Zhang and Wang 

(2016), Pokharel and Ieda (2016), and Taylor et al. (2006) did not consider travel time in their 

assessment methods and, instead, the distance was utilized. Regarding reduced capacity on the 

network post-disaster, Pokharel and Ieda (2016), Zhang and Wang (2016) and Taylor et al. 

(2006) did not examine this issue in their evaluation methods. Given that these studies applied 

mathematical methods using statistical data and programming software such as C++ and 

MATLAB, they did not consider the dynamic condition of the network and behaviour of the 

users.  
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Table 2-3: Analytical Studies of Transportation Network Resilience and Vulnerability 

References Main Topic Dimensions Case Study Traffic Variables 

Zhang and Wang 
(2016) 

Resilience-based risk 
mitigation (WIPW) 

System reliability; 
Network connectivity 

Hypothetical 
Reliable IPWs; node weighting factor (shortest distance between node and emergency 

response facility); IPW weighting factor (average daily traffic (ADT); length) 

Pokharel and Ieda 
(2016) 

Road network 
reliability 

Accessibility index; 
Network redundancy 

Tohoku 
region, Japan 

Population and shortest distance; detour ratio: alternative shortest path when one or more 
links fail/shortest path 

Muriel-Villegas et al. 
(2016) Vulnerability Analysis Connectivity reliability  

Antioquia, 
Colombia 

Link weakness; link importance (% of traffic flow); link criticality (decreased flow) 

Zhang et al. (2015) Topological resilience 
Throughput; connectivity; 

Average Reciprocal 
Distance  

Hypothetical 

Cost of implementation preparedness activities; cost of implementation recovery 
activities; budget; post-disaster flow; original demand; post-disaster capacity; augmented 

capacity; travel time; implementation time; post-disaster connectivity; original 
connectivity; augmented connectivity; shortest post-disaster distance; original shortest 

distance 
Soltani-Sobh et al. 

(2015) Resilience Network Reliability Hypothetical Consumer Surplus, Total Travel Time, Total Flow 

Omer et al. (2013) Resilience 
Travel time resilience, 

Environmental resilience, 
Cost resilience 

Boston-New 
York City 

Travel Time, CO2 Emissions, Financial Cost 

Chen et al. (2012) Vulnerability Analysis Network Efficiency 
Sioux 

Falls and 
Hong Kong 

Travel Demand, Travel Time 

Miller-Hooks et al. 
(2012) 

Resilience with 
Preparedness Options  

Post-disaster Recovery 
actions; Pre-disaster 
Preparedness actions 

Western U.S. 
Post-disaster capacities; travel time; cost of implementing recovery activities; given 
budget; implementation time of recovery activities; demand; cost of implementation 

preparedness activities; given budget 

Chen and Miller-
Hooks (2012) 

Indicator of Recovery 
Capability 

Maximum demand post- 
and pre-disaster 

Hypothetical Capacity; travel time; implementation recovery time; implementation cost; flow 

Heydecker et al. 
(2007), Berdica (2002) 

Road network 
reliability/Vulnerability 

Reliability - Connectivity reliability; travel time reliability; capacity reliability 

Taylor et al. (2006) Vulnerability analysis 
Generalized travel cost; 

Hansen integral 
accessibility index; ARIA 

Australia 
Change in travel cost; attractiveness of location (the number of opportunities available, 

population); measure of remoteness (or accessibility to services) 

Jenelius et al. (2006) Vulnerability analysis Importance; Exposure Sweden Travel cost; demand 

Murray-Tuite and 
Mahmassani (2004) Vulnerable links in TN Disruption index Hypothetical Alternate paths; travel times; marginal costs; and link capacity 
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2.4. SIMULATION-ANALYTICAL APPROACH  

Traffic simulation is one of the most widely used methods to evaluate the operational 

performance levels of road networks (Hollander and Liu, 2008). For instance, Xu et al. (2015) 

measured the redundancy of the network based on travel alternative diversity and network spare 

capacity using network-based measures and computational methods. The travel alternative 

diversity determines the existence of different modes and routes. The network spare capacity 

examines the whole system capacity to address travellers’ behaviour, as well as the congestion 

effect as the second dimension of the network redundancy. The two sets of numerical examples, 

one on the simple hypothetical network and the other on the Winnipeg network in Manitoba, 

Canada, were undertaken. It indicates the necessity of having both dimensions together to 

complement each other, thereby systematically characterizing network redundancy. They found 

adding a new link or enhancing existing roads does not necessarily increase the capacity of the 

network. 

El-Rashidy and Grant-Muller (2014) proposed physical-based and operational-based 

aggregated vulnerability indices using data normalization and fuzzy membership techniques of 

six different vulnerability attributes. OmniTrans software was applied to assign the flow on a 

synthetic road network. Since none of the proposed vulnerability attributes could account for 

the disruption impact, aggregated vulnerability indices were suggested to consider all of the 

defined attributes in one single index. They also proposed the Unsatisfied Demand Impact 

(UnSDI) as an increased total travel time due to disruption calculated as below:  

a
a a

a

TTpT
UnSDI = pf (τ+ *l )

L
   (13) 
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Where p is a percentage of unsatisfied trips, fa is a link flow, τ is a closure time, TTpTa is a 

relative travel time per trip due to closure of link a, l is a length of link a and L is total length 

of the network without link a.   

The vulnerability of links in urban areas has been examined by Balijepalli and Oppong (2014) 

based on the possibility of using alternative routes when a link is partially or fully disrupted. 

They defined the Network Vulnerability Index (NVI) for evaluating the serviceability and 

importance of each link on the road network using the following equation:  

A Abefore after
before afteri i

before afteri i
i=1 i=1i i

x x
NVI = -

r rt t
      
      
      

     (14) 

The serviceability (ri) is the total available capacity of the link i divided by the standard hourly 

link capacity (maximum flow rate) per lane for the given road type. The value of r drops when 

the link capacity is reduced, partially or fully, due to any event. They set up the York city 

network model on SATURN software. They evaluated ten different roads prone to flooding 

with three kinds of scenarios; complete, 20% and 50% loss of capacity for each link in turn. 

The NVI determined that “a road with a relatively higher loss of capacity has a greater 

significance to the vulnerability measure than a similar road with relatively lower loss of 

capacity will have.”         

One of the major problems in vulnerability assessment of networks is the time it takes to run 

the analysis. Such an analysis is both time-consuming and computationally intensive. Luathep 

et al. (2011) proposed a method based on a sensitivity analysis (SA) of the network to evaluate 

the vulnerability of large-scale road networks in a more computationally efficient way. The 

Accessibility Index (AI) was applied to evaluate vulnerability measures of the road network of 

Sioux Falls city and the Bangkok metropolitan area. Equation (15) indicates the accessibility 
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index for each OD movement, where q is travel demand, f is path flows, and c is mean travel 

costs of the path.  

w

w
w

w w
k k

kÎK

q
AI =

f c
,      w W    (15) 

SATURN was used to solve the traffic assignment problems of the network and MATLAB was 

employed to calculate mathematical formulas. The first test was on Sioux Falls city network, 

which is a medium-sized network. The network was assessed for four different degradation 

capacity levels including 100%, 75%, 50% and 25% and three kinds of congestion levels 

including free flow, intermediate flow and high flow. In this case, network traffic assignment 

was solved using SATURN, and the outputs of equilibrium path flow and costs were reported. 

The results show that reasonable correlation can be achieved between the traditional approach 

and sensitivity analysis (SA) approach for low degradation and low flow. However, as flow and 

capacity degradation increase, the correlation between these two methods decreases. The results 

of the second test on a large-scale network (Bangkok megacity) indicate a significant reduction 

in computation time (14.4 days (traditional approach) to 1 day (SA approach)); however, the 

reduced ranking correlation between traditional and sensitive analysis based approaches is still 

the main issue for large-scale networks.   

Erath et al. (2009) evaluated the vulnerability of the simplified Swiss national road network 

using the VISUM package considering only detouring, although there are typically four 

common reactions to link failure namely detouring, changing the travel mode, changing the 

destination and eliminating the trip. They defined vulnerability in terms of probability of failure 

multiplied by the sum of the direct (CD) and indirect (CI) consequences as expressed in 

Equation (16).  
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i i ifi ER = P .(CD +CI )     (16) 

Direct impact covers the structural damage while indirect impact covers the traffic cost due to 

any failure. In fact, traffic costs regarding detouring can be divided into three parts: “additional 

travel time (TT) costs; additional driving distance (TD) costs; and change in accident rates (AC) 

and associated total accident costs”. Each of them was calculated based on the following 

formulas:  

(l) (0)
i ij ij ij

i i¹j

ΔTT = w (c .c )    (17) 

(l) (0)
ij ij ij

i i¹j

ΔTD = w (d -d )    (18) 

(l) (0)
m,t m,t t

m

ΔAC = (V -V ).ARC    (19) 

i l TT l TD
t

CI = ΔTT.C +ΔTD .C + ΔAC    (20) 

Therefore, indirect costs are a function of travel time, travel distance and accident costs.  

The Network Robustness Index (NRI), introduced by Scott et al. (2006), defined a distinct 

solution to assess highway performance along with the traditional method using V/C ratio. The 

NRI considers the entire road network rather than a link’s value and localized V/C ratio. 

Considering network flows, link capacity, network topology and data availability the 

performance of the network can be evaluated by travel-time cost. The value of NRI is reported 

as a change in travel-time cost between removing a link and the normal condition (all links are 

open), as represented by Equations (21) to (23).   

a aq = c -c    (21) 
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a a
a

c = t x    (22) 

a a a a
a

c = t x δ    (23) 

Where aq  represents NRI value for the link a, and ac  indicates travel-time costs in case of 

failure of link a. TransCAD was used to calculate the value of NRI. First, flow and travel-time 

were computed by the model. Then, each link was removed from the network in turn and a new 

travel-time was calculated using the user equilibrium assignment model. Three hypothetical 

networks with different degrees of connectivity were used. The results indicate that the 

transportation system assessment based on NRI value is more appropriate and effective than 

the traditional localized V/C method.  

Murray-Tuite (2006) examined the impact of a system optimal (SO) and user equilibrium (UE) 

traffic assignment on the resilience of the transportation network in terms of four different 

dimensions including adaptability, safety, mobility and recovery. The simulation methodology 

DYNASMART-P was applied to test SO and UE traffic assignment on the network. 

Adaptability is measured “through atypical uses of infrastructure, transportation modes, and 

demand management”. Safety is measured by the number of accidents that occurred along a 

specific segment and the number of vehicles exposed to hazards. Mobility is examined in six 

different ways; the evacuation time, average travel time for response vehicles, queue length on 

the link, queue time per vehicle, the amount of time that average speed is lower than a speed 

limit and, finally, the volume to capacity ratio. The recovery is evaluated based on the required 

time to improve congestion. The Washington D.C area was taken as a network exposed to a 

man-made event required to evacuate the east to the west in the late evening. The outcome 
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indicates better adaptability and safety results with user equilibrium assignment, while system 

optimal assignment generates better mobility and recovery results.   

Discussion: Using simulation software and analytical methods together not only reduces the 

computational intensity and running time, especially in large-scale networks, but also can 

“facilitate the process of entering the inputs data and interpreting the results” (TRB, 2010). 

However, selecting the appropriate transportation software and simulation method (micro, 

meso, macro, and hybrid) is critical to the effectiveness and accuracy of the modelling and the 

result. Table 2-4 summarises studies in the literature that used a combination of simulation 

software and analytical methods, along with traffic variables. Balijepalli and Oppong (2014) 

and Luathep et al. (2011) employed SATURN to assign dynamic traffic on the network and 

used the final modelled output in their indices. Luathep et al. (2011) compared two different 

methods, sensitivity analysis and traditional analysis, to find the most computationally effective 

method for vulnerability assessment where sensitivity analysis reduced the running time 

significantly. Erath et al. (2009) used VISUM to model a simplified model of the Swiss national 

road network. DYNASMART-P is a dynamic network assignment simulation used by Murray-

Tuite (2006) to model Washington D.C. as a case study. However, none of them dynamically 

modelled and calibrated a large inter-city road network to test the operational performance of 

the network in a post-disaster situation.    
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Table 2-4: Simulation-Analytical Studies of Transportation Network Resilience or Vulnerability Assessment 

References Main Topic Dimensions Case Study Software Traffic Variables 

Xu et al. (2015) 
Network 

Redundancy 
Redundancy 

Winnipeg 
Manitoba, 

Canada 
Emme/2 

Alternative diversity (travel cost, topology), spare 
capacity (mode and route choice) 

El-Rashidy and 
Grant-Muller 

(2014) 

Vulnerability 
Attributes 

Vulnerability Delft city OmniTrans 
Flow, Capacity, Congestion Density, Free Flow Speed, 

Length of Link 

Balijepalli and 
Oppong (2014) 

Network 
Vulnerability 
Index (NVI) 

Serviceability 
York, 

England 
SATURN Capacity; Travel time 

Luathep et al. 
(2011) 

Vulnerability 
Analysis 

Accessibility 
Index 

Sious falls, 
Bangkok 

SATURN, Matlab Demand; flow; capacity; travel time 

(Erath et al., 
2009) 

Vulnerability 
Assessment 

Indirect 
Transport 

Consequences 
Swiss  VISUM  Travel time costs; driving distance costs; accident costs 

Scott et al. (2006) 
Network 

Robustness 
Index (NRI) 

Travel-time cost 
of removing the 

link 
Hypothetical TransCAD Network flows; link capacity; and network topology 

Murray-Tuite 
(2006) 

Transportation 
Resilience 

Adaptability, 
safety, mobility, 

and recovery 

Washington 
D.C 

DYNASMART-P 

Number of accidents; the number of vehicles exposed to 
hazards; evacuation time; average travel time for 

response vehicles; queue length on the link; queue time 
per vehicle; speed; V/C; time to improve congestion 
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2.5. TRAFFIC SIMULATION 

To select the appropriate type of traffic analysis tool for a particular project seven criteria are 

utilized namely geographic scope, facility types, travel modes, traffic management strategies 

and applications, traveller responses, performance measures, and tool/cost-effectiveness 

(Jeannotte et al., 2004). The traffic analysis toolbox presented by TRB (2010) includes:  

 Sketch-planning tools to estimate travel demand and transportation system performance  

 Travel demand models to predict long-term travel demand  

 HCM-based analytical deterministic tools to estimate capacity, density, speed, delay, 

and queueing  

 Traffic signal optimization tools to optimizing the signal phasing 

 Macroscopic simulation models using deterministic relationships of the flow, speed, and 

density for assignment  

 Microscopic simulation models using car-following and lane-changing theories to 

simulate the flow on the network  

 Mesoscopic models using a combination of microscopic and macroscopic models  

 Hybrid models using microscopic and mesoscopic models simultaneously.  

The use of traffic simulation, as a tool to investigate the outcome of traffic improvement 

measures (Han et al., 2017) and the performance of the road network in disasters, is increasing. 

Selecting an appropriate transportation software and simulation method is critical to the 

effectiveness and accuracy of the outputs. Four different types of simulation are utilized to 

analyse traffic performance, namely macroscopic, mesoscopic, microscopic, and hybrid. 

Microsimulation models individual vehicle movement based on car-following and lane-

changing theories. Hence, each vehicle entering the model is assigned a given destination, a 
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type of vehicle, and driver behaviour. Examples of microsimulation tools are VISSIM, 

Paramics and Aimsun (Alexiadis, 2008). Mesoscopic models consider individual vehicles to 

assign vehicle and driver type; however, vehicle movements follow average speed on the travel 

link (Jeannotte et al., 2004). Examples of mesoscopic software are Dynasmart-P, Dynasim, 

Transmodeler, Dynameq, SATURN and Aimsun.   

Macrosimulation considers traffic conditions based on the deterministic relationship between 

flow, speed, and density (TRB, 2010). It is, generally, based on “section-by-section” modelling 

rather than tracking individual behaviour. In other words, macrosimulation models platoons of 

vehicles and operates in terms of aggregate speed/volume and demand/capacity relationships 

(Jeannotte et al., 2004). Examples of macroscopic software are VISSUM, TransCAD, CUBE, 

EMME/2 and Aimsun.  

Among these three simulation models, microsimulation is potentially the most accurate. 

However, the application of microsimulation for large networks presents certain difficulties, 

including more input data requirement, sensitivity to errors in input demand data, and 

complexity and difficulty of the calibration process (Burghout et al., 2005). Although the use 

of macro and meso simulation results in fewer challenges with the aforementioned issues, they 

have a limitation on capturing the detailed behaviour on traffic networks with dynamic traffic 

management abilities (Burghout et al., 2005). 

Finally, hybrid simulation, a mix of microscopic and mesoscopic simulation, separates the 

network into more critical areas to model with high-fidelity simulation in micro and less critical 

(large, surrounding) areas to model in meso (TRB, 2010, Burghout et al., 2005, Zitzow et al., 

2015). Hybrid simulation is appropriate to cover a large-scale area that needs a combination of 

simulation methods, for instance, micro with meso or macro methods (Figure 2-7). Advantages 
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of the hybrid simulation include computational time-saving in modelling large areas with high 

fidelity, reduced input data requirement and easier calibration methods (Burghout et al., 2005). 

Both VISSIM and Aimsun transportation software have hybrid simulation abilities.  

Although traffic simulation tools can estimate the dynamic evolution of traffic congestion 

effectively and model the variation in vehicle characteristics, they require a “plethora of input 

data, considerable error checking of the data, and manipulation of a large number of potential 

calibration parameters” (Jeannotte et al., 2004).    

 

Figure 2-7: Alternative Analysis Tools Based on Modelling Detail and Coverage Area (TRB 
(2010)) 

Moran and Veysey (2013) reported five levels of modelling and related software packages for 

New South Wales (NSW), Australia, including:  

 “Strategic models – EMME (Sydney Travel Model STM). 

 Highway assignment models – EMME, TransCAD, Dynameq, VISUM, Aimsun, 

CUBE, OmniTRANS. 
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 Microsimulation models – Paramics, VISSIM, Aimsun, Commuter (strictly speaking 

some of these software now employ nanoscopic agent-based simulation). 

 Corridor models – LinSig, Transyt, SCATS. 

 Single Intersection models – SIDRA.” 

Six different traffic simulation packages including SUMO, Quadstone Paramics Modeller, 

Treiber's Microsimulation of Road Traffic, Aimsun, Trafficware SimTraffic, and CORSIM 

TRAFVU were reviewed by Kotusevski and Hawick (2009) using nine criteria. In particular, 

they highlighted the ability of Aimsun to integrate all simulation levels in one package giving 

a user the power to model different traffic assignments, both static and dynamic (Kotusevski 

and Hawick, 2009).    

2.6. PERFORMANCE MEASURES  

Based on the scope, resources, and objective of a project, a variety of Measures of Effectiveness 

(MOEs) are defined and applied to evaluate the performance of a network. Dowling (2007) 

reported nine basic MOEs to evaluate traffic operational performance as general MOEs; namely 

travel time, speed, delay, queue, stops, density, travel-time variance, Highway Capacity Manual 

(HCM) level of service (LOS), and Volume/capacity. The most common performance measures 

used by TRB (2010) are density, speed, V/C ratio, travel time, delay, and queue. Jeannotte et 

al. (2004) explored which analytical tools are more appropriate to evaluate different 

performance measures. The suggested performance measures for mesoscopic and microscopic 

simulation methods are speed, travel time, volume, travel distance, density, Vehicle Miles 

Travelled (VMT)/ Person Miles Travelled (PMT), Vehicle Hours Travelled (VHT)/ Person 

Hours Travelled (PHT), delay, and queue length. The aforementioned studies focused on the 

performance level of the network in Business-As-Usual (BAU) conditions, not necessarily in 
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disasters and disrupted network. The appropriate MOEs should be justified based on the type 

of simulation, software used and its capabilities, the goal of the project, and availability of the 

resources and data. 

In disaster-related transportation studies, the performance of the network is typically assessed 

using two main concepts, resilience and vulnerability. Traffic variables and MOEs to assess 

operational performance are listed and categorized, by the above concepts, in Table 2-5. 

Selection of performance measures are primarily based on the aim of the projects and data 

availability. For instance, although several studies evaluated the performance of the network 

based on closure and reduced capacity of the affected links (Zhang et al., 2015, Balijepalli and 

Oppong, 2014, Luathep et al., 2011), others have evaluated the performance based on a failure 

of a link (Pokharel and Ieda, 2016, Erath et al., 2009, Jenelius et al., 2006, Scott et al., 2006, 

Taylor et al., 2006, Murray-Tuite and Mahmassani, 2004). Damaged links sometimes are used 

partially and with some traffic restrictions, such as limited speed or degraded capacity. Zhang 

and Wang (2016), Pokharel and Ieda (2016), and Taylor et al. (2006) ignored travel time in and 

considered distance as a parameter in their assessments. 

The applicability of different MOEs discussed earlier can vary under disaster and non-disaster 

situations. For instance, queue length and number of stops are important measures under normal 

operating conditions while they may not be as important as connectivity and redundancy under 

an emergency condition. Table 2-6 summarises the most common traffic variables applied in 

disasters-related studies to assess the performance of the network, including travel time, flow, 

capacity, and travelled distance. Selection of appropriate variables depends on the type, aim 

and scope of the study, and data availability.  
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Table 2-5: Applied Traffic Factors in Disaster-Related Transportation Studies  

 STUDIES DIMENSIONS PERFORMANCE MEASURES 

R
esilience  

Zhang and Wang (2016) System reliability; Network connectivity 
Reliable Independent Pathways(IPWs); node weighting factor (shortest distance between node 
and emergency response facility); IPW weighting factor (average daily traffic (ADT); length) 

Zhang et al. (2015) 
Throughput; connectivity; Average Reciprocal 

Distance (ARD) 
Flow, Capacity, Travel Time, Shortest Distance, Cost 

Soltani-Sobh et al. (2015) Network Reliability Total travel time, Flow, Consumer Surplus 

Omer et al. (2013) 
Travel time resilience, Environmental 

resilience, Cost resilience 
Travel Time, CO2 Emissions, Financial Cost 

Miller-Hooks et al. (2012) 
Post-disaster Recovery actions; Pre-disaster 

Preparedness actions 

Post-disaster capacities; travel time; cost of implementing recovery activities; given budget; 
implementation time of recovery activities; demand; cost of implementation preparedness 

activities; given budget 

Chen and Miller-Hooks (2012) Maximum demand post- and pre-disaster Capacity; travel time; implementation recovery time; implementation cost; flow 

Murray-Tuite (2006) Adaptability, safety, mobility, and recovery Queue, Travel Time, Speed, V/C 

V
ulnerab

ility  

Pokharel and Ieda (2016) Accessibility index; Network redundancy 
Population and shortest distance; detour ratio: alternative shortest path when one or more links 

fail/shortest path 

Muriel-Villegas et al. (2016) Connectivity reliability Link weakness; link importance (% of traffic flow); link criticality (decreased flow) 

El-Rashidy and Grant-Muller (2014) Vulnerability Attributes Flow, Capacity, Congestion Density, Free Flow Speed, Length of Link 

Balijepalli and Oppong (2014) Serviceability Capacity, Travel Time 

Chen et al. (2012) Network Efficiency Travel Demand, Travel Time 

Luathep et al. (2011) Accessibility Index Demand, Flow, Capacity, Travel Time 

(Erath et al., 2009) Indirect Transport Consequences Travel Time Costs, Driving Distance Costs, Accident Costs, 

Jenelius et al. (2006) Importance; Exposure Travel Cost, Demand, 

Taylor et al. (2006) 
Generalized travel cost; Hansen integral 

accessibility index; ARIA 
Change in travel cost; attractiveness of location (the number of opportunities available, 

population); measure of remoteness (or accessibility to services) 

Murray-Tuite and Mahmassani (2004) Disruption index Alternate paths; travel times; marginal costs; and link capacity 
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Table 2-6: Most Common Traffic Variables in Disaster-Related Transportation Studies 

MOE  Explanation References 

Travel 
Time  

 One of the most important 
parameter to assess road network 

performance 

 Generally compared to free-flow 
travel time  

 Needed for the calibration and 
validation process 

 Needed to calculate the travel 
cost 

Zhang et al. (2015), Soltani-Sobh et al. (2015), 
Balijepalli and Oppong (2014), Chen et al. 

(2012), Chen and Miller-Hooks (2012), Miller-
Hooks et al. (2012), Luathep et al. (2011), Erath 
et al. (2009), Jenelius et al. (2006), Scott et al. 
(2006), Murray-Tuite and Mahmassani (2004)  

Flow  

 Indicates the criticality of a link  

 Indicates the number of affected 
trips  

 Needed for the calibration and 
validation process 

Zhang and Wang (2016), Zhang et al. (2015), 
Chen and Miller-Hooks (2012), Miller-Hooks 
et al. (2012), Luathep et al. (2011), Scott et al. 
(2006), Murray-Tuite and Mahmassani (2004), 

Soltani-Sobh et al. (2015) 

Distance  

 Generally applicable in large-
scale network  

 Needed to calculate the travel 
cost    

Pokharel and Ieda (2016), Zhang and Wang 
(2016), Zhang et al. (2015), Erath et al. (2009), 

Taylor et al. (2006), Murray-Tuite and 
Mahmassani (2004)  

Capacity  

 Needed to measure robustness 
and serviceability of the network 

 Considered as a factor in 
rerouting 

 Applied as a reduced capacity   

Zhang et al. (2015), Chen and Miller-Hooks 
(2012), Miller-Hooks et al. (2012), Luathep et 

al. (2011), Scott et al. (2006), Murray-Tuite and 
Mahmassani (2004), Balijepalli and Oppong 

(2014) 

Demand  
 Will be postponed, rerouted, 

changed by mode, or changed by 
destination (if data is available)  

Chen and Miller-Hooks (2012); Miller-Hooks 
et al. (2012); Zhang et al. (2015), Luathep et al. 
(2011), Jenelius et al. (2006), Chen et al. (2012) 

Queue  Not applicable in rural road 
network performance assessment 

Murray-Tuite (2006) 

Speed  Applied as a speed restriction   Murray-Tuite (2006) 

V/C  Applied to evaluate the level of 
service  

Murray-Tuite (2006) 

 

2.7. GUIDANCE FOR THE RESEARCH  

Three approaches have been reported in the literature to assess the operational performance of 

road networks, namely: conceptual, analytical and a combination of analytical and simulation. 

The conceptual approach considers qualitative methods to estimate the performance of the 
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network employing questionnaires and statistical methods to examine the resilience of the 

network, mostly structurally and organizationally (Mason and Brabhaharan, 2016, Wang, 2015, 

Hughes and Healy, 2014, Tamvakis and Xenidis, 2012, Brabhaharan et al., 2006). Since they 

do not analyse the post-disaster operational performance of the network, they are only suitable 

for organizational emergency and strategic plans. For instance, Hughes and Healy (2014) 

developed one such conceptual framework to estimate the resilience of the New Zealand 

transportation network. 

The analytical approach employs various mathematical models and indices to assess the 

operational performance of the network, depending on data availability, the aim of the study, 

the specified case study under consideration, computational capability, and the type of hazard. 

One of the drawbacks of the analytical approach is the fact that it is complex and 

computationally intensive, especially for large-scale networks (Luathep et al., 2011). In 

addition, they do not examine the dynamic behaviour of the network, instead analysing the 

network macroscopically.    

The third approach is a combination of analytical and simulation methods. This approach 

utilizes transportation simulation software to model the network for estimating the required 

traffic flow variables and, then, employs analytical methods to evaluate the network 

performance. While one of the most common uses of transportation simulations in disasters is 

in the calculation of clearance time in the event of an evacuation (Chen et al., 2006, Balakrishna 

et al., 2008, Naghawi and Wolshon, 2010, Zhang et al., 2013), it has also been applied to 

estimate the shortest distance or shortest travel time in a disrupted road network (Scott et al., 

2006, Erath et al., 2009, Taylor et al., 2006). Using simulation software together with analytical 

methods improves computational efficiency and running time, especially for large-scale 
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networks and can also facilitate the process of entering the input data and interpreting the results 

(TRB, 2010).  

Figure 2.8 provides a summary of the three approaches used in the literature to assess resilience 

of road networks. Given the scope (large-scale regional road network) and aim (post-disaster 

operational performance) of this research, data availability, computer capabilities and required 

output, the combination of analytical and simulation approaches was selected for this study.   

 

Figure 2.8: Approaches to Resilience Assessment of Road Networks and Their Features 

 

Different sets of MoEs are used in the literature to assess the operational performance of the 

network, depending on the condition, scope, resources, and objective of the project. In post-

Road network 
resilience  

Conceptual

General assessment of the network based on expert opinions 

Typically Qualitative

Does not consider traffic performance  

Analytical
Computationally intensive

Not appropriate to model large-scale 
network traffic performance

Simulation-
Analytical

Macro

Static assignment

Limited output data (flow and volume) 

Less accurate

Meso

Dynamic assignment 

Simplified method of micro

Less computationally intensive

Less accurate than micro 

Micro

Dynamic assignment

Computationally intensive for a large-
scale network 

More accurate 

Hybrid

Dynamic assignment 

Less computationally intensive 

Accuracy more than meso but less than 
micro
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disaster conditions, the concepts of robustness, redundancy, and recovery are particularly 

relevant. Generally, the most common traffic variables applied in post-disaster conditions to 

assess the performance of the network are travel time, flow, capacity, and travelled distance, 

although this can vary depending on the type, aim, and scope of the study. 

Now that the mathematical approach to the research has been clarified, in the next chapter, the 

process of developing the base model containing supply and travel demand data is detailed. 
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3. Chapter 3 
 Base Network Development and Travel Demand 

Modelling 

This chapter has been extracted from: 

Aghababaei, M. T., Costello, S. B., Ranjitkar, P., (2019), South Island Model: development and 

calibration, Engineering New Zealand (ENZ) Transportation Group (TG) 2019 Conference.  

 Aghababaei, M. T., Costello, S. B., Ranjitkar, P., (2021), Measures to Evaluate Post-Disaster 

Trip Resilience on Road Networks, Submitted to the Journal of Transport Geography. 

3.1. INTRODUCTION  

A model is defined “as a simplified representation of a part of the real world which concentrates 

on certain elements considered important for its analysis from a particular point of view” (Smith 

and Blewitt, 2010). The first step, therefore, would be the development of the base model 

including the simplified road network and travel demand matrices. Generally, three sources of 

data are required to develop a traffic simulation model. The first is used to build the model, the 

second is used to calibrate the model, and the third is used to validate the model (TRB, 2010). 

Data required to build the model include supply data and demand data. Supply data comprises 

all data related to the infrastructure and services, including (TRB, 2010):  

 “Transportation network data: link length, number of lanes per link, lane additions, lane 

drops, turning pockets, lane channelization at intersections, grade, and horizontal curvature. 
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 Traffic control and ITS data: Detailed control data should be provided for all control 

points, such as street intersections or freeway on- and off-ramps. 

 Traffic operations data. Roadway capacity, lane use, lane restriction, desired free-flow 

speed, high-occupancy-vehicle lanes, parking activities, lane blockages, and bus transit 

operations.” 

The most common required data reported by Dowling et al. (2004a) for the base model are road 

geometry, traffic controls, demands, and calibration data. The required data to build an Aimsun 

model are supply data and demand data (Casas et al., 2010). Supply data includes infrastructure 

and services while demand data shows the mobility needs.     

Travel demand modelling is a critical part of transportation planning arising from the need to 

connect different land uses, such as residential to business, recreational, and educational, based on 

individual human behaviour influenced by several factors including “the size of the city, its urban 

density, its layout, the demographic and cultural properties of its population, economic conditions 

and the type and quality of the transport networks.” (Moran and Veysey, 2013). There are two ways 

to import demand to the road network; traffic states and an Origin-Destination (OD) matrix (TSS, 

2017). Traffic states can be operated when flows on the sections are known. The required data for 

traffic states are observed section flows and turning proportions at each intersection. However, this 

option does not have the capability of route choice modelling (TSS, 2017). The OD matrix is based 

on the number of trips between centroids for each vehicle type, trip purpose and time period. The 

critical part is the process of creating the OD matrix based on the aim and scope of each particular 

project. The OD matrix is usually shaped by land use and demographic datasets. While more steps, 

data, and sophisticated analysis are usually required to create the OD matrix for the network, it 

provides more capability to investigate traveller activity (TSS, 2017). To estimate travel demand, 
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knowledge of specific analytical parameters are required, such as destination attraction weight, 

mode choice, assignment methods, a period of travel, and representation of flow (Alexiadis, 2008).  

This chapter covers the detailed method to develop the base model and create travel demand 

for the whole South Island road network. First, the overall methodology is presented. Then, the 

process of developing the base model is discussed. Finally, the travel demand modelling process 

to create the source matrices is outlined using three different purposes, namely commuting, 

tourism, and freight.  

3.2. METHODOLOGY  

The detailed methodology to develop and simplify the network and to create the source travel 

demand matrices is illustrated in Figure 3-1. Two sets of data were collected and applied to 

create the base road network for the whole South Island of New Zealand. The supply data 

including a base map, detectors, signalised intersections, and traffic profiles is explained in 

section 3.3 and 0. The process of creating travel demand data is detailed in section 3.8.  

3.3. BASE NETWORK 

To build the network, the Open Street Map (OSM) file was imported into Aimsun directly. The 

OSM file contains all categories of the road network, railways, waterways, land use, natural 

resources, and some other extraneous data. In this research, only the road network is modelled, 

therefore other imported transportation networks such as railways and waterways, and other 

extraneous data such as buildings, land use, and natural resources, were removed. All road network 

links and nodes were imported as a network into Aimsun. To check the accuracy of the OSM 

imported road network, the New Zealand road centreline GIS shapefile (LGNZ, 2017) was added 

as a layer to the model.  
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Figure 3-1: Methodology to Develop and Simplify the Base Model  

Road Network 
(OSM File) 

Travel Demand 

Control Plan 
(190 Signalised 
Intersections) 

Detectors  
(311 Locations) 

Traffic Profile (42 AWHT) 

Heavy 
Vehicle 

Light 
Vehicle 

Tourism Freight Tourism Commuting  

NFDS (13 Commodities):  
Business Demography; Land 

Use; Census Data 

DTS: Number of Trips;  
Bank Transaction; Accommodation; 

Population  

Statistics NZ 

Base Model 

Land Use Distribution 
(Traffic Zones (541 Zones)) 

24 Hours OD Matrices 

Correction & 
Simplification 

Modification  
(Speed & Capacity 

Amendments)  

Hourly Source OD Matrices 

Modal Split 

Trip Generation 
& Distribution 



Chapter 3: Base Network Development and Travel Demand Modelling 

 

63 

 

Since the OSM file contains all categories of the road network, and this research aims to model 

only the main corridors in the South Island, unnecessary links were removed to simplify the 

network based on the NZTA’s One Network Road Classification (ONRC), google earth, and 

google maps. However, where appropriate, a number of unclassified roads were retained in the 

network model to use as alternative routes in case of disasters. The NZTA One Network Road 

Classification (ONRC) provides a classification system for the road network in New Zealand 

based on functionality. ONRC divides roads into high volume, national, regional, arterial, 

primary, secondary, access, and low volume. Figure 3-2 shows the South Island road network, 

the base model.  

 

Figure 3-2: The South Island Road Network and Districts  
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3.4. TRAFFIC PROFILE  

The hourly traffic release profile for each region (Figure 3-3 to Figure 3-7), as well as for the 

whole South Island (Figure 3-8), were calculated based on available Average Weekday Hourly 

Traffic (AWHT) for 42 sites on the whole network, including 12 in Canterbury, 14 in Otago, 6 

in TNM, 4 in West Coast, and 5 in Southland. Even though there are slight differences between 

the traffic profiles of each region, a statistical analysis using the Kruskal-Wallis test has 

determined that there is not a statistically significant difference between the traffic profiles at 

the 95% confidence level. Consequently, the traffic profile for the whole SI was considered to 

be a good representation of the traffic release profiles and was applied to the matrices to 

generate hourly trip distribution matrices.  

 

Figure 3-3: Hourly Traffic Profile for Whole South Island 
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Figure 3-4: Hourly Traffic Profile for Canterbury Region 

 

Figure 3-5: Hourly Traffic Profile for Otago Region 

 

Figure 3-6: Hourly Traffic Profile for TNM Regions 
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Figure 3-7: Hourly Traffic Profile for West Coast Region 

 

Figure 3-8: Hourly Traffic Profile for Southland Region 

3.5. SPEED AND CAPACITY AMANDMENT 

Imported road features, such as speed and capacity, were modified applying google maps and 

New Zealand Economic Evaluation Manual (NZTA, 2016). For cities and urban areas, the 

speed was reduced to 50km/h. In Christchurch, the speed on the motorway and highways was 

reduced to 80km/h, and for the remainder of road types, it was set to 50km/h. To amend the 

speed on State Highways, they were divided into several corridors connecting major cities. 
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and applied to all main sections on that corridor using scripting in Aimsun. The final results are 

shown in Figure 3-9.  

 

Figure 3-9: Amended Road Network Capacity  

To amend the speed and capacity on State Highways, they were divided into several corridors 

connecting major cities. First, the capacity of rural two-lane two-way highways, applying the 

Economic Evaluation Manual (NZTA, 2016) method, was estimated by adjusting the ideal 

capacity of 2800 veh/hr accounting for three factors: directional distribution of traffic, the width 

of the lane, and the proportion of heavy vehicles. Therefore, the capacity of each corridor was 
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adjusted to 1200veh/hr, 1000veh/hr, and 800veh/hr for level, rolling, and mountainous terrains, 

respectively, assuming the 50/50 directional distribution, the width of 7 meters for each lane, 

and 10% average heavy vehicle movement. The capacity of other road types on the network 

including Secondary, Tertiary, and Unclassified was adjusted to 900Veh/hr, 700Veh/hr, and 

600Veh/hr, respectively. Figure 3-10 shows the amended capacity on the network.   

 

Figure 3-10: Amended Road Network Speed 



Chapter 3: Base Network Development and Travel Demand Modelling 

 

69 

 

3.6. DETECTORS  

The detectors were located on the network model based on their geographic coordination 

systems, their reliability, the scope of the project, and their relevance to the research project. 

Their location and Annual Average Daily Traffic (AADT) for 2013 were extracted from 

(NZTA, 2017). A total of 622 detectors were located on the network at 311 locations providing 

excellent coverage of the main highways and corridors, as can be seen in Figure 3-11.  

 

Figure 3-11: Location of Detectors on the Network 
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3.7. SIGNALISED INTERSECTION  

Since the aim of the project is inter-city trip behaviour, only 190 signalised intersections were 

identified on the network, as most of the residential roads were deleted. Referring to Figure 

3-12, the majority of signalized intersections are located in Christchurch City. Because of a lack 

of data on the signal grouping, phasing, cycle time, and generally control plan data of the 

signalised nodes, the control plan was generated using the control plan generator tool of 

Aimsun. The turn capacity, statically assigned volume, and some user-defined parameters were 

applied to generate a control plan for an intersection (TSS, 2017).    

 

Figure 3-12: Location of Signalised Intersection on the Road Network 
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3.8. TRAVEL DEMAND MODELLING  

The standard four-step method was applied to create the OD matrices consisting of Trip 

Generation, Trip Distribution, Modal Split, and Trip Assignment, with Modal Split being 

undertaken as the first step.  

Modal split aims to determine the type of model used for each movement. Three main purposes 

were identified to cover the movements on the network: commuting, tourism, and freight. 

Commuting and tourism trips cover the light vehicle movements on the network, while freight 

produces heavy vehicle trips. Therefore, three different kinds of mode were chosen for each 

trip purpose to distinguish the trips of each purpose on the network.  

Trip generation determines the number of trips produced at each traffic zone for each purpose. 

It is a function of land use, demographics and other socio-economic variables (Moran and 

Veysey, 2013). The trip distribution indicates how the generated trips of each traffic zone are 

distributed to the other traffic zones. Since these two steps are the most critical, complicated 

and time-consuming steps, they are discussed in detail for each trip purpose in the following 

section.   

A basic step in travel demand modelling is to select the appropriate traffic zones (centroid 

configuration) with regards to the scope of the network, availability of datasets, and trip 

purposes. They characterise the areas generating or attracting trips and should coincide with the 

Census Collector Districts (Moran and Veysey, 2013). Traffic zoning is the basis of traffic 

modelling and it is critical at this stage to get it right due to the difficulty of altering in the 

future. The census data is available in four levels including mesh blocks, area units, districts, 

and regions. Given the scope of this project, modelling inter-city trips on regional and main 
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corridors, the unit areas were selected as the basis of the traffic zoning (centroid configuration). 

Area units or unit areas are non-administrative geographic areas and aggregations of 

meshblocks. They are approximately the size of suburbs with a median population size of 2,000 

people. In urban areas, they usually cover a population of 3,000-5,000 people (StatsNZ, 2018). 

This resulted in the South Island being divided into 541 traffic zones representing unit areas. 

Figure 3-13 shows unit areas in the whole South Island, and especially Christchurch in the right 

bottom of the figure where each unit area represents one traffic zone.   

 

Figure 3-13: All TZs and Christchurch TZs (Bottom Right) on the South Island 
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3.8.1. COMMUTER TRIPS 

Commuter trips come from 2013 census data based on where people live and work. This data 

includes the number of commuters in and out of the unit area, the main means of travel, and 

employed population (StatsNZ, 2018).  

Respondents who were involved but did not state a workplace or stated a workplace address 

that could not be a valid address were assigned as 'New Zealand not further defined'; which is 

8.5 percentage of respondents in the 2013 Census. Around 0.4 percent of respondents in the 

2013 Census were coded to “no fixed address” as they stated multiple areas as a workplace, 

such as builders (StatsNZ, 2018). 

The dataset containing travel distances and the main means of travel between a unit area to the 

other unit areas was extracted and imported to an excel spreadsheet. Then, all the trips were 

combined in one excel spreadsheet, including all unit areas and the number of trips. Among all 

modes of travel, private car and company car trips were summed up and used in the OD matrix. 

Moreover, it indicates one-way trips to the workplace destination, which means AM trips. 

Therefore, the created commuting matrix was transposed and considered as a trip back or PM 

trips, assuming all return home. The total number of trips which has been generated as 

commuting or work trips is 323,484 trips. 

3.8.2. TOURISM TRIPS  

The main source for tourism data is Statistics NZ (census data) and the Ministry of Business, 

Innovation and Employment (MBIE). There are two kinds of surveys available for the tourism 

industry; the Domestic Travel Survey (DTS) and the International Visitor Survey (IVS). The 

IVS data includes the main accommodation used; visitor expenditure; activities; place visited 
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(Regional Tourism Organisation (RTO)); places visited (Territorial Local Authority (TLA)); 

and transport. The DTS data contains accommodation; activities; trips; and visitor spend. Two 

sets of information were utilised to find the OD matrix for domestic tourists; the number of trips 

(day, overnight and total) (StatsNZ, 2018) and trip distribution patterns based on bank 

transactions (MBIE, 2018). Unfortunately, there was not enough useful data to create the 

international trips OD matrix. Consequently, it has been assumed that international tourists 

exhibit similar behaviour to domestic tourists for the purpose of building the OD matrix. 

The number of domestic trips was collected from the Domestic Travel Survey (DTS) which has 

been conducted by the Ministry of Tourism from 1983 to 2012, although there was no survey 

undertaken from 1991 to 1998 (MOT, 2008). The DTS defines a day trip as “a trip made within 

one day, outside the area in which the respondent usually lives or works day to day, involving 

travel of at least 40km one way from home, or travel by aeroplane or ferry service.”(MBIE, 

2018). Day trip data have been collected based on the last seven days of the respondents' return 

date. The overnight trip is “a trip made in New Zealand, but outside the area in which the 

respondent usually lives or works day-to-day, which involves a minimum of one night away 

from home.”(MBIE, 2018). The overnight trips data were collected for the last four weeks of 

the respondents' return date. The applied total trips are the sum of the day and overnight trips. 

In this research, the total number of domestic trips were utilised to establish the source OD 

tourism matrix (Table 3-1). 

The trip distribution pattern between seven regions (origins) and fourteen RTOs (destinations) 

were developed based on bank transactions for the accommodation industry. First, the total 

number of bank transactions between fourteen RTOs as destinations and seven regions as 

origins were extracted for 2012 (Table 3-2). This data, sourced from Bank of New Zealand 



Chapter 3: Base Network Development and Travel Demand Modelling 

 

75 

 

(BNZ), cover almost 20% of the New Zealand card market, and are “geographically distributed 

broadly in line with the New Zealand population.”(MBIE, 2018). It was extracted for 2012 due 

to the availability of the total number of trips for this year. The address of the cardholders was 

used as the origin of trips, aggregated to the seven regions in the South Island. Then, the number 

of accommodation transactions were utilised, due to their application as a tourism attraction 

criterion, to calculate the number of accommodation transactions between RTOs and regions 

(Table 3-3).  

Table 3-1: Average Year Ending 2012 Total Trips for RTOs  

RTO 
All Day Trips Overnight Trips 

Total 
Trips 

Total 
Respondents 

Total 
Trips 

Total 
Respondents 

Total 
Trips 

Total 
Respondents 

Canterbury 4,366,571 777 3,015,039 284 1,351,532 493 
Otago 348,036 84 190,810 18 157,227 67 

South Island 685,810 119 498,507 41 187,304 77 
Clutha 331,397 53 281,260 29 50,137 24 

Dunedin 950,403 234 518,348 60 432,055 174 
Fiorland 127,902 36 65,196 7 62,707 29 
Hurunui 713,718 138 479,926 49 233,792 89 

Lake 
Wanaka 

266,027 67 108,056 10 157,970 57 

Mackenzie 350,040 73 206,119 18 143,921 55 
Marlborough 617,029 162 256,520 24 360,509 138 

Nelson 958,434 216 538,635 52 419,800 164 
Queenstown 642,233 159 326,551 29 315,682 131 
Southland 844,073 162 649,487 77 194,586 85 
Waitaki 598,962 104 429,366 44 169,596 60 

West Coast 658,564 164 368,939 47 289,625 117 

 

The next step was to estimate the number of trips in this matrix. The total number of trips for 

each RTO was applied to calculate the annual and daily number of trips for RTOs and Regions 

(Table 3-4). However, the source of total trips is different from bank transactions, which caused 

inconsistency in the Canterbury region. For the trips data, the Canterbury Region is divided into 
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Hurunui, Mackenzie, Central South Island, and Canterbury. However, for the bank transactions, 

it is divided into three different categories: Christchurch, South Canterbury, and North 

Canterbury. Therefore, the total number of trips for all the Canterbury Region was split into the 

three aforementioned transaction categories based on their transaction weight. Then the annual 

and daily number of trips between each region to the RTOs was calculated. 

The next step was to find the main attraction locations in each RTO and the number of 

accommodation outlets. Each location corresponds to a unit area, therefore the centroid of the 

unit area is used as a destination, and the number of accommodation outlets determines the 

weight of that unit area. The destination of each RTO and the number of accommodation outlets 

was extracted from the Regional Tourism New Zealand website (RTO, retrieved 2018). For the 

origin of tourism trips, the total number of trips for each destination is distributed to unit areas 

in each region based on the population weight. Finally, the OD matrix of tourism trips was 

created based on accommodation transactions, the number of accommodation outlets, 

population weight, and the total number of tourism trips.  
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Table 3-2: Total Number of Transactions in 2012   
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Tasman 1728 45416 356 7243 871 2064 20859 348471 13327 5347 8689 3784 1441 14355 

Nelson 1642 38179 356 8204 505 2319 21643 0 11221 6033 6677 3458 1146 11759 

Marlborough  2399 56477 518 8987 730 1940 0 62825 23280 6105 10865 2537 1613 7484 

Canterbury  44771 292151 13893 193824 7960 68622 113458 173316 429816 136569 642639 60654 94311 99046 

Otago  121926 210213 49628 216176 14498 179023 16785 36593 22578 292429 115786 155911 79572 23046 

Southland  33846 56451 22795 93613 81919 17485 4370 7831 5154 73986 23044 199794 10313 6039 

West Coast  1758 75016 297 5043 534 3179 7045 38684 12510 4310 12590 2792 1310 79819 

total  208070 773903 87843 533090 107017 274632 184160 667720 517886 524779 820290 428930 189706 241548 

Accommodation  20234 51934 6584 36584 9549 17403 28322 35282 47640 51683 54805 29413 18554 43999 

Proportion of Acc. 0.0972 0.0671 0.0750 0.0686 0.0892 0.0634 0.1538 0.0528 0.0920 0.0985 0.0668 0.0686 0.0978 0.1822 

Table 3-3: Annual Domestic Accommodation Transactions in 2012 
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Tasman 168 3048 27 497 78 131 3208 18413 1226 527 581 259 141 2615 

Nelson 160 2562 27 563 45 147 3328 0 1032 594 446 237 112 2142 

Marlborough  233 3790 39 617 65 123 0 3320 2142 601 726 174 158 1363 

Canterbury  4354 19605 1041 13301 710 4348 17449 9158 39538 13450 42936 4159 9224 18042 

Otago  11857 14107 3720 14835 1294 11344 2581 1934 2077 28800 7736 10691 7782 4198 

Southland  3291 3788 1709 6424 7310 1108 672 414 474 7287 1540 13700 1009 1100 

West Coast  171 5034 22 346 48 201 1083 2044 1151 424 841 191 128 14539 
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Table 3-4: Annual Number of Trips in 2012 
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Tasman 1392146 24464559 1325587 3801613 511608 1064106 2468115 3833736 - 2568931 - 3376292 2395847 2634255 

Nelson 11562 482973 5372 51652 4164 7997 279553 2000758 194276 26175 91997 29785 18199 156552 

Marlborough  10986 406012 5372 58505 2414 8985 290060 0 163576 29533 70694 27219 14473 128240 

Canterbury  16051 600601 7817 64089 3490 7517 0 360712 339367 29886 115035 19970 20371 81618 

Otago  299552 3106861 209651 1382213 38054 265887 1520566 995099 6265696 668541 6804074 477434 1191078 1080168 

Southland  815777 2235496 748907 1541611 69309 693654 224953 210100 329134 1431517 1225908 1227242 1004936 251333 

West Coast  226455 600324 343986 667580 391624 67748 58567 44962 75133 362181 243983 1572664 130246 65860 

Table 3-5: Daily Number of Trips in 2012  
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Tasman 31.68 1323.22 14.72 141.51 11.41 21.91 765.90 5481.53 532.26 71.71 252.05 81.60 49.86 428.91 

Nelson 30.10 1112.36 14.72 160.29 6.61 24.62 794.68 0.00 448.15 80.91 193.68 74.57 39.65 351.34 

Marlborough  43.98 1645.48 21.42 175.59 9.56 20.59 0.00 988.25 929.77 81.88 315.17 54.71 55.81 223.61 

Canterbury  820.69 8511.95 574.39 3786.88 104.26 728.46 4165.93 2726.30 17166.29 1831.62 18641.30 1308.04 3263.23 2959.36 

Otago  2235.01 6124.65 2051.80 4223.59 189.89 1900.42 616.31 575.62 901.74 3921.96 3358.65 3362.31 2753.25 688.58 

Southland  620.43 1644.72 942.43 1828.99 1072.94 185.61 160.46 123.18 205.84 992.28 668.45 4308.67 356.84 180.44 

West Coast  32.23 2185.62 12.28 98.53 6.99 33.75 258.68 608.51 499.63 57.80 365.20 60.21 45.33 2384.89 
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3.8.3. HEAVY VEHICLES TRIPS  

Heavy vehicle travel demand is divided into two parts: freight demand and tourism demand. 

The freight travel demand was created based on the “National Freight Demand Study (NFDS)” 

undertaken by the Ministry of Transport (MOT). NFDS, first undertaken in 2008, is one of the 

most comprehensive studies available to help forecast the future national and international 

activity in freight movements (NFDS, 2014). Data, from 2012, for 19 different commodities 

for the South Island were extracted containing domestic, export, and import movements 

between five different regions, reported in million tonnes travelled by road, railway, and coastal 

shipping. Tasman, Nelson, and Marlborough are regarded by MOT as one region in this set of 

data. Total movements, in million tonnes, were then converted to the number of road trips based 

on the per cent of road movements and the average payload of 10 tonnes (NFDS, 2014). Finally, 

the daily trips were calculated for each commodity between the five regions. Movement of 

wool, steel and aluminium, and other minerals were ignored due to negligible movements. 

Petroleum movements were also ignored due to a lack of distribution data. Horticulture and 

other agriculture products were combined, as well as manufacturing and general freight. For 

the tourism demand, the OD matrix formed for light vehicles was used assuming heavy vehicle 

movements for tourism are 1% of light vehicles movements. The data used to distribute 

movements between centroids is shown in Table 3-6. The purpose of using the various 

commodities was to utilise all available data to create one robust source heavy vehicle matrix. 

As a result, at the end of the process, all HVs movements were summed up in one OD matrix, 

ready to import to the network.  
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3.8.3.1. LIQUID MILK MOVEMENTS  

Liquid milk movements account for approximately 9% of the total freight movements in 2012 

(NFDS, 2014). The main movements of liquid milk are from farms to dairy processors and 

factories. The NFDS data has been obtained from five main processors including Fonterra, 

Westland Milk, Open Country, Mirika, and Tatua. The South Island (SI) produces more than a 

third of the total liquid milk, and Canterbury and Southland are the leading producers in the SI. 

Table 3-7 shows the liquid milk production by region in the SI. 

South Island key dairy factories were extracted from the websites of each processor. These 

factories and related centroids are a destination for liquid milk movements. The origin is the 

farmland area, which was extracted from the GIS shapefile labelled grassland (Table 3-6). To 

clarify the accuracy of farmland data, the number of employees “A014 Sheep, Beef Cattle and 

Grain Farming” were added to the Unit Areas (centroids) data. In this case, if there was an 

employee in that unit area, then the farmland area was considered for the next step, otherwise, 

it was regarded as zero. The weight of origin centroids was calculated using Equation (24).  

mod

1

DistributionWeight i j

i

i j

C R

Com ity n

C R
i

W

W





   (24) 

Where the commodity is liquid milk, WCiRj indicates the weight of centroid in the given region, 

Ci indicates the centroids, and Rj indicates specific region such as Tasman, Nelson, 

Marlborough (TNM), Canterbury, Otago, Southland, and West Coast. Therefore, based on 

origin weight and destination, the trips were distributed. The total daily road trips on the 

network are illustrated in Table 3-8. 
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Table 3-6: Utilised Sources to Distribute Movements between Centroids 

Source Organisation Details Description  

Land Use and 
Carbon 
Analysis 
System 

(LUCAS) Land 
Use Map 
(LUM)  

Ministry of 
Environment  

Natural forest  Areas since 1 January 1990  
Pre-1990 planted forest  Areas on 1 January 1990  

Post-1989 forest  Includes post-1989 planted forest  

Grassland – high producing  
grassland with high-quality pasture 

species  
Cropland – perennial  all orchards and vineyards  

Cropland – annual  
 all annual crops  

 all cultivated bare ground  

Business 
Demography 

Tables 
NZ Stat 

A014 Sheep, Beef Cattle and 
Grain Farming 

Liquid milk movements   

A03 Forestry and Logging Log movements  
C141 timber dressing Timber Movements  

C149 Other Wood Products Timber Movements  
C111 Meat and Meat Product 

Manufacturing 
Meat and Meat Product movements  

C114 Fruit and Vegetable 
Processing 

Horticulture and other agriculture 

A020 Aquaculture Fish Movements 
C112 Seafood Processing Fish Movements 

C203 Cement, Lime, Plaster 
and Concrete Product 

Manufacturing 

Limestone, cement and fertiliser 
movements  

Land 
Information 
NZ (LINZ)  

LINZ NZ Topo50 land cover data 
NZ Landfill Polygons (Topo, 1:50k)  

NZ Mine Polygons (Topo, 1:50k) 
NZ Quarry Polygons (Topo, 1:50k) 

National 
Freight 

Demand Study  
MOT   19 different commodities  

Movements in million tonnes 
between regions 

Livestock 
Movements  

MOT 
Number of movements of 

livestock between territorial 
local authorities (TLAs) 

 

Table 3-7: Liquid Milk Production by Region 
Region Million Litres  Million Tonnes  % of Total  
TNM 287 0.30 1.5% 

West Coast  538.8 0.55 2.8% 
Canterbury  3445.9 3.55 18% 

Otago  994.9 1.02 5.2% 
Southland  2181.4 2.25 11.4% 

Total South Island  7448 7.67 38.9% 
Total  19,128.6 19.70 100% 

 



Chapter 3: Base Network Development and Travel Demand Modelling 

 

82 
 

Table 3-8: Liquid Milk Daily Road Movements 

Domestic TNM 
West 
Coast 

Canterbury Otago Southland 

TNM 75.51 15.24 0.00 0.00 0.00 
West Coast 0.00 152.05 0.00 0.00 0.00 
Canterbury 1.48 34.82 992.08 0.00 0.00 

Otago 0.00 0.00 0.00 280.77 0.00 
Southland 0.00 0.00 0.00 0.00 617.02 

 

3.8.3.2. MILK AND DAIRY PRODUCTS: MANUFACTURED DAIRY 

PRODUCTS MOVEMENTS  

Two kinds of movements were considered for dairy products, domestic and export, the majority 

of which are for domestic trips. The movements mostly occur between the factories or 

processors either for distributing purposes or process completion storage purposes (NFDS, 

2014). The export movements happen between factories and ports, both of which are known. 

For domestic movements, the destination is not clear. Therefore, the population of unit areas 

was regarded as a distribution parameter. Based on Equation (24), the weight of destination 

centroids was calculated for this commodity. Finally, two OD matrices are created for dairy 

products. The daily road movements for exports and domestics are shown in Table 3-9 and 

Table 3-10. 

Table 3-9: Milk and Dairy Products Daily Road Movements (Export) 

Exports TNM 
West 
Coast 

Lyttelton Timaru Otago Southland 

TNM 1.89 0.00 0.00 0.00 0.00 0.00 
West Coast 0.00 0.00 0.00 0.00 0.00 0.00 
Canterbury 0.00 0.00 77.72 49.16 0.37 0.00 

Otago 0.00 0.00 0.46 0.00 3.34 0.00 
Southland 0.00 0.00 0.00 0.00 18.75 10.51 
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Table 3-10: Milk and Dairy Products Daily Road Movements (Domestic) 

Domestic TNM 
West 
Coast 

Canterbury Otago Southland 

TNM 7.55 0.00 0.59 0.00 0.00 
West Coast 0.00 0.00 0.00 0.00 0.00 
Canterbury 0.38 0.00 117.49 0.24 2.18 

Otago 0.00 0.00 0.46 2.22 1.28 
Southland 0.00 0.00 2.21 12.06 10.51 

 

3.8.3.3. LOG, TIMBER AND WOOD PRODUCTS MOVEMENTS 

Almost 15% of the total freight task in tonnage is covered by forestry and forest products, and 

around 30% of the total harvested-prone forest area is in the South Island, as can be seen in 

Table 3-11 (NFDS, 2014).  

Table 3-11: Regional Forest Areas as of 1 April 2012 (Hectares) (NFDS, 2014) 

Region 
Plantations of exotic 

trees intended for 
harvest 

Proportion 
of total 

Tasman/Nelson/Marlborough 167,240 10 
West Coast 32,466 2 
Canterbury 111,400 6 

Otago 121,575 7 
Southland 82,213 5 

South Island 514,894 30 
Total New Zealand 1,719,501 100 

 

The two main movements for this commodity are logs and timber products, and these include 

export and domestic trips. Two kinds of data clarify the origin of logs; forest areas and the 

number of employees “A03 Forestry and Logging” category (Table 3-6). Therefore, if there 

was an employee in a unit area, the forest area was considered as a weight, otherwise as a zero 

weight. The destination was extracted from an NZFOA (2012) report, forest owners, and their 



Chapter 3: Base Network Development and Travel Demand Modelling 

 

84 
 

location was found from their websites (NZFOA, 2016). For timber movements, the origin was 

taken from the number of employees in “C141 timber dressing”, and the destination was taken 

from employees in “C149 Other Wood Production”. The trips for timber export happens 

between timber dressing companies (C141) and ports. Table 3-12 to Table 3-15 show the 

number of trips in this commodity between different regions.  

Table 3-12: Logs Daily Road Movements (Exports) 

Exports TNM West Coast Lyttelton Timaru Otago Southland 
TNM 346.06 0.00 0.00 0.00 0.00 0.00 

West Coast 0.00 0.00 58.42 0.00 0.00 0.00 
Canterbury 0.00 0.00 18.62 2.70 0.00 0.00 

Otago 0.00 0.00 0.00 55.64 188.60 53.16 
Southland 0.00 0.00 0.00 0.00 0.00 56.89 

Table 3-13: Logs Daily Road Movements (Domestic) 

Domestic TNM West Coast Canterbury Otago Southland 
TNM 356.05 0.00 0.00 0.00 0.00 

West Coast 0.00 31.32 0.00 0.00 0.00 
Canterbury 0.00 0.00 232.86 0.00 0.00 

Otago 0.00 0.00 55.64 20.68 0.00 
Southland 0.00 0.00 0.00 0.00 232.14 

Table 3-14: Timber Products Daily Road Movements (Exports) 

Exports TNM West Coast Lyttelton Timaru Otago Southland 
TNM 61.10 0.00 0.00 0.00 0.00 0.00 

West Coast 0.00 0.00 0.00 0.00 0.00 0.00 
Canterbury 0.00 0.00 78.21 1.09 0.00 0.00 

Otago 0.00 0.00 0.00 0.00 10.96 0.00 
Southland 0.00 0.00 0.00 0.00 14.49 19.18 

Table 3-15: Timber Products Daily Road Movements (Domestic) 

Domestic TNM West Coast Canterbury Otago Southland 
TNM 89.48 0.00 54.58 0.00 0.00 

West Coast 0.00 9.49 16.94 0.00 0.00 
Canterbury 8.09 1.87 71.03 16.56 4.75 

Otago 0.00 0.00 15.61 15.68 0.00 
Southland 0.00 0.00 0.00 12.59 19.73 
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3.8.3.4. LIVESTOCK MOVEMENTS  

Livestock farming is one of the most important users of the road network in New Zealand. Most 

of the movements originate from farms to other farms and meat works or sale yards (Table 

3-16).  

Table 3-16: Type of Movements of Cattle 2012-13 (‘000 head) (NFDS, 2014) 

           To: 
From: 

Farm Imex Meatworks  Quarantine Saleyard Other Total  

Farm 2,331 16 1,951 10 880 11 5,199 
Imex 4 4 1 - 0 - 9 
Meatwork  1 - 198 0 0 - 199 
Quarantine  6 5 0 0 1 - 12 
Saleyard 821 - 27 0 45 9 902 
Other  17 0 7 0 3 1 28 
Total  3,179 25 2,184 11 929 21 6,349 

 

The total number of daily trips between Territorial Local Authorities (TLAs) was taken from 

the MOT dataset. The grassland area (Table 3-6) was utilised at the centroids as a weight of 

distribution. Therefore, the movements from farms to farms were created. Due to a lack of 

information, other movements were not considered.  

3.8.3.5. MEAT AND MEAT PRODUCTS MOVEMENTS 

Among export, import and domestic movements for meat and meat products, the export 

movements were just considered and the rest of the movements were ignored due to the low 

number of trips. Geographic units of meat and meat products manufacturing (Table 3-6) were 

taken as the weight for the origins. Then, the OD matrix was created between meat processors 

and ports (Table 3-17). 
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Table 3-17: Meat and Meat Products Daily Road Movements (Exports) 

Exports  TNM West Coast Lyttelton Timaru Otago Southland 
TNM 2.02 - - - - - 

West Coast 1.70 - 0.75 - - - 
Canterbury - - 21.17 14.83 - - 

Otago - - - - 8.73 - 
Southland - - - - - 4.77 

3.8.3.6. HORTICULTURE AND OTHER AGRICULTURE MOVEMENTS 

Export and domestic trips were considered for horticulture movements (Table 3-18 and Table 

3-19). Cropland data (Table 3-6) were utilised at the centroids as a weight of generated trips for 

exports and domestic trips. The number of horticulture processors in each unit area was taken 

from the “fruit and vegetable processing” dataset (Table 3-6) and were regarded as a destination 

weight for domestic trips.    

Table 3-18: Horticulture and other Agriculture Daily Road Movements (Exports) 

Exports TNM West Coast Lyttelton Timaru Otago Southland 
TNM 30.22 0.00 0.00 0.00 0.00 0.00 

West Coast 0.00 0.00 0.00 0.00 0.00 0.00 
Canterbury 0.00 0.00 47.54 0.82 0.00 0.00 

Otago 0.00 0.00 0.00 0.00 7.64 0.00 
Southland 0.00 0.00 0.00 0.00 0.00 2.41 

Table 3-19: Horticulture and other Agriculture Daily Road Movements (Domestic) 

Domestic TNM West Coast Canterbury Otago Southland 
TNM 81.43 0.08 12.42 0.00 0.00 

West Coast 1.60 0.01 0.30 0.00 0.00 
Canterbury 1.56 1.49 354.90 26.75 6.10 

Otago 0.00 0.00 13.12 38.42 0.00 
Southland 0.00 0.00 12.33 1.83 15.26 
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3.8.3.7. FISH MOVEMENTS 

Most of the fish movement trips occur between ports and processing plants. Distribution of 

landed fish to the processors is performed by road networks (NFDS, 2014). Both export and 

domestic trips are considered as shown in Table 3-20 and Table 3-21. The aquaculture 

employee numbers (Table 3-6) were applied as a generation weight and seafood processing 

employee numbers (Table 3-6) as an attraction weight.  

Table 3-20: Fish Daily Road Movements (Exports) 

Exports TNM West Coast Lyttelton Timaru Otago Southland 
TNM 52.16 0.00 0.00 0.00 0.00 0.00 

West Coast 0.00 0.00 0.00 0.00 0.00 0.00 
Canterbury 0.00 0.00 10.58 4.80 0.00 0.00 

Otago 0.00 0.00 0.00 0.00 13.39 0.00 
Southland 0.00 0.00 0.00 0.00 0.00 1.00 

Table 3-21: Fish Daily Road Movements (Domestic) 

Domestic TNM West Coast Canterbury Otago Southland 
TNM 39.32 0.00 0.04 0.00 0.00 

West Coast 4.38 0.00 0.00 0.00 0.00 
Canterbury 0.00 0.00 35.28 0.43 0.00 

Otago 0.00 0.00 0.82 3.27 0.00 
Southland 0.00 0.00 0.00 0.74 8.02 

 

3.8.3.8. COAL MOVEMENTS 

Due to the lack of information for domestic and import trips, only export movements of coal 

were considered (Table 3-22). Therefore, the mine GIS shapefile was used to find the location 

and number of mines in each unit area, which was then used as the destination weight.   
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Table 3-22: Coal Daily Road Movements (Exports) 

Exports TNM West Coast Lyttelton Timaru Otago Southland 
TNM 0.00 0.00 0.00 0.00 0.00 0.00 

West Coast 0.00 0.00 24.19 0.00 0.00 0.00 
Canterbury 0.00 0.00 0.00 0.00 0.00 0.00 

Otago 0.00 0.00 0.00 0.00 0.00 0.00 
Southland 0.00 0.00 0.00 0.00 0.00 0.00 

 

3.8.3.9. MOVEMENTS OF AGGREGATE 

Internal movements of aggregates were created based on quarry locations and numbers (Table 

3-6) as a generation weight and population as a destination weight (Table 3-23). It was assumed 

that a more populated area would result in more aggregate consumption and more trips to that 

area.   

Table 3-23: Aggregate Daily Road Movements (Domestic) 

Domestic TNM West Coast Canterbury Otago Southland 
TNM 251.78 26.30 0.00 0.00 0.00 

West Coast 0.00 8.49 0.00 0.00 0.00 
Canterbury 0.00 64.11 1387.12 0.00 0.00 

Otago 0.00 0.00 2.74 478.90 23.01 
Southland 0.00 0.00 0.00 0.00 140.55 

 

3.8.3.10. Movements of Limestone, Cement, Fertiliser 

Two sets of OD matrices were created for this commodity, one for imports and one for domestic 

(Table 3-24 and Table 3-25). The trips were distributed based on the number of employees of 

cement, lime, plaster and concrete product manufacturing (Table 3-6) as a generation factor and 

ports or population as an attraction factor. It was assumed more populated areas consume more 

of these products.   



Chapter 3: Base Network Development and Travel Demand Modelling 

 

89 
 

Table 3-24: Limestone, Cement, and Fertiliser Daily Road Movements (Imports) 

Imports TNM West Coast Canterbury Otago Southland 
TNM 21.47 0.00 0.00 0.00 0.00 

West Coast 0.00 0.00 0.00 0.00 0.00 
Lyttelton 0.00 0.00 126.03 0.00 0.00 
Timaru 0.00 0.00 132.88 0.00 0.00 
Otago 0.00 0.00 0.00 36.15 0.00 

Southland 0.00 0.00 0.00 0.00 82.12 

Table 3-25: Limestone, Cement, and Fertiliser Daily Road Movements (Domestic) 

Domestic TNM West Coast Canterbury Otago Southland 
TNM 31.03 1.70 0.66 0.31 0.00 

West Coast 0.00 21.92 0.00 0.00 0.00 
Canterbury 14.80 8.99 181.44 37.42 0.29 

Otago 0.00 0.00 10.17 114.44 29.46 
Southland 2.21 1.12 6.84 17.50 193.49 

 

3.8.3.11. WASTE MOVEMENTS  

It was assumed that waste movements are started from each unit area to the landfill locations. 

The landfill locations were taken from a GIS shapefile (Table 3-6). Therefore, trip distribution 

was implemented based on the population weight of each unit area and landfill locations (Table 

3-26).   

Table 3-26: Waste Daily Road Movements (Domestic) 

Domestic TNM West Coast Canterbury Otago Southland 
TNM 60.71 0.00 3.01 0.00 0.00 

West Coast 0.00 14.20 0.78 0.00 0.00 
Canterbury 0.00 0.00 261.98 0.00 0.00 

Otago 0.00 0.00 0.00 86.96 0.00 
Southland 0.00 0.00 0.00 1.92 40.97 
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3.8.3.12. TOTAL MANUFACTURING AND RETAIL MOVEMENTS 

This type of movement contains general movements of goods between unit areas and to or from 

the ports, the main proportion of HV trips on the network. The weight of distribution for each 

unit area was calculated based on the following equations:  

i j

i j

C R

C R

PW
WeightOfPopulation(WoP)=

PW
   (25) 

i j

i j

C R

C R

BUW
WeightOfBusinessUnits(WoBU)=

BUW
   (26) 

GeneralMovements

WoP+WoBU
DistributionWeight = *100

2
  (27) 

Therefore, the average weight of population and business units were utilised as a weight of 

generation and attraction for general internal movements. Table 3-27 to Table 3-29 shows the 

number of trips to or from the port as well as domestic movements.   

Table 3-27: Manufacturing and Retail Daily Road Movements (Export) 

Exports TNM West Coast Lyttelton Timaru Otago Southland 
TNM 21.94 0.00 0.00 0.00 0.00 0.00 

West Coast 0.00 0.00 1.86 0.00 0.00 0.00 
Canterbury 0.00 0.00 63.43 9.27 10.03 0.00 

Otago 0.00 0.00 0.00 0.00 13.44 0.00 
Southland 0.00 0.00 0.00 0.00 0.00 0.00 

Table 3-28: Manufacturing and Retail Daily Road Movements (Import) 

Imports TNM West Coast Canterbury Otago Southland 
TNM 197.42 0.00 0.00 0.00 0.00 

West Coast 0.00 0.00 0.00 0.00 0.00 
Lyttelton 0.00 0.00 246.45 0.00 0.00 

Otago 0.00 0.00 0.00 23.77 0.00 
Southland 0.00 0.00 0.00 0.00 27.07 
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Table 3-29: Manufacturing and Retail Daily Road Movements (Domestic) 

Domestic TNM West Coast Canterbury Otago Southland 
TNM 558.31 0.81 36.97 4.15 3.69 

West Coast 1.32 99.99 22.80 1.35 1.09 
Canterbury 354.60 68.28 3392.53 357.15 237.65 

Otago 7.62 2.06 64.84 617.39 12.99 
Southland 2.89 0.56 32.58 0.00 647.48 

 

3.8.3.13. TOURISM HEAVY VEHICLE MOVEMENTS  

For tourism demand, there is no need to create a new matrix, as the OD matrix formed for light 

vehicles was used. The number of trips used for tourism, heavy vehicle movements, is assumed 

to be 1% of light vehicle movements.  

3.9. OVERALL SOURCE MATRIX  

Finally, all HVs movements were summed up in one OD matrix, ready to import to the network. 

Therefore, three different matrices were applied to the network, commuter trips and tourism 

trips corresponding to light vehicles, and freight trips representing heavy vehicle trips. The total 

number of created source trips are 323,484 and 68,097 movements for commuting and tourism 

trip purposes, respectively. Heavy vehicle movements created 16,779 trips on the network as a 

source matrix. Commuting trip purposes account for the majority of trips (79.2%) on the 

network, representing work trips. The tourism and freight trip purposes account for 16.7% and 

4.1% of the source trips, respectively.  

All of these matrices indicate the trip distributions for the whole period of simulation, which is 

24 hours. Consequently, the traffic release profiles of the whole South Island (refer to Section 

3.4) were applied to generate hourly trip distribution source matrices.   
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3.10. SUMMARY  

This chapter outlined the first part of the research, the development of an inter-city travel 

demand base model for the whole South Island. The road network, including supply and 

demand data, were initially created. The OSM file was applied as the base of supply data with 

modifications on default features. To simplify the network, unnecessary links were removed 

using ONRC, Google maps, and NZ road centreline GIS shapefile. The detectors were located 

on the network model based on their geographic coordination systems, their reliability, the 

scope of the project, and their relevance to the research project. The demand data for the whole 

South Island were created based on the unit areas centroid configuration and three main travel 

purposes, namely commuting, tourism, and freight. The required data were obtained from 2013 

census data, land use GIS shapefiles, Regional Tourism Organisation (RTO) website, National 

Freight Demand Study (NFDS), and Ministry of Transport (MOT) data.  

The total number of created source trips are 323,484 and 68,097 movements for commuting 

and tourism trip purposes, respectively. Heavy vehicle movements created 16,779 trips on the 

network as a source matric. It can be seen that commuting trip purposes account for the majority 

of trips (79.2%) on the network representing the work trips. The tourism and freight trip 

purposes account for 16.7% and 4.1% of the source trips, respectively. These source matrices 

were applied to the base model to find the final demand matrices and calibrate the network, as 

discussed in the next chapter.
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4. Chapter 4 
Static and Dynamic Calibration Process 

This chapter has been extracted from: 

Aghababaei, M. T., Costello, S. B., Ranjitkar, P., (2019), South Island Model: development and 

calibration, Engineering New Zealand (ENZ) Transportation Group (TG) 2019 Conference.   

Aghababaei, M. T., Costello, S. B., Ranjitkar, P., (2021), Measures to Evaluate Post-Disaster 

Trip Resilience on Road Networks, Submitted to the Journal of Transport Geography. 

4.1. INTRODUCTION  

Another challenge in traffic simulation is to calibrate the road network accurately to extract the 

required traffic outputs for further investigation and evaluation. Calibration is a process of 

matching simulated and observed traffic measurements, for instance, count data, speed, and 

travel time, by adjusting various parameters in the model. Calibration can be performed based 

on one parameter or a set of parameters. Selecting the right method and a set of parameters with 

a strong influence on the model can save time and energy. The geographical scale of the 

network, the objective of the research, and the type of the network should be considered in 

selecting the appropriate parameter(s). Hourdakis et al. (2003) identified two issues in 

calibration, first the lack of a systematic procedure for the calibration process and, second, 

inappropriate measures of goodness-of-fit to assist the modeller in identifying the weaknesses. 

The calibration procedure reported by Chu et al. (2003) contains calibration of driving and 

routing behaviour models, OD matrix estimation models and, finally, fine-tuning parameters to
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match observed and simulated volume or travel time data. Dowling et al. (2004b) divided 

calibration parameters into ones that the modeller is considerably certain of and does not intend 

to alter, and ones which the modeller is less certain of and intends to alter. However, it is advised 

to avoid altering parameters with no, or limited, information about their concept and value. 

They recommended three steps for calibration including capacity calibration, route choice 

calibration, and system performance calibration. Xu et al. (2004) integrated two steps of 

calibration usually performed separately, trip matrix updating and network calibration, into one 

stage called a bi-level programming model using genetic algorithms. Hollander and Liu (2008), 

in presenting and comparing around twenty different calibration methodologies, found that 

repeated runs are essential to get a good result, although they are time-consuming. They also 

found that modellers apply different types of statistical tools and calibration criteria (goodness 

of fit) for calibration and validation of the network, while one tool can be used efficiently for 

both. The main steps suggested for microscopic calibration include determining the scope of 

the problem, finding parameters, selecting the right goodness-of-fit measures, clarifying 

constraints, explaining the calibration procedure, and determining the required number of runs 

(Hollander and Liu, 2008). Calibration of a dynamic traffic assignment (DTA) model can be 

performed based on a calibration of the demand model using matrix estimation methods; along 

with calibration of the supply models by capacity estimation and link performance functions in 

mesoscopic simulations, and alteration of car following, lane changing and gap acceptance 

parameters in microscopic simulations (Omrani and Kattan, 2012). The proposed calibration 

process for Aimsun by Casas et al. (2010) considers two types of parameters (behaviour 

parameters and dynamic traffic assignment parameters) and their nature (global and local 

parameters). The summarised general process is (Casas et al., 2010): 
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1. “Calibration of behavioural models using global parameters (all vehicle type parameters, 

such as reaction time, reaction time at the stop, speed acceptance, etc.) 

2. Calibration of behavioural models using local parameters (all section and node parameters 

that have an influence on the vehicle behaviour, such as local reaction time variation, jam 

density, lane-changing zonification of the section) 

3. Calibration of dynamic traffic assignment using global parameters (number of different 

alternatives to consider, the time interval, the default cost functions parameters, etc.) 

4. Calibration of dynamic traffic assignment using local parameters (scale factor per OD pair, 

the cost function for an individual section, etc.)”. 

Traffic assignment methods will be discussed in the next section followed by the OD adjustment 

process. Then, the goodness fit criteria for this project will be determined using the NZTA 

guidelines (NZTA, 2014). Finally, the calibration results are examined in static and dynamic 

sub-sections.  

4.2. MODEL CALIBRATION 

To calibrate the network, the first step was to discover the final travel demand matrix based on 

the three created source matrices using static assignment and matrix estimation methods. Matrix 

estimation is a common calibration process applied to decrease the differentiation between 

observed and modelled count data. Three frequently used methods to estimate the demand 

matrix for the network include direct sample estimation, model estimation, and estimation from 

count data (Cascetta, 1984). The first one is based on different types of surveys and interviews. 

The second method utilises a system of models to increase the accuracy of the estimated matrix 

by adding and correlating more variables (Cascetta, 1984). The last one, used in this study, aims 

to adjust the matrix based on the observed traffic count data on the network. Matrix estimation 
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applying count data can be regarded as an inverse process of the traffic assignment (Bell and 

Iida, 1997). The traffic assignment utilises the OD matrix to calculate link flows using route 

choice models. The matrix estimation, however, utilises link flow (count data) to estimate the 

OD matrix using route choice models (TSS, 2017).  

The static OD adjustment process of Aimsun (TSS, 2017) was applied to adjust the source 

matrices and create the final OD matrix, as will be explained in the next section. The outputs 

of the macroscopic calibration are adjusted OD matrices and static path assignments, which 

will be applied to the dynamic assignment, as shown in the Mesoscopic Process box in Figure 

4-1.  

The second part of the calibration tests the dynamic behaviour of the adjusted traffic demand 

by applying dynamic assignment methods (Figure 4-1). Two dynamic methods, Stochastic 

Route Choice (SRC) and Dynamic User Equilibrium (DUE), were assessed to determine which 

one best suited the project based on the scope and aim. Finally, the route choice parameters and 

centroid connections were altered to either increase the value of goodness-of-fit or decrease the 

virtual queue (vehicles waiting to enter the network) to improve the performance of the model. 

The output of this process is the calibrated base model at the mesoscopic level. Given that 

choosing an appropriate traffic assignment method, especially at the mesoscopic level, has a 

significant impact on the calibration process, the next section is devoted to the traffic 

assignment methods at the static and dynamic level.      

 

 



Chapter 4: Static and Dynamic Calibration Process  

 

97 
 

 

Figure 4-1: Flowchart of the Calibration Process 
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4.2.1. TRAFFIC ASSIGNMENT METHODS 

Knowledge of critical parameters in the calibration process can improve efficiency and 

effectiveness. In a large network, it is advised to adjust the global parameters to calibrate the 

whole network rather than local parameters. Key global parameters include the factors used in 

the traffic assignment process and the probability methods. Traffic assignment methods at the 

static and the dynamic levels are explained in detail below.  

The process of allocating trip matrices to the network and choosing the best path based on travel 

impedance of the transportation network, including travel time, travel cost, and travel distance, 

is known as traffic assignment (Saw et al., 2015). Generally, trips can be assigned to the network 

statically (macroscopic models) or dynamically (mesoscopic or microscopic models). 

Macroscopic models are known as strategic models commonly used by transport planners to 

predict travel demand and travel patterns (Han et al., 2017). In a static assignment, a 

deterministic algorithm is applied to assign the trips to the network using trip volumes, speed, 

density, and flows on the links (TSS, 2017, TRB, 2010). As a result, a static assignment cannot 

consider any traffic congestion and, generally, dynamic characteristics of the traffic on the 

network. Saw et al. (2015) have categorised static traffic assignment into six methods, as 

follows: “All or nothing assignment; Stochastic Traffic Assignment; Capacity Restrained 

Assignment; Incremental Assignment; User Equilibrium Assignment; and System Optimum 

Assignment.” However, TSS (2017) has utilised five methods for static path assignment, all 

based on finding the shortest path and path percentage use. Except for stochastic assignment, 

the rest of the methods are based on deterministic methods. The five methods are all or nothing 

assignment; Incremental Assignment; Frank and Wolfe Assignment; Method of Successive 

Averages (MSA) Assignment; and Stochastic Traffic Assignment. 
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The all-or-nothing method is the simplest method of assignment as it calculates the shortest 

path based on free flow costs and assigns all trips to this path. The incremental assignment 

divides the total number of trips into a small percentage to assign to each proportion on the 

network based on the all-or-nothing method. The outputs of the incremental assignment can be 

close to those obtained from the equilibrium assignment, by increasing the number of iterations, 

although it will never be able to achieve it (Saw et al., 2015). 

The Frank and Wolfe assignment and MSA assignment are both based on the user equilibrium 

method, Wardrop’s first principle: “the traveller time between a specified origin and destination 

on all used routes is equal and less than or equal to the travel time that would be experienced 

by a traveller on any unused route,". The MSA is a simpler and faster version of the Frank and 

Wolfe method which uses average flow from earlier iterations to find the new solution for the 

last iteration (Mirchandani et al., 2003). “The Frank and Wolfe algorithm is based in a shortest 

paths algorithm and an ad hoc implementation of a linear approximation algorithm," (TSS, 

2017).  

The Stochastic Assignment examines route choices based on perceived travel costs rather than 

calculated travel costs (Saw et al., 2015). The number of shortest paths and the function of 

discrete route choice are the critical parameters for stochastic static assignment.  

Due to the limitations of static assignment, including ignoring congestion and queues, 

neglecting car behaviour models (car-following and lane changing methods), and lack of output 

data, it is generally only applied to strategic transportation planning such as travel demand 

modelling. Here, the macroscopic model is utilised to assign and adjust source matrices and 

estimate the final travel demand matrix. In this case, the travel demand is estimated based on 
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business as usual (BAU) conditions when the network is performing under user equilibrium 

conditions, therefore, the Frank & Wolfe method was selected for the macroscopic model.  

Dynamic Traffic Assignment (DTA) is required to examine the complexity of transportation 

systems, in order to capture the time-dependent nature of traffic flow. Figure 4-2 shows the 

dynamic traffic assignment structure in Aimsun. Among two main approaches to solve the DTA 

problem; namely the mathematical approach and simulation-based approach, the latter 

comprises two methods: route choice models and dynamic user equilibrium (DUE) (Casas et 

al., 2010). Route choice functions use different criteria in terms of travel time, distance, 

expected traffic conditions, and other variables to model driver behaviour on the road (Barceló 

and Casas, 2006, Casas et al., 2010). Travel demand can be assigned to the network using four 

route choice options: Binominal (probability), Proportional (alpha factor), Logit (scale factor), 

and C-Logit (scale factor, beta and gamma)(Casas et al., 2010).  
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Figure 4-2: Aimsun Dynamic Traffic Assignment Structure (Casas et al., 2010)  

The binominal model is a distribution method based on the probability of selecting each route 

(P) among k available paths (TSS, 2017). The proportional model estimates the choice 

probability using the generalisation of Kirchhoff’s laws given by the following equation:  
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Where CPi indicates the cost of path i, the alpha factor (∝) is a function of travel cost and is 
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critical in the calibration of the network (Casas et al., 2010). The multinomial logit model 

represents the probability of selecting the shortest path comparing measured (dis)utilities of a 

path to all other alternative paths (Barceló and Casas, 2006). The normal Logit function used 

to find the choice probability is expressed as Equation(29):  

i
l

i i i
l l k

-θt
i
k -θt -θ(t -t )

l l¹k

e 1
P = =

e 1- e 
   (29) 

Where tl
i is the travel time on path k of OD pair l and θ is a scale factor. The scale factor plays 

an important role in the calibration of the network. If the factor chosen is less than one, then 

many alternative routes will be utilised and, conversely, with a factor greater than one, very few 

routes will be selected (TSS, 2017). However, there is a tendency toward route oscillation with 

the instability creating a kind of ‘flip-flop’ process which results in a certain drawback in using 

the Logit model when there is a high degree of overlapping among alternative routes (Barceló 

and Casas, 2006).  

The C-Logit model is implemented to decrease the impact of this drawback of the Logit model 

and is expressed as follows:  

k k

l l

i

θ(v -CF )

k θ(v -CF )

l k

e
P =

e

    (30) 

Where vi is the perceived utility for an alternative path i, and θ is a scale factor. The term CF is 

known as the “commonality factor” addressing the degree of overlapping among paths. It is 

calculated as:  
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γ

lk
k 1/2 1/2

l k

L
CF =βln

L L
il k

 
 
 

     (31) 

The CF factor is assessed based on link costs and two parameters β and γ, of which the first one 

has more impact on calibration. Larger values of β indicate more influence of overlapping on 

the route choice. Larger β values increase the influence of the CF factor on the choice 

probability rather than the (dis)utility (travel time) factor (vl) (Barceló and Casas, 2006).    

The other dynamic traffic assignment (DTA) method, dynamic user equilibrium (DUE), derives 

from the Wardrop’s first principle. Three different models are used in the DUE method in 

Aimsun: method of successive averages (MSA), Weighted MSA, and gradient-based. The 

flows are distributed among existing paths by calculating the shortest path in each iteration 

based on the MSA or gradient-based algorithm (Casas et al., 2010).  

Since the project aims to assess the performance of the network in case of emergencies, the 

network will not be in user equilibrium conditions, and travel pattern and behaviour will change. 

Therefore, the network is calibrated based on the stochastic route choice model, not DUE. 

Among the four mentioned methods, the Logit and C-Logit methods are applicable to large 

networks. While both are based on the Logit function, there is a drawback in the Logit method, 

especially in large networks with a high degree of overlapping paths. In New Zealand’s South 

Island road network there are not many alternative routes between different traffic zones, 

especially between cities. In most cases, State Highways are the main routes connecting many 

traffic zones, which results in a high degree of overlapping on the network. As a result, the C-

Logit method was selected to assign the trips and calibrate the network.      
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4.2.2. GOODNESS-OF-FIT CRITERIA 

The calibration was performed based on a comparison of real count data and the model assigned 

count data for selected detectors on the network. At the macroscopic level, XY scatter plots and 

R squared were used. The equation of the line of best fit indicates how well the assigned and 

real data are matched (NZTA, 2014). The R squared value is another measurement to check the 

model performance. Since the traffic models were classified into seven types based on 

geographic coverage and model purpose (NZTA, 2014), type A: Regional Transport Model was 

selected for this project. Type A is usually developed “to assess the strategic impacts of land-

use changes, larger-scale transport and PT projects, and the effects of policy changes on wider 

regions” (NZTA, 2014). Referring to Table 4-1, the R squared and line of best-fit criteria for 

the model type A should be greater than 85% and between y=0.9x and y=1.1x, respectively, 

where the x- axis represents the observed values and the y-axis represents the modelled values. 

Table 4-1: Observed Versus Modelled Count Comparison XY Scatter Criteria (NZTA, 2014) 

 

At the mesoscopic level, hourly GEH values of less than 5 and 10 are used in addition to XY 

scatter plots and R squared. The GEH determines the tolerance of relative and absolute errors 

on the network using the following Equation, where m is the modelled count and o is the 

observed count (NZTA, 2014).   
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22(m-o)
GEH=

(m+o)
    (32) 

The GEH statistic considers “the larger percentage differences on lower counts and larger 

absolute differences on higher counts”. Table 4-2 shows the NZTA criteria for the hourly GEH 

count criteria which, for a model type A, should be more than 60% for GEH<5 and more than 

90% for GEH<10 (NZTA, 2014). 

Table 4-2: Hourly GEH Count Comparison Criteria (NZTA, 2014) 
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4.3. CALIBRATION RESULTS 

4.3.1. STATIC ASSIGNMENT  

The real count data (NZTA, 2017) were assigned on an hourly basis to their equivalent detectors 

on the modelled network for comparative purposes. As mentioned previously, in this study 622 

detectors, located at 311 different geographically well spread sites, were used in the calibration 

process. The demand source matrices for light vehicle and heavy vehicle movements were 

produced as described in the previous section. The total number of generated commuter trips, 

tourism trips, and freight trips were 323,484 and 68,097 and 16,778, respectively. Hourly traffic 

demand for the three purposes over 24 hours were utilised and assigned to the network 

macroscopically based on the “Frank and Wolfe” method. 

4.3.2. GEH VALUES AND R2 PLOTS 

Figure 4-3 shows an R squared plot for the source OD matrix for all purposes. The result 

returned an R squared value of 70.8% with the line of best fit of Y=0.82X. This result is for all 

detectors on the network regardless of their locations and counts. Given that this study is for 

inter-city movements, detectors near cities, mostly with high flows, can alter the results. This 

is because of the lack of other city trip purposes, such as shopping, education, and other daily 

trips in the model. These results do not meet the NZTA criteria, and needed adjustment to match 

with the count data.   
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Figure 4-3: XY Scatter Plot for Static Assignment of Source 2013 OD Matrix 

Therefore, the next step was to use the “Static OD Adjustment” process to adjust the source OD 

matrix using real count data on each detector. The applied algorithm “is based on a bi-level 

model solved heuristically by a gradient algorithm, and includes an assignment at each 

iteration” (TSS, 2017). This process was first used to adjust the light vehicle movements and 

then heavy vehicle movements, separately. The result of the static assignment of source LV OD 

matrices shows an R squared value of 61.7% (Figure 4-4a). Using the static OD adjustment 

process, the total number of commuting trips increased from 323,484 to 516,217 (59.6% 

increase) trips and the total number of tourism trips decreased from 68,097 to 65,081 trips (4.4% 

decrease). The R squared increased to 99.2% (Figure 4-4b).  
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a) Before calibration 

 

b) After calibration 

Figure 4-4: XY Scatter Plot for Static Assignment of Light Vehicle 2013 OD Matrix 

Static assignment of heavy vehicle movements on the network returned an R squared of 55.6% 

for the source OD matrix assignment, and with OD adjustment it increased to 98.7% (Figure 

4-5a and Figure 4-5b). The total number of trips also increased from 16,778 trips to 25,790 

trips. This indicates a 53.7% increase in comparison to the source matrix, but in comparison to 

the total number of trips in the network, it has been altered by only 2.2% of total trips.  
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a) Before calibration 

 

b) After calibration 

Figure 4-5: XY Scatter Plot for Static Assignment of Heavy Vehicle OD Matrix 
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Table 4-3: Summary of Static OD Adjustment Process 

Purpose Source Trips Adjusted Trips R2 Source R2 Adjusted Explanation 

Commuting 323,484 516,217 
61.7 99.2 

59.6% 47.2% 
Tourism 68,097 65,082 -4.4% -0.7% 
Freight 16,779 25,790 55.6 97.8 53.7% 2.2% 
Total 408,360 607,089 - - 48.7% 48.7% 

R2 value 70.8 99.2 NA NA 622 Detectors 

 

4.3.3. VARIATION OF PRIMARY AND ADJUSTED OD MATRIX 

For illustrative purposes, Figure 4-6 shows the numerical differences of LV movements 

between districts as an origin (X-axis) and Ashburton centroids (legend). The districts have 

been arranged based on the distance to Ashburton District travelling south and north. Most of 

the alterations occurred among Ashburton centroids. This indicates that the adjusted trips 

occurred near urban areas to match the modelled count trips to the observed count data. Analysis 

of other districts also displays the same trend, with most of the adjusted trips occurring in 

adjacent centroids in the same district areas. For the HV adjustment process, different patterns 

depending on the movements and number of trips between centroids are noted (Figure 4-7). 

However, most of the adjustments occurred among neighbouring districts and some major 

districts. For instance, lots of movements were adjusted between Christchurch city, as the main 

city, and Ashburton District. Timaru and Selwyn Districts are also two adjacent districts in the 

north and south of Ashburton with significant trips adjustment. Similar to LV, the majority of 

freight movement changes happened among Ashburton centroids.       
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Figure 4-6: Variation of Primary and Adjusted OD Matrix for Ashburton District on LV 
Movements 

 

Figure 4-7: Variation of Primary and Adjusted OD Matrix for Ashburton District on HV 
Movements 
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Analysing the aggregated flow data among districts suggests that most of the trip adjustments 

occurred on intra-city trips where other urban trip purposes were ignored. Lots of light vehicle 

trip adjustment can be seen among traffic zones in Christchurch and Dunedin, the two main 

cities in the South Island, followed by Queenstown, Marlborough, and Ashburton districts 

(Figure 4-8). These results support the hypothesis that significant light vehicle trip adjustment 

occurred in each district due to the lack of other trip purposes in cities being considered. A 

significant amount of HV trip adjustment occurred between traffic zones in each district, instead 

of traffic zones between districts, where most urban HV trips purposes were not considered 

(Figure 4-9). Christchurch, Dunedin, Queenstown, and Marlborough, for instance, had the 

highest HV trip variation.   

 

Figure 4-8: LV Trips Variation among Districts   
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Figure 4-9: HV Trips Variation among Districts   

The other useful data in the OD adjustment process is trip length variations. It illustrates how 

and where most of the changes have occurred. Figure 4-10 to Figure 4-12 compare the trip 

length distribution of the source and adjusted OD matrix for the three different trip purposes. 
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Figure 4-10: Source Vs Adjusted Trip Length Distribution for Commuting Trips 

Referring to Figure 4-11 tourism trip length adjustment illustrates two main trends. The first 

trend shows the rise in adjusted trips travelled among the centroids with less than 120km 

distance, excluding the trips between 60 and 80km. Given that day tourism trips are defined as 

trips made within one day with less than 40km trip length (MBIE, 2018) and are the more 

common tourism trips, the observed increase in short length tourism trips could be attributed to 

an increase in the number of day trips on the network to match the count data with the real data 

set. These short length tourism trips occurred among neighbouring traffic zones with tourism 

attractiveness. The next part of the bar chart displays the opposite trend, the consistent drop for 

the long-distance trips, more than 120km length, except the ones between 360 and 380km in 

length accounting for the long-distance trips on the network.  
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Figure 4-11: Source Vs Adjusted Trip Length Distribution for Tourism Trips  

Figure 4-12 emphasizes that most of the heavy vehicle trip adjustments occurred among the 

centroids with less than 40km distance, with a dramatic rise for the trips less than around 25km in 

distance. This result may be explained by the fact that there are lots of heavy vehicle movements 

among adjacent and neighbouring centroids, like empty and unladen heavy vehicles or buses, which 

were neglected due to lack of data. The trips of more than 45km length have mostly decreased.  

 

Figure 4-12: Source Vs Adjusted Trip Length Distribution for Heavy Vehicle (Freight) Trips  
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4.3.4. DYNAMIC ASSIGNMENT (MESOSCOPIC SCENARIO) FOR 2013 

The final OD matrix and macroscopically calibrated network should be verified using dynamic 

traffic assignment methods. The static assignment provides a travel demand matrix and a path 

assignment applied to dynamic assignment. As previously mentioned, the stochastic route choice 

model and C-Logit function were selected for this project. To calibrate the network dynamically, 

there are several critical global parameters, including the number of shortest paths, scale, 

attractiveness weight, Beta, Gamma, route choice percentage and centroid connection. An Intel® 

Xeon® Gold 6134 CPU @ 3.20GHz 3.19GHz (2processors) with 128GB memory was used to 

run the static and dynamic assignments in Aimsun Next 8.3.0. Running time for each mesoscopic 

scenario with 15 minutes costs cycle time (CCT) was around 25 to 36 hours. Because several runs 

were required to determine the values needed to calibrate the network, the costs cycle time was 

increased to one hour to reduce the run time to around 3 to 4 hours. After 19 different steps with 

CCT of an hour, the Stochastic Route Choice, C-Logit model with a scale of 3 and number of 

shortest path (K-SP) of 2 were selected as the final parameters for the calibrated network. For the 

last run, the finalised parameters brought forward from the CCT runs of an hour were loaded to 

the model with 15 minutes CCT and resulted in an R squared of 98.9% (Figure 4-13). 

 

Figure 4-13: XY Scatter Plot for Dynamic Assignment of 2013 OD 
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The output summary of mesoscopic loading of Stochastic Route Choice Assignment method 

under C-Logit function is shown in Table 4-4.  

Table 4-4: Output Summary of Mesoscopic SRC Assignment Method  

Time Series Value 
Standard 
Deviation 

Units 

Delay Time - All 18.5 92.3 sec/km 
Density - All 0.34 N/A veh/km 

Flow - All 25191.75 N/A veh/h 
Harmonic Speed - All 51.7 24.04 km/h 

Input Count - All 606356 N/A veh 
Input Flow - All 25264.83 N/A veh/h 

Max. Virtual Queue - All 661 N/A veh 
Mean Queue - All 941.53 N/A veh 

Mean Virtual Queue - All 115.82 N/A veh 
Missed Turns - All 0 N/A  

Number of Lane Changes - All 27.45 N/A #/km 
Speed - All 63.68 24.88 km/h 

Total Number of Lane Changes - All 812711 N/A  

Total Travel Time - All 233964.2 N/A h 
Total Travel Time (Vehicles Inside) - All 1719.24 N/A h 

Total Travel Time (Waiting Out) - All 0 N/A h 
Total Travelled Distance - All 16719246 N/A km 

Total Travelled Distance (Vehicles Inside) - 
All 

143026 N/A km 

Travel Time - All 69.63 94.26 sec/km 
Vehicles Inside – All 2433 N/A veh 

Vehicles Lost Inside - All 0 N/A veh 
Vehicles Lost Outside - All 0 N/A veh 

Vehicles Outside – All 604602 N/A veh 
Vehicles Waiting to Enter - All 0 N/A veh 

Waiting Time Virtual Queue - All 6.55 207.98 Sec 
Total Demand 607089 N/A veh 

 

At the mesoscopic level, GEH should be examined against acceptable requirements rather than 

just the R squared value. As the type of this project is “Type A: Regional”, the acceptable value 

for GEH<5 should be greater than 60% and GEH<10 should be greater than 90% according to 
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NZTA (2014). Figure 4-14 shows the locations where the GEH<5 has the lowest value for two 

different time intervals (6-7 am and 7-8 am) as well as for 24 hours. From Figure 4-15 it should 

be noted that the worst GEH<5 occurred at 7-8 am which is greater than the NZTA acceptable 

level of 60%. It is apparent that the R squared value and GEH<10 are acceptable in the AM and 

PM peak hours. Surprisingly, the GEH<5 suddenly dropped during AM peak hours which are 

likely to be related to the lack of directionality in the network. The result for interpeak hours 

indicates a well-performing network. The GEH and R squared value are within acceptable limits 

throughout the PM peak hours (3-7 pm), that is more than 90% except for 6-7 pm which is just 

above 80%. Contrary to expectations, there is also a relative lack of fit at the end of the day in 

the off-peak hours, although all are at an acceptable level. It indicates that the model loads 

higher flow on the network during off-peak hours.  

a)  
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b)  

c)  

Figure 4-14: GEH for 2013 Mesoscopic Scenario a) 24 Hours, b) 6-7 am, and c) 7-8 am 
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Figure 4-15: Hourly GEH for 2013 Mesoscopic Scenarios 

4.4. CONCLUSION 

Calibration is a process of matching simulated and observed traffic measurements, for instance, 

count data, speed, and travel time, by adjusting various parameters in the model. To calibrate a 

large network, the combination of matrix estimation parameters, route choice parameters, link 

parameters, and driver behaviour parameters are applied at the macro level of simulation, and 

then either meso or micro, as necessary. It is recommended to use static assignment methods to 

estimate the OD matrix. Then, the final adjusted demand matrix is applied to the dynamic 

assignment method with a different set of calibration parameters to calibrate the model 

dynamically. Knowledge of critical parameters in the calibration process can improve 

efficiency and effectiveness. In a large network, it is advised to adjust the global parameters to 

calibrate the whole network rather than local parameters.  

To calibrate the network, the first step was to discover the final travel demand matrix based on 

the three created source matrices using static assignment and matrix estimation methods. Matrix 

24
H

12-
1

am

1-2
am

2-3
am

3-4
am

4-5
am

5-6
am

6-7
am

7-8
am

8-9
am

9-
10
am

10-
11
am

11-
12
pm

12-
1

pm

1-2
pm

2-3
pm

3-4
pm

4-5
pm

5-6
pm

6-7
pm

7-8
pm

8-9
pm

9-
10
pm

10-
11
pm

11-
12
am

R Square 99 88 88 88 89 92 94 96 97 98 98 99 99 99 99 99 99 99 98 97 92 92 92 87 80

GEH<5 100 100 100 100 100 100 94 74 63 78 95 97 97 97 97 97 94 93 95 81 70 71 83 89 87

GEH<10 100 100 100 100 100 100 100 99 97 99 100 100 100 100 100 100 100 100 100 100 98 98 99 99 100

0

50

100

Pe
rc

en
ta

ge



Chapter 4: Static and Dynamic Calibration Process  

 

121 
 

estimation is a common calibration process applied to decrease the differentiation between 

observed and modelled count data. The second part of calibration tests the dynamic behaviour 

of the adjusted traffic demand by applying dynamic assignments methods. Among two dynamic 

models, Stochastic Route Choice (SRC) and Dynamic User Equilibrium (DUE), due to the aim 

of the project to assess the performance of the network in an emergency condition and also due 

to the high degree of overlapping paths, the stochastic route choice, C-Logit model was 

selected. 

The static assignment of a source created OD matrix returned a 71% R squared value, which 

did not meet the NZTA criteria for this type of project. Static OD adjustment was undertaken 

to alter the created OD matrix according to the real count data on the network, resulting in a 

much-improved R squared value of 99.2%, thereby meeting the NZTA criteria. Most of the OD 

alterations occurred in commuting trips and in adjacent centroids due to the lack of other city 

trip purposes included in the model. Then, the model was run at the dynamic mesoscopic level 

with the adjusted OD matrix. The R squared and hourly GEH results met the NZTA criteria. 

A considerable amount of effort has been expended to create the source matrix for three 

different purposes, and among 541 unit areas. There were some limitations, including lack of 

data in other urban trip purposes, inconsistency among agencies and organisations to provide 

source data, lack of road features data such as speed and capacity, and lack of detailed data for 

heavy vehicle movements. These limitations, especially the first one, caused considerable 

differences between source and final OD matrices around cities. However, the created source 

matrix and final adjusted matrix, based on 2013 census data, provide an excellent platform for 

the remainder of this research.
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5. Chapter 5 
Model Validation based on the 2016 Kaikoura 

Earthquake Data 

This chapter has been extracted from: 

Aghababaei, M. T., Costello, S. B., Ranjitkar, P., (2020), Assessing operational performance of 

New Zealand's South Island road network after the 2016 Kaikoura Earthquake, International 

Journal of Disaster Risk Reduction (IJDRR), https://doi.org/10.1016/j.ijdrr.2020.101553.   

5.1. INTRODUCTION  

While conventional network analysis methods are employed with a degree of uncertainty in 

travel demand behaviour in a post-disaster scenario (Khademi et al., 2015), the validation of 

the network in a post-disaster environment can help quantify the reliability of the simulation 

outcomes and, therefore, decrease the degree of uncertainty. The Kaikoura Earthquake provided 

a unique opportunity to validate the South Island road network model in a post-disaster 

situation, something that has not been attempted to date. Indeed, a review of the relevant 

literature would also suggest that a post-earthquake validation of a transportation model has not 

been undertaken elsewhere. 

Furthermore, although the impact of the Kaikoura earthquake on the road assets and business 

operability, especially bridges and roads, has been investigated by Dizhur et al. (2019), Herbert 

et al. (2018), Davies et al. (2017), Brabhaharan et al. (2017), Mason et al. (2017), ME (2017) and 

Palermo et al. (2017), the impact of the earthquake on the operational performance of the network 

in terms of count data, travel time, and density, has not been examined to date. Consequently,
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having validated the network model, the opportunity to examine the post-disaster operational 

performance of the network was taken. 

This chapter, therefore, has two main objectives. Firstly, the validation of the previously 

developed South Island road network model (chapter 5) in a post-disaster scenario and, 

secondly, the assessment of the operational performance of the road network in a post-disaster 

environment. A mesoscopic traffic simulation model of the South Island’s road network was 

first validated against business-as-usual (BAU) Annual Average Daily Traffic (AADT) data, 

and then against 7-day Average Daily Traffic (ADT) data starting from Day 8 after the Kaikoura 

earthquake. Corridor analysis and trip analysis are conducted to assess the post-disaster 

operational performance of the road network. Finally, the main findings of this part of the 

research are summarized in the conclusion. 

5.2. METHODOLOGY  

The overall methodology for the validation of the regional road network and the assessment of 

the operational performance following the Kaikoura earthquake is presented in Figure 5-1. 

Travel behaviour, land use, trip purposes, number of trips, and demographics of an area change 

over time causing trip pattern changes among traffic zones. Given that the travel demand was 

created based on a 2013 dataset, to estimate trip changes three years later, matrix estimation 

methods were utilised. Three frequently used methods to estimate the demand matrix for the 

network include direct sample estimation, model estimation, and estimation from count data 

(Cascetta, 1984). The last one, used in this study, aims to adjust the matrix based on the 

observed traffic count data on the network. The traffic assignment utilises the OD matrix to 

calculate link flows using route choice models. The matrix estimation, however, utilises link 
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flow (count data) to estimate the OD matrix using route choice models (TSS, 2017). The static 

OD adjustment method proposed by TSS (2017) is based on a “bi-level model solved 

heuristically by gradient algorithm and includes an assignment at each iteration”. The outputs 

of the matrix estimation process, adjusted OD matrices and static path assignments, were 

applied to the network dynamically. An Intel® Xeon® Gold 6134 CPU @ 3.20GHz 3.19GHz 

(2processors) with 128GB memory was used to run static and dynamic assignments in Aimsun 

Next 8.3.0. Given that the road network has already been calibrated dynamically at the 

mesoscopic level for 2013 data by Aghababaei et al. (2019), the new OD matrices were assigned 

to the network using the same parameters for Stochastic Route Choice (SRC) C-Logit model 

(refer to Scenario1, Figure 5-1). 

While the model was calibrated dynamically based on AADT data (Aghababaei et al., 2019), it 

is recommended to validate the model applying a different set of data, such as travel time or 

traffic count data of a specific date, instead of using AADT. It is widely recognised that the 

validation data set should differ from the calibration data set. NZTA (2014) recommends two 

sets of data, demand data which relates to the movement of vehicles, and performance data 

which relates to the performance of the network. This network will be validated using 7-day 

ADT traffic count data on several selected corridors from Day 8 after the Kaikoura earthquake, 

Scenario 2 in Figure 5-1. The level of service of the road network for Day 8 after the earthquake 

was extracted from Davies et al. (2017). Given that there is no available data regarding the 

number of cancelled or postponed commuting, tourism, and freight trips after the earthquake, 

it assumes that the traffic demand is inelastic and all trips included in the business-as-usual 

(BAU) model will be undertaken, but with no trips to/from the two traffic zones in the impacted 

area. Therefore, the same OD matrix as BAU was applied to the Day 8 scenario and users were 
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forced to change their routes where needed, resulting in increased journey times.  

 

Figure 5-1: Methodology to Assess the Operational Performance of the Road Network to 
Natural Disasters 

The recorded 7-day ADT traffic count data from detectors above the Ashburton District (refer 

to Figure 5-6), the most impacted area by the earthquake, were extracted and utilised to validate 
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the model. Loop detector data in general, but specifically in a post-disaster situation, can be 

noisy and have missing data due to detector failures.  Consequently, the data were manually 

processed to clean the data prior to use in the validation. It was assumed that users have 

knowledge of the event and disrupted roads eight days after the event – this assumption is 

considered realistic given the coverage on traditional and social media following the 

earthquake. Finally, as per the methodology outlined in Figure 5-1, the operational performance 

of the road network was evaluated using the corridor and trip analysis of the impacted area.  

5.3. MATRIX ESTIMATION AND BAU VALIDATION PROCESS  

A summary of the static OD adjustment process is presented in Table 5-1. The total number of 

trips increased by 5.55% with the highest increase in commuting trips, at 3.83% of total trips. 

Given that commuting trips typically represent relatively short trips between adjacent traffic 

zones, the commuting trips variation indicates a rise in local and intra-city trips. Tourism trips 

increased by 11.38% representing 1.22% of total trips. Freight movements increased by 11.8% 

compared to 2013 trips, accounting for an increase of just 0.50% of total trips. 

Table 5-1: Summary of Static OD Adjustment Process 

Trip types 
Number of 

trips in 2013 
Number of 

trips in 2016 
Variations 

Weighted 
Variation 

Commuting 516,217 539,469 4.50% 3.83% 
Tourism 65,082 72,488 11.38% 1.22% 

Heavy Vehicles 
(Freight) 

25,790 28,834 11.80% 0.50% 

Total 607,089 640,791 - 5.55% 

The new hourly traffic demand was created using the above mentioned three sets of adjusted 

OD matrices and hourly traffic profiles were calculated based on available Average Weekday 

Hourly Traffic (AWHT) for 42 sites on the whole network. These were assigned to the model 
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statically and validated against 2016 AADT, resulting in an acceptable line of best fit with an 

R squared value of 99.5% (Figure 5-2(a)).  
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c)  

Figure 5-2: Scatter Plots for (a) Static Assignment Using 2016 Adjusted Demand (b) 
Dynamic Assignment Using 2016 BAU Demand (c) Dynamic Assignment Using 2016 BAU 

Demand for HV only 

To validate the model dynamically, the three adjusted OD matrices and static path assignment, 

extracted from the static OD adjustment process, were applied as an input for the dynamic 

assignment scenario. The Stochastic Route Choice C-Logit method, and the same calibration 

parameters, including scale (a C-Logit parameter), number of the shortest path, attraction 

weight, centroid connections, and Beta (a C-Logit parameter) (Aghababaei et al., 2019) were 

utilised for this model. Since this project is modelling a large regional road network, the “type 

A: Regional Transport Model” was selected with an acceptable R squared value defined as 

greater than 85% and a line of best-fit between y = 0.9x and y = 1.1x (NZTA, 2014). The result 

illustrates an acceptable line of best fit with an R squared value of 98.96%, as shown in Figure 

5-2(b). Comparing the heavy vehicle simulated volume with observed volume indicates an 

acceptable line of best fit with an R squared value of 97.96% (Figure 5-2(c)).  

The outputs from the mesoscopic loading under BAU indicates a total input count of 639,607 

vehicles and flow of 26,565 veh/hr with no vehicles waiting to enter the network. Total travel 

time for all modes is 263,727 hours with 18,351,643 km total travelled distance.  
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According to NZTA (2014) modelling guidelines, in addition to having an acceptable R squared 

value, the hourly GEH<5 and GEH<10 should be greater than 60% and 90%, respectively, for 

“type A: Regional Transport Model”. Referring to Figure 5-3, while the GEH<10 are all within 

the acceptable range, the GEH<5 is just below the threshold for the 7-8 am interval (56%). This 

is better explained by the fact that the travel directionality has been assumed as 50:50, whereas 

during peak hours this is different with higher demand in one direction.  

 

Figure 5-3: Calibration Results for a Mesoscopic Assignment Using 2016 BAU Data 

As previously mentioned, NZTA (2014) suggest using one of the performance parameters, such 

as travel time, to validate the network. Therefore, the general performance of the network in 

BAU was validated by comparing the average travel time along 36 selected corridors, extracted 

from Google Maps, against simulated travel times in the model. The scatter plot, presented in 

Figure 5-4, indicates an excellent line of best fit, returning an R squared value of 99%. This 

indicates that the network is not only performing well based on demand data but that it also 

performs well based on travel time on different corridors. Given that the model now has been 

validated against 2016 BAU AADT data and BAU travel time data, the next two sections will 

examine the validation of the model for a post-disaster scenario.  
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Figure 5-4: Travel Time Validation for 2016 BAU 

5.4. KAIKOURA EARTHQUAKE SCENARIO   

The most recent devastating earthquake that happened in NZ was the Kaikoura earthquake with 

a magnitude of 7.8 Mw. It occurred in the Marlborough fault system (Duputel and Rivera, 2017) 

on the 14th November 2016 around 60km south-west of Kaikoura at a depth of 15km; killing 

two people and injuring 57. At least 14 major faults and seven minor faults ruptured with the 

largest surface fault offsets occurring along the Kekerengu fault (Xu et al., 2018), causing 

80,000 to 100,000 landslides within an area of 10,000 km2, five of them with more than 

1,000,000 m3 volume (Davies et al., 2017). They also reported the impact of the earthquake on 

transportation infrastructure, and their level-of-service, in increments up to 100 days after the 

impact. They determined the road level-of-service for day 1 to day 5, day 8, day 12, day 16, 

day 23, day 29, day 38 and day 100. As an example, Figure 5-5 shows the level-of-service of 

state highways for Day 8. State Highway 1, the main corridor connecting Nelson, Tasman, and 

Marlborough regions to Christchurch city and other Canterbury districts, was completely 

blocked due to a number of major landslides between Ward and Mangamanua. This part of SH1 

is a two-lane two-way highway with an AADT of more than 2500, of which approximately 
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10% are heavy vehicles. The other part of SH1 between Goose Bay and Cheviot was partially 

opened for emergency vehicles and residents. Two alternative routes, SH70 and Leader Road, 

were also closed due to the impact of the earthquake.      

 

Figure 5-5: Road Level-of-Service Eight Days after the Kaikoura Earthquake (Davies et al., 2017) 

5.5. VALIDATION OF THE MODEL FOR DAY 8 AFTER THE EARTHQUAKE  

In order to perform a post-disaster validation of the model, eight days after the earthquake was 

selected as the scenario. By that stage, Monday 21st November 2016, travellers were assumed 

to have knowledge of the event and disrupted roads – this assumption is considered realistic 

given the coverage on traditional and social media following the earthquake. All of the post-

disaster accessibility constraints in Figure 5-5 were applied to the model as the Day 8 scenario. 
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It was therefore assumed that there were no trips to/from two Kaikoura traffic zones (Kaikoura 

Township and Kaikoura rural area), as all connecting roads were closed following the 

earthquake. The remainder of trips on the network were assumed to occur as per BAU. As a 

result, the total number of trips decreased from 640,792 to 637,101 trips, just less than 3700 

trips, representing the number of eliminated trips. 

 

Figure 5-6: Detector Location on the Network above Ashburton District 

To validate the network post-disaster, the recorded 7-day ADT count data from detectors above 

the Ashburton District, referring to Figure 5-6, were extracted for a period from the 21st 

November 2016, eight days after the earthquake. The assumption being that no route changing 

happened on routes below Ashburton District given that there was no damage to routes below 

this point. Figure 5-7 presents the validation results for all modes combined and heavy vehicles 

only. The R squared value and line of best fit are both at an acceptable level according to NZTA 

(2014) guidelines, showing that the model has been successfully validated for a post-disaster 
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scenario. The next two sections detail the corridor and trip analysis in order to examine the 

network performance following the Kaikoura earthquake.    

a)   

b)   

Figure 5-7: Validation Results Using Count Data Eight Days after the Kaikoura Earthquake 
a) All Modes b) HVs  

5.6. CORRIDOR ANALYSIS  

A corridor analysis was adopted in order to identify the impact of the earthquake on the performance 

of the network. Given that the most impacted corridors in terms of traffic count and density after 

the Kaikoura earthquake are located above the Ashburton District, only 21 major corridors of the 

main state highways were selected for further operational performance analysis. Traffic variables 
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against BAU, including average count data, average flow, sum of total travel time, sum of travel 

time, sum of total travelled distance, sum of delay time, and an average density. The corridor 

analysis results are summarised in Table 5-3 sorted by average daily traffic count variation. What 

stands out is the significant influence of the earthquake on corridors connecting districts above 

Kaikoura (Marlborough, Nelson, and Tasman) to the districts below Kaikoura, especially 

Christchurch city, which was connected directly by SH1 prior to the earthquake.  

Figure 5-8 shows the volume on the network for BAU and Day 8 after the earthquake 

categorised based on both colour, as per the legend, and width, where thicker network sections 

indicate higher volume. Focussing on the difference between Figure 5-8(a) and Figure 5-8(b), 

the flow on SH1, the main pre-disaster route connecting Marlborough District to Christchurch 

city and other Districts south of the impacted area (Kaikoura), transferred to the shortest 

alternative route post-disaster resulting in an increase in journey time. The magnitude of the 

journey time increase being a function of the origin and destination of the trip.  

According to the results, the most impacted corridors are SH65, SH63, SH6 (between SH63 

and SH65), and SH7 (between SH65 and SH1). These experienced a significant variation in 

traffic count and density. Table 5-2 indicates how traffic count data varied after the Kaikoura 

Earthquake on these four corridors. The volume variation (%) shows an unequal significant 

increase among the four aforementioned corridors due to neglecting the volume weight of each 

corridor. By applying the volume weight on each corridor, the total volume variation (87%) is 

split almost equally between the four corridors. SH63, therefore, is the most impacted corridor 

by the Kaikoura earthquake, followed by SH6 (between SH63 and SH65). Although SH7 

(between SH65 and SH1) carries the high volume of traffic, the weighted increase due to the 

earthquake is slightly less than other corridors (19%).  
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a)   

b)   

Figure 5-8: Volume of the Network for (a) BAU (b) Eight Days after the Kaikoura Earthquake 
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Table 5-2: Impact of the Kaikoura Earthquake on Day 8 Traffic Count  

Corridors 
BAU Volume 

veh/day 
Day 8 Volume 

veh/day  
% Variation 

Compared to BAU 
Weighted 

Variation % 
SH65 521 1,398  +168% 21% 
SH63 879 1,888  +115% 24% 

SH6(SH63-SH65) 1,110 2,048  +85% 23% 
SH7(SH65-SH1) 1,659 2,444  +47% 19% 

Total 4,170 7,778  +87% 87% 

The rest of the corridors experienced moderate to minor flow changes, both positive and 

negative, as shown in Table 5-3. A possible explanation for this might be the reaction of the 

model to the route choice alteration which has been applied to the network to account for the 

closure of some roads. For the 2016 BAU condition, the model was set to follow the static path 

assignment completely. For unexpected conditions such as the Kaikoura Earthquake, vehicles 

cannot follow the assigned path completely due to the disruption on the network. Therefore, the 

path assignment option was reduced to 50%, meaning 50% of users choose the assigned path 

and the next 50% choose the shortest path based on travel cost. Since there is no connection on 

SH1 between Ward and Mangamauna, all the users of this route have to choose the alternative 

shortest path to complete their trips, causing a significant volume rise on the abovementioned 

four corridors. However, it might also cause minor to moderate changes in other corridors, as 

can be seen in Table 5-3. For corridors with reduced flow, it is more likely to be related to the 

demand drop due to eliminated trips to/from the two aforementioned impacted traffic zones.  

While the volume on a number of corridors changed dramatically, the travel time has not been 

influenced significantly by the earthquake. The fact is that the volume to capacity ratio is low, 

even on the four most impacted corridors, therefore the impact of a dramatic rise in flow on the 

corridors did not have a considerable impact on travel time. It can be seen that for the first four 

corridors in Table 5-3 (highlighted ones), which experienced a significant increase in flow, 
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mean travel time only increased by around 2%, indicating that the corridors have the ability to 

carry more vehicles, with no significant impact on travel time.  

Table 5-3: Traffic Performance of Corridors Eight Days after the Kaikoura Earthquake 

Corridors 
Volume  Average Travel Time (TT)  Average Density  

BAU 
(#) 

Day8 
(#) 

Variation 
(%) 

BAU 
(Min) 

Day8 
(Min) 

Variation 
(%) 

BAU 
(Veh/km) 

Day8 
(Veh/km) 

Variation 
(%) 

SH65 521 1398 168% 52.55 53.82 2.41% 0.24 0.66 172% 
SH63 879 1888 115% 87.62 89.26 1.87% 0.43 0.94 118% 

SH6(SH63-
SH65) 

1,110 2048 85% 34.77 35.37 1.72% 0.54 1.00 87% 

SH7(SH65-
SH1) 

1,659 2444 47% 111.79 113.92 1.90% 0.78 1.16 49% 

SH6(Westport-
Greymouth) 

674 781 16% 71.14 71.91 1.07% 0.33 0.39 17% 

SH6(SH65-
SH69) 

550 602 9% 33.77 33.57 -0.60% 0.28 0.31 10% 

SH73(SH6-
SH77) 

673 715 6% 133.81 134.21 0.30% 0.33 0.35 7% 

SH77 649 676 4% 64.41 64.36 -0.08% 0.31 0.32 5% 
SH69 675 697 3% 22.37 22.16 -0.97% 0.30 0.31 3% 

SH6(SH63-
Richmond) 

2,460 2535 3% 55.33 54.90 -0.78% 1.12 1.15 3% 

SH6(SH69-
Westport) 

487 499 2% 32.63 32.70 0.20% 0.26 0.27 3% 

SH6(SH73-
Wanaka) 

730 745 2% 325.96 325.74 -0.07% 0.36 0.37 2% 

SH1(SH76-
SH77) 

8,501 8424 -1% 51.17 51.14 -0.06% 3.63 3.57 -2% 

SH7(SH69-
SH65) 

425 399 -6% 32.59 32.30 -0.90% 0.21 0.19 -7% 

SH60 2,700 2520 -7% 95.01 94.57 -0.46% 1.42 1.32 -7% 
SH1(SH7-

SH71) 
5,988 5445 -9% 27.30 27.26 -0.15% 2.99 2.71 -9% 

SH6(Havelock-
SH62) 

1,719 1555 -10% 17.58 17.36 -1.28% 0.81 0.72 -11% 

SH6(Nelson-
Havelock) 

2,324 2063 -11% 58.48 58.09 -0.67% 1.22 1.08 -12% 

SH7(SH6-
SH69) 

851 734 -14% 53.46 52.58 -1.65% 0.38 0.33 -15% 

SH6(SH7-
SH73) 

3,046 2625 -14% 16.00 15.91 -0.57% 1.92 1.62 -16% 

SH73(SH77-
SH1) 

3,398 2919 -14% 24.14 23.48 -2.75% 1.52 1.24 -19% 
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5.7. TRIP ANALYSIS 

While corridor analysis investigates the impact of the earthquake on traffic variables of each 

corridor, the trip analysis is a process to assess how travel time and flow varies between traffic 

zones. Given that the traffic zones defined for this project are in unit areas (541 traffic zones), 

it is difficult to analyse data at this scale. Therefore, the traffic zones were grouped into 23 

districts, according to a StatsNZ (2018) dataset. Tasman, Nelson, and Marlborough Regions 

consist of one district each. The Canterbury Region consists of nine districts, the Otago Region 

has five districts, and the Southland Region and West Coast Region have three districts each. 

As a result, the 541*541 cell matrix is converted to a 23*23 cell matrix. Analysing the 

aggregated traffic data from each district presents a broader perspective of the Kaikoura 

earthquake impact on travel time and flow among districts. The sum of total travel time and 

flow of all traffic zones in each district are referred to as the total travel time and flow of the 

district. Since total travel time is the sum of travel time experienced by all users, analysing only 

total travel time would cause bias and unexpected results, as the flow among traffic zones for 

the Day 8 scenario and BAU scenario are not the same. To reflect the impact of flow on total 

travel time, Equation 1 is applied to determine the average travel time variation between two 

districts in percentage terms. The results for the Marlborough District, the most impacted 

district both as an origin and destination, are illustrated in Table 5-4.  

8

8TTVariation=

Day BAU

Day BAU

BAU

BAU

TotalTT TotalTT

Flow Flow

TotalTT

Flow

   (33) 

The result shows that average travel time from traffic zones in Marlborough District to traffic 
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zones in Christchurch City, for example, increased by 46%, which is primarily due to the 

increase in average travelled distance of 139km (41%), as detailed in Table 5-4. Average travel 

time to districts located south of Kaikoura, such as Ashburton, Hurunui, Selwyn, Timaru, 

Waimakariri, Dunedin, and Christchurch city, from Marlborough District increased by around 

20% to 90%, depending on the increase in travelled distance. Trips to Hurunui District, the 

closest district to the impacted area (Kaikoura), experienced a significant increase in average 

travel time, 90%, where the shortest post-disaster path increased by 186km (78%). It can be 

seen that there is a direct relationship between the increase in average travelled distance and the 

increase in average travel time eight days after the Kaikoura Earthquake, where the travelled 

distance increased by 148km on average resulting in increased travel time of 123 minutes on 

average.   

Table 5-4: Travel Time and Travelled Distance Variation from Marlborough Eight Days after 
the Kaikoura Earthquake 

Districts 

Ave. BAU 
Travelled 
Distance 

(km) 

Ave. Day8 
Travelled 
Distance 

(km) 

Day8 
Variation 
(km, %) 

Ave. 
BAU TT 

(min) 

Ave. 
Day8 TT 

(min) 

Day8 
Variation 
(min, %) 

Hurunui 237 423 186(78%) 172 326 154(90%) 
Waimakariri 302 436 134(44%) 229 338 109(48%) 
Christchurch 341 480 139(41%) 254 370 116(46%) 

Selwyn 360 505 145(40%) 269 388 119(44%) 
Timaru 477 633 156(33%) 355 495 140(39%) 

Ashburton 421 561 140(33%) 313 422 109(35%) 
Dunedin 697 836 139(20%) 535 646 112(21%) 

 

A sensitivity analysis was undertaken to evaluate the impact of increases in traffic demand over 

time (by 10% and 20%) on the average travel time. This showed negligible growth in average 

travel time, indicating low sensitivity to the demand rise. This was expected as the 
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Volume/Capacity ratio on these corridors is low and no congested areas were identified due to 

the re-routing and increased demand.   

5.8. CONCLUSION  

The 2016 Kaikoura earthquake, a 7.8 (Mw) magnitude event, occurred two minutes after 

midnight on 14th November 2016 NZDT, around 60km south-west of Kaikoura at a depth of 

15km. The earthquake caused numerous landslides, many of them were significant, resulting in 

widespread disruption to State Highway 1, which is a critical corridor in the South Island of 

NZ. An assessment was undertaken on the operational performance of the South Island’s road 

network following the earthquake using a mesoscopic traffic simulation model of the South 

Island’s road network. The model, developed in Aimsun, was validated, first, against BAU 

2016 AADT data and then against 7-day ADT data starting from Day 8 after the Kaikoura 

earthquake. Corridor analysis and trip analysis were conducted to assess the post-disaster 

operational performance of the road network. The main findings of this research are as follows:  

 The validation of the network was undertaken for a post-disaster situation, Day 8 after the 

Kaikoura earthquake, to help quantify the reliability of the simulation outcomes and, 

therefore, decrease the degree of uncertainty associated with travel demand behaviour in a 

post-disaster scenario. It was assumed that users had knowledge of the event and disrupted 

roads by Day 8 – this assumption is considered realistic given the coverage on traditional 

and social media following the earthquake. The resulting R squared value and the best line 

of fit were at an acceptable level. It can, therefore, be concluded that the model was 

successfully validated, confirming it can be used by Civil Defence and Emergency 

Management and other organisations to predict, and thereby plan for, disruptions caused by 
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any future earthquakes and by extension, albeit with reduced confidence, to other natural or 

man-made incidents. 

 While the performance of different transportation assets after the Kaikoura earthquake was 

assessed previously, the impact of the event on corridors and travellers has not been 

undertaken to date. The post-disaster operational performance of the network, therefore, 

was analysed based on 21 selected corridors among State Highways using traffic count, 

density, and travel time. The results indicate a significant rise in traffic count and density 

on four main corridors which, in combination, operated as the main alternative route after 

the earthquake, namely: SH65, SH63, SH6 (between SH63 and 65), and SH7 (between 

SH65 and SH1). These corridors connect Marlborough traffic zones, north of Kaikoura, to 

Christchurch and other main traffic zones south of Kaikoura. Average speeds along the 

corridors decreased slightly due to the increased traffic volumes, however, as the volume to 

capacity ratio is reasonably low on these corridors, none of the corridors experienced 

congestion during re-routing. Density increased at a similar rate to the volume rate.  

 Finally, understanding the impact of the event on traveller’s journey time is a key part of 

the post-disaster trip analysis. The results showed significant travel time increases, typically 

20-50%, from Marlborough to other affected districts with the worst reported being a 90% 

increase. The result shows that travel time from traffic zones in Marlborough to traffic zones 

in Christchurch, for instance, increased from an of average 4:15 hours to 6:10 hours, a 46% 

increase. Such information allows for the calculation of the economic impact of the 

Kaikoura earthquake, in terms of increased vehicle operating costs and travel time costs, by 

comparing the pre- and post-disaster scenarios. 

Now that the model has been validated in a post-disaster environment, future research will 
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predict the performance of the South Island road network following a potential future Alpine 

Fault Magnitude 8 (AF8) earthquake strike. A future Alpine Fault earthquake is of real concern 

with the next large earthquake on the Alpine Fault likely to occur within our, or our children’s, 

lifetime.
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6. Chapter 6 
Operational Performance Assessment following a 

potential Alpine Fault Mw 8 Earthquake  

This chapter has been extracted from: 

Aghababaei, M. T., Costello, S. B., Ranjitkar, P., (2020), Transportation Impact Assessment 

following a Potential Alpine Fault Earthquake in New Zealand, Transportation Research; Part 

D: Transport and Environment, 87, 102511, https://doi.org/10.1016/j.trd.2020.102511.  

6.1. INTRODUCTION  

New Zealand (NZ) is at risk from many different hazards and has experienced a variety of 

disasters in recent years. Since 2000, three major earthquakes have occurred in NZ, all in the 

South Island, causing 184 deaths and an estimated US$28.450 billion in damage (EM-DAT, 

2017). Two of the most destructive earthquakes in the West Coast Region are the 1929 

Murchison Earthquake and the 1968 Inangahua Earthquake (Benn et al., 2002). However, if an 

Alpine fault earthquake was to occur then it could potentially be even more devastating. The 

Alpine fault is the longest active fault in NZ, measuring more than 600km long, with the largest 

average long term slip rate (Yetton, 2000). Berryman et al. (2014) reported the probability of 

occurrence of an Alpine Fault Magnitude 8 earthquake in the next 50 years as 30%, resulting 

in an estimated $10 billion in economic cost. Benn et al. (2002) reported a 65% probability of 

the Alpine fault rupture occurring in the next 50 years, and almost 85% probability in the next 

100 years. Therefore, rupture of the Alpine fault is almost inevitable, with severe damage 
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predicted to the built environment, especially to infrastructure. Yetton (2000) reported that the 

rupture of the Alpine Fault might be felt in all districts of the South Island, causing serious 

damage to the West Coast Region (Westland and Buller), Canterbury, and Otago.  

In response to this risk, the Alpine Fault Magnitude 8 (AF8) Project was established, funded 

through the Ministry of Civil Defence & Emergency Management’s Resilience Fund. This is a 

three-year programme focussing on two workstreams, namely “response” which aims to 

develop the emergency response plan, and “risk” which is related to the hazard scenarios based 

on earthquake source and geomorphic components (Orchiston et al., 2016). As part of the AF8 

Project, Orchiston et al. (2018) developed a multi-agency response plan to enhance societal 

resilience to a future earthquake. The potential geomorphic consequences including landslides, 

landslide damming, dam-break flooding, debris flows, river aggradation, liquefaction, and 

landslide-generated lake/fiord tsunami have been investigated by Robinson and Davies (2013). 

Although the physical impact of the AF8 has been studied in detail, there is a paucity of research 

in the literature assessing the operational performance of the road network following such an 

event. 

Despite the potentially devastating impact of an Alpine Fault earthquake on infrastructure, 

especially transportation systems, only one study (Robinson et al., 2015) has estimated the 

operational performance of the road network post-disaster. The study was limited to the 

estimation of travel time variation between key South Island nodes (cities) using an Origin-

Destination Cost Matrix in a Geographic Information System (GIS) for different time periods 

post-disaster. An Origin-Destination cost matrix analysis determines the least-cost paths on a 

network from multiple origins to multiple destinations. 
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Consequently, this chapter aims to evaluate the operational performance of the South Island 

road network following an Alpine Fault Magnitude 8 earthquake using a calibrated and 

validated New Zealand South Island road network model. The model uses a combination of 

simulation software and analytical methods to assess operational performance. This will be 

evaluated for different time periods post-disaster, namely after one day, one week, one month, 

six months, and beyond six months. The proposed methodology to assess the traffic impact on 

the road network is presented in the next section, followed by the developed scenarios. 

Operational performance of the network is then examined in the “corridor analysis” and 

“district trip analysis” sections. Finally, the results are discussed and conclusions presented.      

6.2. METHODOLOGY  

To estimate the performance of the road network impacted by the AF8 scenario, the calibrated 

and validated South Island regional road network model was utilised. The South Island was 

divided into 541 traffic zones representing New Zealand (NZ) geographic unit areas based on 

census data. In addition, 622 detectors were located at 311 locations on the state highways. The 

model was developed in Aimsun Next 8.3.0 using an Intel® Xeon® Gold 6134 CPU @ 

3.20GHz 3.19GHz (2processors) with 128GB memory to run static and dynamic assignments. 

Figure 6-1 shows the State Highways and districts in the South Island.  

The reported AF8 scenarios (included in the next section) are applied to the network using the 

link closure option in Aimsun. The assumption is that users have perfect knowledge of the event 

and disrupted roads in all of the selected scenarios for this study – this assumption is considered 

realistic given the coverage on traditional and social media following the earthquake. It also 

assumes that all trips included in the business-as-usual (BAU) model will be undertaken, except 
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for trips with no accessibility - these are considered to be eliminated trips. Therefore, 

considering the classical four-step transportation modelling process (trip generation, trip 

distribution, modal split, and trip assignment) only the last step is assumed to be affected due 

to the blocked links. Users, therefore, are forced to change their routes where need, resulting in 

increased journey times.  

 

Figure 6-1: South Island State Highways and Districts   
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Trips are assigned to the calibrated network applying mesoscopic dynamic assignment and a 

stochastic route choice C-Logit model. The corridor and district trip analyses are implemented 

using performance measures of the dynamic assignment, including mean travel time, total travel 

time, total travelled distance, and flow. The corridor analysis investigates how traffic counts 

vary on each corridor using accumulated volume for the whole analysis period (24 hours).  

The trip analysis investigates the trip variation among traffic zones using different performance 

measures. Given that the traffic zones defined for this project are in unit areas (541 traffic 

zones), the same method reported by Aghababaei et al. (2020) is applied to analyse various 

performance measures, including mean travel time, total travelled distance, and flow. 

Therefore, the traffic zones were grouped into 23 districts, according to a (StatsNZ, 2018) 

dataset. The aggregated traffic data from all traffic zones in each district to other districts, 

including travel time and flow, are denoted as the district total travel time and district flow. The 

district travel cost (TC) is estimated by Equation 1 where Di represents districts, ζ is a defined 

scenario (for instance one week or six months scenarios), and (0) represents BAU.  

( ) (0)

(0)

TC =
i i

i

i

D D
D

D

TC TC

TC
 

           (34) 

In addition to the travel cost variation, the other significant concern is the number of eliminated 

trips. When a link or a group of links on the network is blocked or disrupted, some traffic zones 

might be disconnected from other traffic zones, meaning that no trips will occur. In this case, 

the travel cost will be infinite and demand unsatisfied (Jenelius et al., 2006) or the eliminated 

trips will increase. Consequently, the number of eliminated trips is also estimated as part of the 

districts trip analysis.       
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6.3. ALPINE FAULT EARTHQUAKE (AF8) SCENARIO 

New Zealand is a country with a number of active fault systems spread throughout the country. 

Robinson and Davies (2013) reported that only two earthquakes are attributed to the major fault 

systems in the South Island since European settlement, the 1848 Blenheim earthquake (Awatere 

fault) and the 1888 North Canterbury earthquake (Hope fault). In fact, most of the historical 

earthquakes in the South Island were attributed to minor faults, not major fault systems 

(Robinson and Davies, 2013). The Alpine fault is one of the major fault systems in New Zealand 

and extends all through the west coast as shown in Figure 6-2.  

 

Figure 6-2: Active Faults in the South Island of New Zealand (Robinson et al. (2016)) 
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Given the high possibility of an Alpine fault rupture in the next 50 years and the consequential 

severe damage to lifelines, McCahon et al. (2006) stated that the effects of the AF8 earthquake 

will not be limited to only the West Coast and will, instead, influence the whole of the central 

South Island, including the main transportation corridors. Benn et al. (2002) reported that 

earthquakes (especially those associated with the Alpine Fault) have the potential to cause 

significant impact and damage to the West Coast Region. 

The most recent study regarding the impact of AF8 on different infrastructure was developed 

by Davies (2019). He developed several scenarios in ten different time steps, namely one day, 

one week (7 days), one month (30 days), six months (183 days), one year (365 days), two years 

(730 days), three years (1095 days), four years (1461 days), five years (1826 days), and ten 

years (3652 days), for different infrastructure, including energy, telecommunication, water and 

wastewater, and transportation. Figure 6-3 shows the first five of the aforementioned scenarios 

for the road network. In the first scenario, one day after the earthquake, the condition of the 

network, the disrupted areas, and the severity of the damage are not as yet clear. In order to 

rectify that situation, investigations and reconnaissance are required by authorities to clarify the 

impact. One week after the earthquake, however, the NZ Transport Agency prioritise the 

opening of SH7, SH 65, and SH69 to lower Buller (Davies, 2019), although they will remain 

closed to all types of vehicles for at least one more month, at which time only emergency 

vehicles will be allowed to travel on a number of corridors (see Figure 6-3 (one month)). Given 

that access for emergency vehicles is not the main purpose of this study, one week/one month 

post-disaster is taken as a combined second scenario – this will simply be referred to as the one 

week scenario hereafter. It can be seen from Figure 6-3 (1 week) that SH65, SH69, SH7, and 

SH73 are closed. Except for a small part of SH6 connecting Greymouth to Hokitika, the rest of 
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SH6 connecting SH65 on the North to Lake Hawea near Queenstown on the South will also be 

inaccessible. On the south-west part of the network, the whole of SH94 connecting Milford 

Sound to Te Anau will also be disrupted, resulting in a significant number of eliminated 

(unsatisfied) trips.  

Six months after the earthquake, a number of corridors will be accessible for one to two days a 

week (see Figure 6-3 - 6 months), including SH65, SH7, SH69, and SH6 connecting Hokitika 

to Franz Josef. To run the network for this third scenario, it is assumed sections with one or two 

days accessibility in a week are open for the modelled day. Beyond six months after the 

earthquake, some parts of SH6, connecting Westport to Greymouth and connecting Franz Josef 

to Lake Hawea, and also SH73 will be remain closed.    
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Figure 6-3: Expected Level of Services of the Road Network in Five Time Steps for AF8+ Scenarios (Davies, 2019) 
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6.4. CORRIDOR ANALYSIS 

Figure 6-4 shows the accumulated traffic count data on the road network at (a) BAU, (b) one 

day after, (c) one week after, (d) six months after, and (e) beyond six months after the AF8. 

Due to the Alpine fault earthquake, the two main highways connecting the east of the South 

Island to the west (SH7 and SH73) and most parts of SH6 will be completely blocked one day 

post-disaster causing three Districts (Buller, Westland, and Grey) on the west coast to be 

isolated (Figure 6-4(b)). Therefore, almost all inter-district trips and local trips in these three 

districts will be cancelled. One week post-disaster, only a few local trips will occur between the 

three aforementioned districts where local roads will be reopened to provide accessibility 

(Figure 6-4(c)). As a result, the flow on SH1 between Marlborough and SH7, on the east coast 

of the South Island outside of the impacted areas, increases by 32% resulting in a 38% increase 

in total travel time. The section of SH6 connecting Nelson to Marlborough will experience 

increased flow and total travel time of 25% and 32%, respectively (see Figure 6-4(b)). 

Six months post-disaster, SH65 and SH7 return to full-functionality. As a result, compared to 

the one week scenario, fewer traffic zones will be blocked and more trips will be undertaken. 

The flow on SH1 and SH6 connecting Nelson to Marlborough decreases by 22% and 19%, 

respectively, compared to the flow one week post-disaster scenario. However, SH65 and SH7 

experience higher flows compared to BAU, 78% and 58%, respectively, due to the continued 

closure of SH73 and also SH6 between SH65 and SH69 (Figure 6-4(d)).  

While more corridors will be accessible beyond six months post-disaster, a number of corridors 

including SH7, SH69, and SH6 connecting Westport to SH69 experience increases in flow of 

63%, 36%, and 68% and increases in total travel time of 78%, 38%, and 68%, respectively, 
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compared to BAU. However, the flow on SH65 decreases significantly due to the re-opening 

of SH6 between SH65 and SH69.      

6.5. DISTRICTS TRIP ANALYSIS  

The trip analysis of one day, one week, six months, and beyond six months after the earthquake 

indicates that around 12900, 7400, 2500, and 830 trips, 2.02%, 1.16%, 0.39%, and 0.13% of 

total trips, respectively, cannot occur due to accessibility issues, known as eliminated trips. 

Table 6-1 shows the number of eliminated trips for the four selected scenarios and the three 

main impacted districts, namely Buller, Westland, and Grey, and also Southland district. The 

results report that nearly 83% of the total eliminated trips one day post-disaster are generated 

from the aforementioned districts with 22%, 12%, 44%, and 5% of total eliminated trips, 

respectively. Comparing the number of eliminated trips one day post-disaster with the total 

BAU trips, it can be seen 52%, 49%, and 45% of total trips from Buller, Westland, and Grey 

Districts, respectively, will not occur, the three most impacted districts. As a result, the Buller 

District is the most impacted district with almost half of its trips cancelled (all inter-district trips 

and half of the local trips) while the Grey District accounts for the highest number of eliminated 

trips, around 44% of total eliminated trips.  

One week after the earthquake, a number of local roads around Greymouth and SH6 connecting 

Greymouth to Hokitika will be reopened resulting in improved accessibility for local and 

intercity trips. As a result, referring to Table 1 again, the number of eliminated trips from the 

Grey District decreased dramatically by 84%, while the situation in Buller and Southland 

Districts are almost the same as one day post-disaster. More trips can also occur from Westland 

District, resulting in a 43% deduction in eliminated trips. 
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Given that six months post-disaster, a number of routes and corridors return to normal 

functionality, including SH7 and SH65, the number of eliminated trips decreases by 66% 

compared to the one week scenario, as can be seen in Table 6-1. As the accessibility of the 

Southland District does not change markedly after six months, the number of eliminated trips 

will remain almost constant. For the other three districts, however, the condition improves and 

the number of eliminated trips will decrease, for instance, by around 77%, 69%, and 81% from 

Buller, Westland, and Grey Districts, respectively.  

According to the last scenario, beyond six months post-disaster, the accessibility from Milford 

Sound on the south-east of the South Island will be re-established, causing no more eliminated 

trips from Southland District. While the number of eliminated trips in comparison to the total 

number of trips is insignificant, there are three traffic zones still isolated including Charleston 

unit area in the Grey District and Fox Glacier and Haast unit areas in the Westland District.  

Table 6-1: Flow Variation between Districts One Day to Six Months+ after AF8 

From 
BAU 

(#) 

Eliminated Trips (#, %) 

Day one Week one Month six Month six+ 

Buller 5,469 -2,824 (-52%) -2,801 (-51%) -653 (-12%) -242 (-4%) 

Westland 3,223 -1,591 (-49%) -906 (-28%) -277 (-9%) -214 (-7%) 

Grey 12,689 -5,690 (-45%) -901 (-7%) -173 (-1%) -122 (-1%) 

Southland 15,054 -612 (-4%) -612 (-4%) -609 (-4%) -2 (0%) 

Total 

Network 
637,620 -12,890 (-2.02%) -7,393 (-1.16%) -2,503 (-0.39%) -832 (-0.13%) 

The variation in selected traffic variables for the four main impacted districts is presented in 

Table 6-2, including total travel time and total travelled distance. Typically, total travel time 

and total travelled distance decrease by more than 90% for the Buller district one day and one 

week post-disaster, given that almost 40% of eliminated trips are inter-district trips to the other 
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districts, as seen in Table 6-3. After six months, only 12% of total trips from Buller district are 

blocked (Table 6-2) and the remaining trips to the other districts will take place, although with 

increased travel cost (travel time) for some users compared to BAU. Table 6-3 indicates travel 

time to Marlborough, Nelson, Queenstown, Tasman, Grey, and Central Otago increases by 

around 20-30%, with a slight variation for other districts compared to BAU. Finally, referring 

to Table 6-2 again, beyond six months post-disaster, 4% of trips from Buller district cannot 

initiate their trips causing a 6% decrease in total travel time variation. Travellers to Queenstown 

and Grey districts experience a 33% and 46% increase in travel time, respectively. However, 

due to the reopening of SH6 between SH65 and SH69, travel time to Marlborough, Tasman, 

and Nelson decrease significantly (Table 6-3).     
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a)  

   b)                      c)     

d)                  e)  
Figure 6-4: Daily Traffic Count Data (a) BAU, (b) One Day After, (c) One Week After, (d) 

Six Months After, and (e) Beyond Six Months After AF8  
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Table 6-2: Variation of Traffic Variables from the Four Most Impacted Districts 

Traffic Variables Scenarios 
Buller 

District 

Westland 

District 

Grey 

District 

Southland 

District 

Daily Number of Trips BAU  5,469 3,223 12,689 15,054 

Daily Trips Variation 

(%) 

Day1 -52% -49% -45% -4% 

Week 1 -51% -28% -7% -4% 

Month 6 -12% -9% -1% -4% 

Month6+ -4% -7% -1% 0% 

Total Travel Time (min) BAU  296,036 223,271 299,429 780,488 

Total Travel Time 

Variation (%) 

Day1 -93% -91% -83% -16% 

Week 1 -93% -80% -58% -16% 

Month 6 -28% -10% 5% -16% 

Month6+ -6% -5% 7% 0% 

Total Travelled Distance 

(km) 
BAU  399,724 291,902 381,201 1,088,347 

Total Travelled Distance 

Variation (%) 

Day1 -93% -91% -86% -16% 

Week 1 -92% -80% -59% -16% 

Month 6 -28% -10% 5% -16% 

Month6+ -7% -5% 8% 0% 

Referring to Table 6-2, the Westland district, where around half of the users will be blocked in 

one day post-disaster, will have a reduction of 91% in total travel time due to the significant 

destruction of the road network on SH6, the main corridor in the district. One week after the 

earthquake, 28% of trips will be cancelled causing an 80% reduction in total travel time. It can 

be seen from Table 6-4 that except for most of the local trips and limited trips to Grey and 

Buller (after one week), the rest of the inter-district trips will be cancelled for around six months 

post-disaster. After six months and beyond six months, 9% and 7% of users are still blocked, 

with users taking longer distance routes resulting in increased travel time for those trips, as can 

be seen in Table 6-4. Travel time to Queenstown from Westland increased by around 170%, 
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for instance, due to the increase in travelled distance. Travellers to Ashburton, Southland, 

Selwyn, Waitaki, Mackenzie, Dunedin, and Christchurch will experience around 40-80% 

increase in travel time from Westland. The fact is that most parts of SH6 connecting Franz Josef 

to Queenstown are still closed six months after the earthquake, resulting in long alternative trips 

for users.   

One day after the earthquake, except for local urban roads in Greymouth, other roads to the 

town will be disrupted causing the cancelation of nearly half of the trips and a reduction of 83% 

of total travel time (Table 6-2). By providing more accessibility to other traffic zones in the 

Grey, Westland, and Buller districts one week post-disaster, most local trips will occur, and 

only a few, around 7% of total trips, will be eliminated. However, it can be seen that the overall 

total travel time and total travelled distance decreased by just under 60% indicating that almost 

all of the eliminated trips from the Grey district are inter-district trips. After six months, the 

accessibility of the Grey district to other districts, except some traffic zones in the Westland 

district (over 1% of total trips), are possible, although with increased travel time. Referring to 

Table 6-5, the increase in travel time from the Grey district, six months after the earthquake, 

generally indicates the rise of inter-district travel time. For instance, travel time to Selwyn will 

be almost doubled up to six months after the earthquake due to the continued disruption on 

SH73. Similarly, travellers to other districts, including Queenstown, Mackenzie, Christchurch, 

Buller, and Timaru will experience increased travel time, as they have to take a longer 

alternative route using SH7 instead of SH73. However, for travellers to Marlborough, Tasman, 

and Nelson the situation improves by around 30 minutes, as the section of SH6 connecting these 

districts to the West Coast Region will be reopened.  
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Table 6-3: Flow and Travel Time Variation from Buller District Comparing Four Scenarios 

Districts/ 

Scenarios 

BAU TT 

(min) 

Average Travel Time (TT) Variation (min, %) BAU 

Trips (#) 

Eliminated Trips (#)  

 Day1 Week1 Month6 Month6+  Day1 Week1 Month6 Month6+ 

Marlborough  238 Blocked Blocked 64(27%) (0%) 145 -145 -145 -35 -4 

Hurunui  150 Blocked Blocked 2(2%) 2(2%) 5 -5 -5 0 0 

Waimakariri  211 Blocked Blocked -23(-11%) 6(3%) 15 -15 -15 -5 0 

Christchurch  253 Blocked Blocked -6(-2%) 8(3%) 308 -308 -308 -72 -15 

Selwyn  256 Blocked Blocked 9(3%) 37(14%) 23 -23 -23 -9 -3 

Ashburton  286 Blocked Blocked 23(8%) 54(19%) 12 -12 -12 -10 -5 

Timaru  312 Blocked Blocked 24(8%) 28(9%) 4 -4 -4 -2 -2 

Mackenzie  359 Blocked Blocked 38(11%) 43(12%) 2 -2 -2 0 0 

Dunedin  502 Blocked Blocked Blocked 79(16%) 4 -4 -4 -4 -2 

Central Otago  452 Blocked Blocked 80(18%) 80(18%) 7 -7 -7 -5 -5 

Invercargill  595 Blocked Blocked 13(2%) 26(4%) 2 -2 -2 -1 -1 

Queenstown  433 Blocked Blocked 122(28%) 142(33%) 70 -70 -70 -39 -26 

Westland  149 Blocked -53(-36%) 4(3%) 19(13%) 319 -319 -302 -119 -61 

Grey  81 Blocked -19(-24%) 14(17%) 38(46%) 216 -216 -210 -90 -44 

Buller  12 -6(-49%) -5(-45%) -2(-17%) -1(-5%) 4,267 -1622 -1622 -231 -64 

Tasman  206 Blocked Blocked 48(23%) 1(0%) 24 -24 -24 -9 -2 

Nelson  208 Blocked Blocked 53(26%) -1(0%) 46 -46 -46 -22 -8 

Total 4703 - - - - 5469 -2824 -2801 -653 -242 
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Table 6-4: Flow and Travel Time Variation from Westland District Comparing Four Scenarios 

Districts/ 

Scenarios 

BAU TT 

(min) 

Average Travel Time (TT) Variation (min, %) BAU 

Trips (#) 

Eliminated Trips (#) 

Day1 Week1 Month6 Month6+ Day1 Week1 Month6 Month6+ 

Marlborough 306 Blocked Blocked 28(9%) -1(0%) 72 -72 -72 -3 -1 

Kaikoura 270 Blocked Blocked 11(4%) 19(7%) 2 -2 -2 0 0 

Hurunui 293 Blocked Blocked 5(3%) 6(3%) 16 -16 -16 0 0 

Waimakariri 218 Blocked Blocked 76(35%) 77(36%) 15 -15 -15 0 0 

Christchurch 217 Blocked Blocked 89(41%) 89(41%) 201 -201 -201 -27 -27 

Selwyn 199 Blocked Blocked 125(63%) 124(62%) 21 -21 -21 -5 -5 

Ashburton 235 Blocked Blocked 194(83%) 201(85%) 2 -2 -2 -1 -1 

Mackenzie 329 Blocked Blocked 184(56%) 187(57%) 8 -8 -8 -1 -1 

Waitaki 380 Blocked Blocked 207(54%) 199(52%) 5 -5 -5 -2 -2 

Dunedin 431 Blocked Blocked 212(49%) 217(50%) 1 -1 -1 0 0 

Central Otago 237 Blocked Blocked Blocked Blocked 3 -3 -3 -3 -3 

Southland 435 Blocked Blocked 338(78%) 343(79%) 10 -10 -10 -7 -7 

Queenstown 244 Blocked Blocked 415(170%) 420(172%) 44 -44 -44 -32 -31 

Westland 16 -4(-26%) -4(-24%) -3(-16%) -3(-16%) 1,785 -159 -74 -33 -33 

Grey 57 -11(-19%) -20(-35%) -10(-18%) -10(-18%) 692 -686 -93 -34 -34 

Buller 144 Blocked -54(-38%) 6(4%) 25(17%) 294 -294 -287 -124 -65 

Tasman 236 Blocked Blocked 9(4%) -4(-2%) 19 -19 -19 -1 0 

Nelson 304 Blocked Blocked 18(6%) -12(-4%) 32 -32 -32 -3 -3 

Total 4,866 - - - - 3,223 -1,591 -906 -277 -214 
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Table 6-5: Flow and Travel Time Variation from Grey District Comparing Four Scenarios 

Districts/ 

Scenarios 

BAU TT 

(min) 

Average Travel Time (TT) Variation (min, %) BAU 

Trips (#) 

Eliminated Trips (#) 

Day1 Week1 Month6 Month6+ Day1 Week1 Month6 Month6+ 

Marlborough 267 Blocked Blocked 31(12%) 2(1%) 77 -77 -77 -1 0 

Kaikoura 235 Blocked Blocked 12(5%) 12(5%) 5 -5 -5 0 0 

Hurunui 161 Blocked Blocked 6(4%) 5(3%) 35 -35 -35 0 0 

Waimakariri 185 Blocked Blocked 55(30%) 55(30%) 7 -7 -7 0 0 

Christchurch 198 Blocked Blocked 68(35%) 68(34%) 296 -296 -296 -12 -12 

Selwyn 153 Blocked Blocked 145(94%) 145(94%) 22 -22 -22 -2 -2 

Timaru 265 Blocked Blocked 91(34%) 91(35%) 7 -7 -7 0 0 

Mackenzie 348 Blocked Blocked 106(30%) 119(34%) 2 -2 -2 0 0 

Southland 638 Blocked Blocked Blocked 166(26%) 2 -2 -2 -2 0 

Queenstown 378 Blocked Blocked 204(54%) 204(54%) 103 -103 -103 -33 -29 

Westland 57 -24(-42%) -18(-32%) -8(-15%) -8(-14%) 668 -659 -92 -27 -27 

Grey 9 -2(-21%) 0(1%) 0(2%) 0(0%) 11211 -4221 -2 0 -1 

Buller 80 Blocked -23(-29%) 21(26%) 42(52%) 213 -213 -210 -96 -51 

Tasman 182 Blocked Blocked 30(16%) 3(1%) 12 -12 -12 0 0 

Nelson 217 Blocked Blocked 33(15%) 1(1%) 29 -29 -29 0 0 

Total 3374 - - - - 12689 -5690 -901 -173 -122 
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Table 6-6: Flow and Travel Time Variation from Southland District Comparing Four Scenarios 

Districts/ 

Scenarios 

BAU TT 

(min) 

Average Travel Time (TT) Variation (min, %) BAU 

Trips (#) 

Eliminated Trips (#) 

Day1 Week1 Month6 Month6+ Day1 Week1 Month6 Month6+ 

Christchurch 461 -20(-4%) -20(-4%) -18(-4%) -1(0%) 24 -4 -4 -4 0 

Timaru 382 -71(-19%) -71(-19%) -71(-19%) 0(0%) 28 -15 -15 -15 0 

Mackenzie 315 -43(-14%) -43(-14%) -37(-12%) 4(1%) 16 -6 -6 -6 0 

Waitaki 250 -16(-6%) -16(-6%) -14(-6%) -1(0%) 24 -3 -3 -3 0 

Dunedin 167 -9(-6%) -9(-6%) -9(-6%) 0(0%) 380 -23 -23 -23 0 

Central Otago 203 -16(-8%) -16(-8%) -16(-8%) 0(0%) 251 -47 -47 -47 0 

Clutha 121 -17(-14%) -17(-14%) -17(-14%) 0(0%) 195 -24 -24 -24 0 

Southland 34 -5(-16%) -5(-16%) -5(-16%) 0(0%) 6,453 -291 -291 -291 0 

Gore 53 -1(-3%) -1(-3%) -2(-3%) 1(1%) 1,194 -18 -18 -18 0 

Invercargill 39 -1(-4%) -1(-4%) -1(-4%) 0(0%) 5,976 -53 -53 -53 0 

Queenstown 160 -22(-14%) -22(-14%) -22(-14%) 0(0%) 484 -121 -121 -121 0 

Westland 513 Blocked Blocked Blocked Blocked 1 -1 -1 -1 -1 

Grey 569 Blocked Blocked 168(30%) 167(29%) 2 -2 -2 0 0 

Buller 655 Blocked Blocked -13(-2%) 42(6%) 2 -2 -2 -1 0 

Nelson 752 Blocked Blocked Blocked Blocked 1 -1 -1 -1 -1 

Total 6,336     15,054 -612 -612 -609 -2 
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As previously mentioned, part of SH94 connecting Milford Sound to the other traffic zones will 

remain closed for six months. Therefore, referring to Table 6-2, over 4% of total trips from the 

Southland district will be eliminated causing a 16% decrease in total travel time. Table 6-6 

shows the distribution of eliminated trips among other districts, given that only some parts of 

the Southland district are impacted by the earthquake. It can be seen that all trips to the West 

Coast region and Nelson district are cancelled, one day and one week after the earthquake. 

Travellers to the Grey district will travel long distances to reach their destinations. Generally, 

the condition of the Southland district will not improve significantly even up to six months after 

the earthquake. It can be seen that all eliminated trips to other districts are the same for six 

months post-disaster where the disruption keeps Milford Sound isolated. Beyond six months 

post-disaster, the impacted SH94 will be reopened and the travel time to other districts will 

almost return to BAU levels. Exceptions include Grey and Buller districts where users 

experience 29% and 6% increased travel time, respectively.     

6.6. HEAVY VEHICLE MOVEMENTS ANALYSIS 

Heavy vehicle travel demand is divided into two parts in this study: freight demand and tourism 

demand. The road network carries the majority of freight movements in New Zealand, 

accounting for 91% of tonnes and 70% of tonne-km (NFDS, 2014). Domestic, export and 

import freight movements account for 66%, 28% and 6%, respectively, of total freight 

movements in New Zealand (NFDS, 2014). In case of a disaster and disruption on the network, 

the freight movements, similar to other trip purposes, will be cancelled, postponed, shifted to 

other modes, or experience increased travel cost.  
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Following the AF8 earthquake, the HV inter-district movements from the four most impacted 

districts will be disrupted experiencing cancellation or increased travel time. Table 6-7 shows 

the eliminated trips (number of trips and percentage) from Buller, Grey, Southland, and 

Westland Districts. One day post-disaster, 70%, 86%, and 81% of heavy vehicle trips from 

Buller, Grey, and Westland, respectively, are eliminated. The HV movements from Grey and 

Westland will improve moderately after one week of the earthquake, while from Buller the 

number of cancelled trips decrease slightly. Given the situation of the network six months post-

disaster, only 17%, 5%, and 11% of HV trips from Buller, Grey, and Westland, respectively, 

cannot occur. The number of eliminated trips from Buller decrease beyond six months post-

disaster, while from Grey and Westland only slight change can be seen. From Southland district, 

5% of heavy vehicle trips will be cancelled for six months, given the disruption on SH94 

disconnecting Milford Sound to the other traffic zones.       

Table 6-7: Eliminated Heavy Vehicle Trips from Four Most Impacted Districts Comparing 
Four Scenarios  

Districts 
BAU 

Trips (#) 

Eliminated Trips (#, %) 

Day1 Week1 Month6 Month6+ 

Buller 287 -202 (-70%) -184 (-64%) -48 (-17%) -13 (-5%) 

Grey 384 -330 (-86%) -157 (-41%) -21 (-5%) -17 (-4%) 

Westland 238 -192 (-81%) -113 (-47%) -25 (-11%)  -24 (-10%) 

Southland 1464 -68 (-5%) -68 (-5%) -68 (-5%) 0 (0%) 

6.7. CONCLUSION  

The Alpine fault, one of the major fault systems in New Zealand, extends all through west coast 

with a high possibility of a rupture in the next 50 years and the consequential severe damage to 

lifelines, including the main transportation corridors. Although the physical impact of the AF8 

has been studied in detail, there is a paucity of research in the literature assessing the operational 
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performance of the road network following such an event. To estimate the performance of the 

road network impacted by the AF8 scenario, the previously calibrated and validated South 

Island regional road network model developed in Aimsun Next 8.3.0 was utilised. The South 

Island was divided into 541 traffic zones representing New Zealand (NZ) geographic unit areas 

based on census data. In addition, 622 detectors were located at 311 locations on the state 

highways. The corridor and district trip analysis was implemented using the outputs of the 

dynamic assignment, including mean travel time, total travel time, total travelled distance, and 

flow. 

Four scenarios developed by Davies (2019) were selected as the main source of disruption on 

the network, namely one day, one week, six months, and beyond six months after the 

earthquake. Almost all inter-district trips and some local trips from the four main impacted 

districts, namely Buller, Grey, Westland, and Southland, one day and one week post-disaster 

will be eliminated, around 12900 (2.02%) and 7400 (1.16%) trips, respectively, causing a 32% 

increase in flow on SH1 between Marlborough and SH7, and a 25% increase in flow on SH6 

connecting Nelson to Marlborough. Due to disruption on SH94 connecting Milford Sound to 

the other traffic zones, all trips from this traffic zone will be blocked for more than six months 

after the earthquake, accounting for 4% of total trips from the Southland district.   

Six months post-disaster, SH65 and SH7 return to full-functionality, providing a connection 

between the east and west coast and causing a 66% reduction in the number of eliminated trips 

compared to one week post-disaster. The flow on SH1 and SH6 connecting Nelson to 

Marlborough decreases by 22% and 19%, respectively, compared to the flow one week post-

disaster. However, SH65 and SH7 experience higher flow compared to BAU, 78% and 58%, 
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respectively. Travel time to Queenstown, for instance, increased by around 170%, 28%, and 

54% from Westland, Buller, and Grey, respectively.  

While more corridors will be accessible beyond six months post-disaster, a number of corridors 

including SH7, SH69, and SH6 connecting Westport to SH69 experience increases in flow of 

63%, 36%, and 68% and increases in total travel time of 78%, 38%, and 68%, respectively, 

compared to BAU. However, the flow on SH65 decreases significantly due to the reopening of 

SH6 between SH65 and SH69. In addition, all trips from Milford Sound (Southland district) 

will occur again due to the reopening of SH94.  

Following the AF8 earthquake, the HV inter-district movements from the four most impacted 

districts will be disrupted experiencing cancellation or increased travel time. One day post-

disaster, for instance, 70%, 86%, and 81% of heavy vehicle trips from Buller, Grey, and 

Westland, respectively, are eliminated. From the Southland district, 5% of heavy vehicle trips 

will be cancelled for six months. 
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7. Chapter 7 
Measures to Evaluate Post-Disaster Trip Resilience on 

Road Networks 

This chapter has been extracted from: 

Aghababaei, M. T., Costello, S. B., Ranjitkar, P., (2021), Measures to Evaluate Post-Disaster 

Trip Resilience on Road Networks, Submitted to the Journal of Transport Geography. 

7.1. INTRODUCTION  

The transportation network disruption following a disaster might result in isolation or 

accessibility issues. Bruneau et al. (2003) considered four dimensions of physically and socially 

resilient systems, namely robustness, redundancy, resourcefulness, and rapidity. They defined 

robustness as “the strength, or the ability of elements, systems, and other units of analysis to 

withstand a given level of stress or demand without suffering degradation or loss of function“. 

Scott et al. (2006) defined the Network Robustness Index (NRI) as a measure of “change in 

travel-time cost associated with rerouting all traffic in the system”. Bruneau et al. (2003) 

defined redundancy as “the extent to which elements, systems, or other units of analysis exist 

that are substitutable (i.e., capable of satisfying functional requirements in the event of a 

disruption, degradation, or loss of functionality)”. Xu et al. (2015) measured the redundancy of 

a transport network based on travel alternative diversity and network spare capacity, where the 

travel alternative diversity determines the existence of different modes and routes, and the 

network spare capacity examines the whole system capacity to address travellers’ behaviour, 

as well as the congestion effect. Pokharel and Ieda (2016) estimated redundancy of an OD pair 



Chapter 7: Measures to Evaluate Post-Disaster Trip Resilience on Road Networks  

 

168 

 

based on the detour ratio, the shortest path between an OD pair in a BAU and post-disaster 

environment.   

The applicability of different MOEs discussed in previous chapters can vary under disaster and 

non-disaster situations. For instance, queue length and number of stops are important measures 

under normal operating conditions while they are not as important as connectivity and 

redundancy under an emergency condition. In disasters-related studies, travel time, flow, 

capacity, and travel distance are the most commonly used traffic variables to assess the 

performance of a transport network. These variables can vary depending on the type, aim and 

scope of the study, as well as the availability of required data. A great deal of research was 

conducted in the past to evaluate the performance of transport networks based on a link closure 

(Pokharel and Ieda, 2016, Erath et al., 2009, Jenelius et al., 2006, Taylor et al., 2006, Scott et 

al., 2006, Murray-Tuite and Mahmassani, 2004) and reduced capacity of the affected links 

(Zhang et al., 2015, Balijepalli and Oppong, 2014, Luathep et al., 2011). However, some of 

these studies (Zhang and Wang, 2016, Pokharel and Ieda, 2016, Taylor et al., 2006) used only 

travel distance and ignored travel time in their assessments. Jenelius et al. (2006) raised an open 

question regarding “how to value an unsatisfied demand (eliminated trip) in relation to 

increased travel cost”. While several studies used travel time and flow to estimate the resilience 

or vulnerability of the network (Soltani-Sobh et al., 2015, Omer et al., 2013, Chen et al., 2012, 

Luathep et al., 2011, Jenelius et al., 2006), the impact of eliminated trips together with increased 

travel time following a disaster has not been examined to date.  

It is proposed to assess the resilience of a road network following a disaster based on a novel 

Trip Resilience (TR) measure, and its normalised equivalent the Normalised Trip Resilience 

(NTR) measure, using three concepts, namely robustness, redundancy, and recovery. Finally, 
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the Equivalent number of Impacted Trips (EIT) is proposed to prioritize the importance of OD 

pairs post-disaster using NTR and flow.  

7.2. METHODOLOGY   

7.2.1. CONCEPTUAL MODEL 

Generally, two issues arise when a disaster occurs on a road network. First, some traffic zones 

(TZs) can end up completely disconnected and, hence, trips cannot be completed to or from 

these TZs. Second, some TZs with alternative routes available can experience increased travel 

time due to increased travelled distance (typically in rural areas) or congested routes (typically 

in urban areas). A new resilience measure namely the Trip Resilience (TR) measure is proposed 

to assess the resilience of trips between TZs on a road network. The proposed measure 

incorporates the following dimensions of resilient systems; robustness, redundancy, 

resourcefulness, and rapidity. Resourcefulness and rapidity reflect the importance of resources 

and budget to achieve response and reconstruction goals in a timely manner, hence, they can be 

represented by a single dimension, namely recovery. TR is, therefore, a function of robustness, 

redundancy and recovery as expressed in Eq. (35).  

TR = f (Robustness, Redundancy, Recovery)    (35) 

It should be noted that robustness and redundancy concepts can vary over time due to the 

recovery effort. The recovery determines a time scale whereby the network structurally, and 

therefore operationally, improves.  

Figure 7-1 graphically illustrates robustness, reliability and resilience in the event of a disaster 

using hypothetical data for demonstration purposes. Referring to Figure 7-1, trips occur as per 
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BAU in the pre-disaster phase. When a disaster occurs (t0), 60% of trips will be eliminated and 

the robustness decreases to 40%. Assuming redundancy of the network returns a value of 55% 

for the remaining 40% of trips immediately after the disaster, the redundancy impact will be an 

additional 18% which, in combination with robustness, returns a trip reliability value of 22%. 

Until t1, the network does not change, and the reliability remains constant for this period. At t1, 

some roads are reopened, allowing more trips to occur and thereby decreasing the number of 

eliminated trips to 25% (resulting in an increase in Robustness from 40% to 75%). A proportion 

of these robust trips will occur with increased travel time, depending on the Redundancy on the 

network, resulting in a reliability value of 60%. At t2, further roads are reopened, thereby 

reducing the number of eliminated trips to 10%, and all remaining trips will occur with no 

increased travel time (no redundancy impact). The reliability of the network, thus, increases to 

90% and remains constant until t3. At t3, the network returns to the pre-disaster condition with 

the reopening of all remaining roads and reliability returns to 100%.  

The shaded area represents the Trip Resilience (TR) of the network during the recovery period 

of t0 to t3. Assuming t1, t2, and t3 occur 60, 120, and 180 days after the event, respectively, then 

the TR returns 103.2 units. The conceptual representation in Figure 7-1 is idealised in that it 

assumes that knowledge of exactly when each road is reopened, thereby creating a stepped 

change in reliability. 



Chapter 7: Measures to Evaluate Post-Disaster Trip Resilience on Road Networks  

 

171 

 

 

Figure 7-1: Conceptual Robustness, Reliability and Resilience of a Network 

7.2.2. ANALYTICAL FORMULATIONS  

Robustness, in this study, is defined as the structural and physical strength of the transportation 

network assets where the impact of disruption following a disaster would be reflected in the 

total percentage of trips that can still be undertaken between an OD pair post-disaster. When a 

link or a group of links on the network are blocked or disrupted, some TZs might be 

disconnected from other TZs, which means trips between those TZs will not occur. In such 

cases, those trips are eliminated as their travel costs become infinite with unsatisfied demands. 

Consequently, the robustness of trips between an OD pair (ij) during a recovery time (tζ) under 

post-disaster scenario ζ can be calculated as expressed in Eq. (36), Where Flowij(ζ) and 

Flowij(BAU) represent flow under post-disaster and BAU scenarios respectively.  Eq. (36) can be 

used for an OD pair, a group of OD pairs, or the whole network.  

( ) ( )Robustness (t ) = (Flow / Flow )ij ij ij BAU 
  (36) 
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Robustnessij = 1 represents a scenario where no trips are eliminated after the disaster while 

Robustnessij = 0 represents a scenario where no trips can occur, that is all the trips are eliminated 

due to either the respective origin or destination being blocked. Eq. (36) seeks to quantify the 

proportion of trips undertaken post-disaster compared to BAU. These are termed robust trips. 

Assuming 1000 trips between an OD pair in BAU decreases to 600 in a post-disaster scenario, 

then the robustness of trips between this OD pair will be 0.6 or 60%, meaning 40% of trips will 

be eliminated due to post-disaster accessibility issues. The remaining 60% of trips will be 

completed either using the same route as the BAU scenario or using an alternative route based 

on the accessibility of the network, most probably with an increased travel time.  

Where trips can occur, disruption on a network can result in longer travel times on alternative 

routes. On a regional road network, the additional travel time is typically due to long detours 

because of a lack of equivalent alternative routes. In an urban situation, a number of alternative 

routes are typically available, with similar or equivalent distance travelled. In such cases, the 

increased congestion on these routes may result in longer travel times. Such an increase in travel 

time post-disaster causes a decrease in the general performance of a trip. Redundancy, in this 

study, is therefore defined as the impact of post-disaster trip assignment (new route choice, the 

shortest alternative route) on travel time where infinite post-disaster travel time indicates no 

redundancy. Hence, redundancy can be estimated as the ratio of the average travel time between 

an OD pair (ij) in BAU and post-disaster scenarios as expressed in Eq. (37). Similar to Eq. (36), 

it can be used for an OD pair, a group of OD pairs, or the whole network.  

 ij ζ ij(BAU) ij(ζ)Redundancy (t )= AverageTravelTime /AverageTravelTime     (37) 
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Redundancy, as defined in Eq. (37), decreases with an increase in post-disaster travel time but 

never reaches zero as long as a trip occurs. The redundancy, therefore, only impacts robust trips, 

the trips with finite post-disaster travel time. Redundancyij = 1 represents a scenario where the 

network yields the same average travel time for the BAU routes and the post-disaster routes. 

Assuming average travel time for an OD pair (ij) increased three-fold following a disaster, the 

redundancy will be 0.33 or 33% indicating a 67% drop in redundancy. Hence, following a 

disaster, trips are completely reliable if they can firstly be assigned to the network 

(Robustnessij=1), and then can travel with no increased travel time (Redundancyij = 1).  

A combination of robustness and redundancy can be expressed as trip reliability. Following a 

major disaster, trip reliability deteriorates partly due to eliminated trips, reflecting the fact that 

a less robust network results in less robust trips (i.e. more eliminated trips) and, therefore, less 

reliable trips. The robust trips, however, may be assigned to different routes compared to BAU, 

potentially resulting in increased travel time (reflecting the redundancy concept). Trip 

reliability, as a result, is estimated in two stages, as presented in Eq. (38). Initially, the 

proportion of robust trips is calculated and, then, the lack of redundancy is deducted.   

 ij ζ ij ζ ij ζ ij ζReliability (t ) = Robustness (t ) - Robustness (t )*(1-Redundancy (t ))   (38) 

This can be simplified to the product of Robustness and Redundancy as represented in Eq. (39) 

below. Reliability is therefore estimated at a point in time and, similar to both Robustness and 

Redundancy, is unitless and has a scale between 0 and 1. 

ij ζ ij ζ ij ζReliability (t )=Robustness (t )*Redundancy (t )    (39) 
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Referring to Eq. (40), Trip Resilience (TR) is then estimated using the area under the trip 

reliability curve from recovery time of tζm to tζn where m represents the start time and n 

represents the end time of a stage of recovery. To estimate the TR for the whole period of 

recovery instead of a stage, m and n represent the impact time and the end of recovery, 

respectively.   

 
ζn

ζ

ζm

t

ij

t

TR = Reliability (t ) dt                                                                                                                        (40) 

Given that the TR is unitless and, at least theoretically, has no upper bound, it was decided to 

normalise the TR during the recovery period to create a measure that is easily understandable 

to decision-makers. The resulting Normalised Trip Resilience (NTR) is estimated by Eq. (41) 

where an average of TR for a period of recovery (Δt) reflects the NTR, presented as a 

percentage. If the network is completely reliable, then the NTR returns 100% representing a 

resilient network. Typically, NTR is estimated for the whole period of recovery, starting from 

the time of impact to the end of recovery, although NTR can be calculated for any time interval, 

such as different stages of recovery.     

 
ζn

ζ

ζm

t

ij

t

Reliability (t ) dt

NTR =  *100
Δt


  (41) 

Finally, in order to facilitate ranking of the impact on districts post-disaster, the Equivalent 

daily number of Impacted Trips (EIT) is proposed in Eq. (42). The measure seeks to rank by 

impact, and is, therefore, a measure of vulnerability rather than resilience. The vulnerability is 

calculated by subtracting the NTR from unity, and this in turn is multiplied by traffic flow. 
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Traffic flow is used as a criterion for importance in transportation and is commonly used when 

ranking or prioritizing. 

𝐸𝐼𝑇 1 𝑁𝑇𝑅 𝑥𝐹𝑙𝑜𝑤   (42) 

The EIT could potentially be used to facilitate resilience investment decision making on the 

network by ranking the impact on trips for different natural disaster scenarios and, 

subsequently, the reduced impact on trips under different investment options. 

7.3. AF8 SCENARIOS  

The AF8 scenario for Chapter 6 is used as the case study to demonstrate the application of the 

new resilience measures. The recovery stages following the AF8 are briefly discussed below, 

along with any assumption made.  

One day after the earthquake: The two main highways namely SH7 and SH73 connecting 

the east of the South Island to the west and most parts of SH6 will be completely blocked 

causing three Districts, namely Buller, Grey, and Westland on the west coast to be isolated. 

Therefore, almost all inter-district trips from, and several local trips in, these three districts will 

be cancelled. On the south-west part of the network, SH94 connecting Milford Sound to Te 

Anau will be disrupted, causing a significant number of eliminated trips at least for six months.  

One week to one month after the earthquake: The NZ Transport Agency priority will be 

working towards opening SH7, SH 65, and SH69 to lower Buller (Davies, 2019), although they 

will remain closed to all types of vehicles for at least a month post-disaster, at which time only 

emergency vehicles will be allowed to travel on some corridors. Only a few local trips will 
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occur between the three aforementioned districts where local roads will be reopened to provide 

accessibility.  

Six months after the earthquake: SH65 and SH7 will have returned to full functionality. As 

a result, compared to the one-week scenario, fewer traffic zones will be blocked and more trips 

will be undertaken.  

Beyond six months after the earthquake: Some parts of SH6 connecting Westport to 

Greymouth and connecting Franz Josef to Lake Hawea and also SH73 will be closed causing 

unsatisfied demand.  

To remove ambiguity in the time span it is assumed that the beyond six months scenario will 

occur one-year post-disaster. It is also assumed that one-year post-disaster is the new normal 

and the end of the recovery process. The earthquake disruption will significantly impact the 

west coast of the South Island where three districts in this area, namely Grey, Buller, and 

Westland are recognised as the most impacted districts. In addition to the three most impacted 

districts, other districts will be influenced moderately or slightly, depending on the distance 

from the earthquake epicentre and their number of trips to the most impacted districts. 

The above scenarios provide estimates of the network accessibility at the pre-determined time 

steps. The reopening of sections of the network occurs between time steps – in contrast to the 

conceptual resilience plot presented in Figure 7-1Error! Reference source not found.. 

Consequently, the resilience plots in the following sections do not have stepped changes, 

instead, depict gradual changes between time steps.  
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7.3.1. TRIP RESILIENCE BY DISTRICTS 

Figure 7-2 shows the robustness, reliability, and resilience of trips on the whole network, as 

well as from the three most impacted districts, namely Grey, Buller, and Westland, to all other 

districts. To provide some context, the total number of BAU trips from all districts, Grey, 

Buller, and Westland are 637620, 12689, 5469, and 3223, respectively. The whole South Island 

road network resilience, presented in Figure 7-2a, considers all impacted and non-impacted 

trips on the network. It can be seen that the number of eliminated trips one day after the 

earthquake is around 2% of total BAU trips, and therefore, the network robustness drops to 98% 

followed by a further 1% reduction due to the lack of alternative routes, returning a reliability 

value of 97% for the whole road network. The reliability slightly rises to 98% after a week as 

more trips occur and robustness increases, with no further change for a month. With the 

reopening of SH65 and SH7 (Lewis Pass) six months post-disaster, almost all trips can occur. 

A negligible proportion of trips, compared to the total number of trips on the whole network, 

would occur with increased travel time. The reliability increases to 99% one year after the 

earthquake. Given that many local and inter-district trips network-wide (around 98%) will not 

be impacted by AF8, the TR and NTR of the whole network after one year of recovery are 357 

units and 98%, respectively. 

Referring to Figure 7-2b, 7-2c, and 7-2d, the impact of eliminated trips is significant in the three 

most impacted districts immediately after the earthquake, where the reliability drops to around 

50% in all cases. Most of the remaining trips, predominantly intra-district trips, would occur 

with no increased travel time and, therefore, the reliability would decrease primarily due to 

eliminated trips. Reliability for Grey and Westland districts increases after a week, due to 

increased accessibility, mostly within districts, with no further change for a month. However, 
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the reliability for Buller remains relatively unchanged. With the reopening of SH65 and SH7 

(Lewis Pass) after six months, the robustness increases for all three districts – significantly in 

the case of Buller and Westland. While this provides more accessibility for a number of TZs, a 

proportion of the regenerated trips will be required to take a longer alternative route, resulting 

in increased travel time and, therefore, reduced redundancy. This is evident in Figure 4, 

particularly for Westland, where the proportion of the impact on reliability due to increased 

travel time increases, relative to that from eliminated trips. This is particularly pronounced in 

Westland as trips outside of the West Coast Region are required to first head north on SH6 and 

then across on SH7 (Lewis Pass) due to the continued closure of SH6 south of Franz Josef and 

SH73 (Arthur’s Pass). After one year, the reliability improves further for Buller, in particular, 

with the opening of SH 67 linking Westport with Karamea and a section of SH63 East of 

Murchison. 



Chapter 7: Measures to Evaluate Post-Disaster Trip Resilience on Road Networks  

 

179 

 

a) b)   

c)  d)   

Figure 7-2: Robustness, Reliability and Resilience of Trips a) on the whole network b) from Grey District c) from Buller District d) from 
Westland District   
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Referring to Table 7-1, NTR was estimated for trips from the three most impacted districts to 

all other districts over the one-year recovery period. It can be seen that most of the intra-district 

trips for these three districts (highlighted ones) would occur without increased travel time, 

resulting in high NTR. Grey returns the highest NTR (95%), followed by Westland (83%) and 

Buller (77%). This can be explained by the fact that several TZs in Buller will remain 

inaccessible even one-year post-disaster, resulting in a lower overall NTR in comparison to the 

other two districts. NTR of trips from Westland to Queenstown and Southland are particularly 

low (3% and 11%, respectively), due to the isolation of some popular tourism areas in Westland 

for the whole recovery period (one-year) and the long alternative route from those TZs where 

travel can occur.  

Referring again to Table 7-1, EIT was calculated to determine the most impacted OD pairs over 

the one year recovery period. Note that EIT is only estimated from the three most impacted 

districts to all other districts. In total, 635, 1265 and 534 equivalent daily trips from Grey, 

Buller, and Westland are impacted by the earthquake, returning 5%, 23%, and 16% of BAU 

trips, respectively. What is interesting is that although BAU trips from Grey are greater than 

Buller and Westland, the overall EIT from Grey is lower than the other two districts. The fact 

is that greater accessibility is provided for trips from Grey, albeit with increased travel time. 

The highest EIT occurs for trips within Buller, where disruption to some local roads results in 

eliminated trips. Given that the EIT from the three most impacted districts to Buller is relatively 

high (132, 611 and 185 from Grey, within Buller, and from Westland, respectively), trips within 

Buller would be recognised as a high priority to improve trip resilience. 
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Table 7-1: Reliability and NTR from Buller District  

Districts 

Grey Buller Westland 

BAU 

Trips (#) 
NTR EIT 

BAU 

Trips (#) 
NTR EIT 

BAU 

Trips (#) 
NTR EIT 

Grey 11,211 98% 174 216 39% 132 692 91% 61 

Buller 213 35% 138 4,267 86% 611 294 38% 181 

Westland 668 92% 56 319 42% 185 1,785 97% 48 

Christchurch 296 53% 139 308 56% 136 201 47% 107 

Queenstown 103 51% 51 70 40% 42 44 3% 43 

Marlborough 77 61% 30 145 51% 71 72 62% 27 

Hurunui 35 69% 11 5 69% 2 16 65% 6 

Nelson 29 67% 10 46 36% 30 32 58% 13 

Selwyn 22 41% 13 23 44% 13 21 34% 14 

Tasman 12 65% 4 24 39% 15 19 63% 7 

Waimakariri 7 55% 3 15 54% 7 15 52% 7 

Mackenzie 2 36% 1 2 52% 1 8 46% 4 

Timaru 7 71% 2 4 65% 1 - - - 

Kaikoura 5 67% 2 - - - 2 67% 1 

Southland 2 25% 1 - - - 10 11% 9 

Ashburton - - - 12 21% 9 2 22% 2 

Otago - - - 7 19% 6 - - - 

Dunedin - - - 4 12% 4 1 47% 1 

Invercargill - - - 2 34% 1 - - - 

Waitaki - - - - - - 5 70% 1 

Overall 12,689 95% 635 5,469 77% 1265 3,219 83% 534 

 

The top three impacted destinations from Grey are within Grey itself, to Christchurch, and to 

Buller with 174, 139, and 138 EIT, respectively, where disruption on SH6, connecting Grey to 

Buller, and SH7 (Lewis Pass), connecting the east coast to Christchurch, resulted in a high EIT. 
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Over 1000 EIT in total arises from Buller to Grey, Westland, Christchurch, and within Buller, 

indicating the high priority of these four districts for trips from Buller. The most impacted 

destination from Westland is Buller with an EIT of 181, around 62% of BAU trips, followed 

by Christchurch with an EIT of 107 (53% of BAU trips). 

7.4. CONCLUSION  

The resilience of transportation networks, one of the most critical infrastructures in post-disaster 

situations, will have a significant influence on post-disaster operations, community resilience 

and business continuity. A trip resilience measure, which incorporates all three dimensions of 

resilience, namely robustness, redundancy, and recovery, in a combined measure has not been 

reported in the literature to the knowledge of the authors.  Such a measure is needed if the 

complete picture of the post-disaster impact on trips is to be understood. Similarly, such a 

measure should be understandable to decision-makers and be capable of ranking the impact on 

different areas post-disaster, if it is to be of practical use to the profession. 

In this paper, a conceptual Trip Resilience (TR) model is proposed to assess the resilience of 

trips on road networks following a disaster, integrating the three resilience concepts of 

robustness, redundancy, and recovery. The analytical formulations of measures capable of 

calculating the robustness, redundancy, and recovery impact on trips in a post-disaster 

environment were also developed or adapted from previous research, along with a means of 

integrating all three into a combined Trip Resilience (TR) measure. The measure is unitless 

and, at least theoretically, has no upper bound, hence it was decided to normalise the TR during 

the recovery period to create a measure that is easily understandable to decision-makers. The 

resulting Normalised Trip Resilience (NTR) measure reflects the resilience of trips in 
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percentage for the period of recovery. Finally, in order to facilitate ranking of the impact on 

districts post-disaster, the Equivalent daily number of Impacted Trips (EIT) is proposed. The 

measure seeks to rank by impact, and is, therefore, a measure of vulnerability rather than 

resilience. The vulnerability is calculated by subtracting the NTR from unity, and this in turn is 

multiplied by traffic flow. Traffic flow is used as a criterion for importance in transportation 

and is commonly used when ranking or prioritizing. The EIT could potentially be used to 

facilitate resilience investment decision making on the network by ranking the impact on trips 

for different natural disaster scenarios and, subsequently, the reduced impact on trips under 

different investment options. 

A regional case study was also conducted, to demonstrate the newly developed trip resilience 

measures, using a hypothetical Alpine Fault Magnitude 8 (AF8) scenario in the South Island of 

New Zealand. The resulting measures were capable of being calculated from the outputs 

produced by a transportation simulation model thereby verifying their practicality in real-world 

situations. The importance of including both robustness (represented by the number of 

eliminated trips) and redundancy (represented by increased travel time), over the horizon of the 

post-disaster recovery phase was highlighted. Eliminated trips contributed significantly in areas 

that were cut off and isolated post-disaster, due to a lack of alternative routes, and increased 

travel time contributed as more roads were reopened but the alternative routes resulted in 

increased travel distances and, consequently, travel time. 

In urban areas, where a number of alternative routes are typically available with similar or 

equivalent distance travelled, redundancy is expected to be high. In such cases, the increased 

congestion on these routes may result in longer travel times and therefore increased travel cost.  

It is recommended, therefore, that further research examine the use of the new resilience 
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measures in an urban environment and for different network topologies. In addition, it could be 

used to assess the effectiveness of different recovery plans. 
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8. Chapter 8 
Conclusion and Recommendations 

 

8.1. OVERVIEW  

New Zealand (NZ) is at risk from many different hazards and has experienced a variety of 

disasters in recent years. Since 2000, three major earthquakes have occurred in NZ, all in the 

South Island. Given the impact of the previous earthquakes on the regional road network in the 

South Island, and the high probability of occurrence of an Alpine Fault Magnitude 8 earthquake 

in the next 50 years, this project was funded by the Ministry of Business, Innovation, and 

Employment (MBIE) under the National Science Challenge (NSC) – Resilience to Nature’s 

Challenges (RNC) program. The main aim of the research was to assess the operational 

performance and resilience assessment of the regional road network following a potential 

Alpine fault earthquake. Having conducted a literature review on the performance of road 

networks following a disaster, it was decided to estimate the operational performance and 

resilience of the South Island road network following a major disaster using a combination of 

simulation software, to model the network, and analytical methods.  

This chapter outlines the achievement of the research objectives, before highlighting the value 

and significance of the research. The limitations are then discussed and, finally, 

recommendations for future studies are suggested. 
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8.2.  ACHIEVEMENT OF RESEARCH OBJECTIVES 

The main aim of the research, as set out in Chapter 1, was to assess the resilience of the regional 

road network in the South Island of New Zealand, to a major earthquake, namely an Alpine 

Fault magnitude 8 earthquake. Seven objectives were established to achieve this aim, as 

follows:  

1. To develop a large-scale regional travel demand and traffic simulation model of New 

Zealand’s South Island  

2. To calibrate the model at the macroscopic level and, then, at the mesoscopic level for 

the base year (2013) 

3. To validate the model using two data sets, one for 2016 BAU and the other for the 2016 

Kaikoura earthquake 

4. To assess the operational performance of the network following the Kaikoura 

earthquake  

5. To assess the operational performance of the network following the potential AF8 

scenario   

6. To propose a novel approach to assess the trip resilience of the rural road network in the 

event of a disaster 

7. To assess the trip resilience of the network following the potential AF8 scenario.  

In the following sub-sections, the connection between each chapter and achievement of the 

equivalent research objectives are described. 
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8.2.1. Base Network Development and Travel Demand Modelling  

The first objective was achieved in Chapter 3, where the process of developing the base model 

and travel demand model was detailed. The base model was created first, using an OSM file 

with some modifications to default features. The demand data for the whole South Island were 

created based on the unit areas centroid configuration and three main travel purposes, namely 

commuting, tourism, and freight. The required data were obtained from 2013 census data, land 

use GIS shapefiles, Regional Tourism Organisation (RTO) website, National Freight Demand 

Study (NFDS), and Ministry of Transport (MOT) data. The total number of created source trips 

were 323,484 and 68,097 movements for commuting and tourism trip purposes, respectively. 

Heavy vehicle movements created 16,779 trips on the network as a source matric. These source 

matrices were applied to the base model to find the final demand matrices and calibrate the 

network     

8.2.2. Static and Dynamic Calibration of the Model  

Calibration of the network at the macroscopic (static) and mesoscopic (dynamic) level, the 

second objective, is covered in Chapter 4. The first step of the calibration was to develop the 

final travel demand matrices based on 2013 BAU AADT data. The static OD adjustment 

process was undertaken to alter the source OD matrix according to the real count data on the 

network. The final hourly (adjusted) OD matrices, for the second step of calibration, were 

applied to the network to test the dynamic behaviour of the adjusted traffic demand by applying 

a dynamic assignment method.  

Since the project aim is to assess the performance of the network in case of emergencies, the 

Stochastic Route Choice (SRC) C-Logit model was applied to calibrate the network 
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dynamically. Several critical global parameters including the number of shortest paths, scale, 

attractiveness weight, Beta, Gamma, route choice percentage and centroid connection were 

altered to find the best parameters. The base model and final adjusted matrices, based on 2013 

census data, provided an excellent platform for further steps of the research.  

8.2.3. Model Validation based on the 2016 Kaikoura Earthquake Data 

The validation of the network against another set of BAU data and, critically, a post-disaster 

data set improved the reliability of the simulation outcomes. By decreasing the degree of 

uncertainty associated with travel demand behaviour in a post-disaster environment. Chapter 5 

addressed two main objectives. Firstly, the validation of the calibrated South Island road 

network model in a post-disaster scenario (Objective No.3) and, secondly, the assessment of 

the operational performance of the road network in a post-disaster environment (Objective 

No.4). The Kaikoura Earthquake provided a unique opportunity to validate the South Island 

road network model in a post-disaster environment, something that has not been attempted to 

the date according to the literature. The validation of the network was undertaken for a post-

disaster environment, using 7-day ADT data starting from Day 8 after the Kaikoura earthquake, 

returning an acceptable value of R squared and best line of fit.  

The corridor analysis of 21 corridors and trip analysis of 23 districts were conducted to estimate 

the operational performance of the road network after the Kaikoura earthquake. The results 

indicate a significant rise in traffic count and density on four main corridors which, in 

combination, operated as the main alternative route after the earthquake, connecting 

Marlborough traffic zones, north of Kaikoura, to Christchurch and other main traffic zones 

south of Kaikoura, namely: SH65, SH63, SH6 (between SH63 and 65), and SH7 (between SH65 
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and SH1). The results of the trip analysis show a significant increase in travel time, typically 

20-50%, from Marlborough to other affected districts with the worst reported being a 90% 

increase.  

8.2.4. Assessing Potential Impact of Alpine Fault Mw 8 Earthquake  

In line with the fifth objective, the operational performance of the road network following AF8 

was assessed in Chapter 6. The Alpine fault, one of the major fault systems in New Zealand, 

extends over 600km in the South Island. There is a high probability of a rupture in the next 50 

years, with resulting severe damage to the built environment predicted, especially to 

infrastructure. To estimate the performance of the road network impacted by the Alpine Fault 

Magnitude 8 earthquake scenario, namely one day, one week, six months, and beyond six 

months after the earthquake, the calibrated and validated South Island regional road network 

model was utilised. Corridor and district trip analyses were undertaken using the outputs of the 

dynamic assignment, including mean travel time, total travel time, total travelled distance, and 

flow. The results of the corridor analysis show a significant increase in flow and total travel 

time on SH1 between Marlborough and SH7, and SH6 connecting Nelson to Marlborough on 

day one and one week after the earthquake. The trip analysis of day one, after one week, six 

months, and beyond six months after the earthquake indicates that around 12900, 7400, 2500, 

and 830 daily trips, respectively, cannot occur due to accessibility issues. Almost all of the 

inter-district trips from the three main impacted districts, namely Buller, Westland, and Grey, 

would be cancelled for at least one week after the earthquake with the impact on the operational 

performance still ongoing.    

Six months post-disaster, a connection between the east and west would be provided, causing 
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a 66% reduction in the number of eliminated trips compared to one week post-disaster. SH65 

and SH7 experience higher flow compared to BAU. Travel time to some districts such as 

Queenstown would increase where the traveller is forced to take longer, alternative, routes. 

Given that more accessibility would be provided beyond six months post-disaster, the number 

of eliminated trips would decrease by 67% compared to the six months post-disaster scenario.   

Following the AF8 earthquake, the HV inter-district movements from the four most impacted 

districts would be disrupted, experiencing cancellation or increased travel time. The results 

show a significant number of trips eliminated on day one and one week post-disaster, followed 

by improvements after six months and beyond six months.  

8.2.5. Measures to Evaluate Post-Disaster Trip Resilience on Road Networks  

To achieve the last two objectives, two new measures to assess the resilience of the road 

network and prioritize the impact on OD pairs following a disaster were proposed in Chapter 

7, along their application after AF8. A novel Normalised Trip Resilience (NTR) measure was 

proposed to assess the resilience of trips between TZs on a road network, especially large 

regional road networks with long corridors connecting cities. The proposed NTR (in 

percentage) is a function of three dimensions, namely robustness (represented by the number 

of eliminated trips), redundancy (represented by increased travel time), and recovery. Among 

the three most impacted districts following AF8, it can be seen that Grey returns the highest 

NTR (95%), followed by Westland (83%) and Buller (77%). In this case study, NTR is heavily 

influenced by eliminated trips, although robust trips with increased travel time also contribute. 

The TR and NTR of the whole network for one year of recovery are 357 units and 98%, 

respectively. 
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To prioritise the impact on OD pairs post-disaster, the EIT was suggested utilising NTR and 

flow. Following AF8, for instance, on average over one year of recovery, 635, 1265 and 534 

equivalent daily trips from Grey, Buller, and Westland are impacted by the earthquake, 

returning 5%, 23%, and 16% of BAU trips, respectively.  

8.3. VALUE AND SIGNIFICANCE OF THE RESEARCH 

The main contribution of this research is the development of a new method to assess the trip 

resilience of a regional road network following a major disaster to deal with two different issues, 

first the number of eliminated trips and, second, trips with increased travel time. To achieve 

this, a new approach was developed to assess trip resilience using measures of robustness, 

redundancy, and recovery in combination. The developed Trip Resilience (TR) method was 

then applied to examine the overall trip resilience and the individual trip resilience of the 

network, especially, the three main impacted districts following AF8. 

The second major contribution of the research is the validation of the model in a post-

earthquake environment, something that has not been attempted to date according to the 

literature. The Kaikoura Earthquake provided a unique opportunity to validate the model in a 

post-disaster environment. It helped quantify the reliability of the simulation outcomes and, 

therefore, decrease the degree of uncertainty. Consequently, having validated the network 

model, the opportunity to examine the post-disaster operational performance of the network 

was taken and implemented for the Kaikoura earthquake.  

 Finally, the third major contribution was the development of a simulation model for the South 

Island road network capable of being used by Civil Defence and Emergency Management and 

other organisations to predict, and thereby plan for, disruptions caused by any future 
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earthquakes and by extension, albeit with reduced confidence, to other natural or man-made 

incidents.         

8.3.1. RESEARCH LIMITATIONS 

As with any research, some limitations were encountered during development, calibration, 

validation, and the evaluation process which should be considered when interpreting the 

findings. The limitations are listed as follow:  

 The first limitation encountered was the lack of travel demand behaviour between 

different traffic zones (unit areas, districts, or regions) for the whole South Island. To 

mitigate this limitation, as mentioned in Chapter 3 and 4, the process of creating a 

regional inter-city road network model, including supply and demand data, using census 

data was undertaken.    

 Unit areas were selected as the basis of the traffic zoning however, the majority of data 

was available at more aggregated levels, for example at a regional level. In the case of 

the Canterbury Region, the largest region in the South Island, this issue was more 

significant resulting in the requirement to use different weighting methods during the 

process of creating source matrices.  

 To run post-disaster scenarios, one of the limitations was the lack of post-disaster travel 

demand data. Consequently, it was assumed to be inelastic and that all trips would occur 

as per BAU unless eliminated due to inaccessibility issues. In order to reduce the degree 

of uncertainty in travel demand behaviour in a post-disaster scenario, the network was 

validated against post-Kaikoura earthquake traffic count data.    
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8.4. RECOMMENDATIONS FOR FUTURE RESEARCH 

Referring to the findings of the research and outlined limitations in the previous section, a 

number of recommendations for future study are listed below:  

 The model could be used to predict the impact on trips caused by any potential future 

earthquakes and by extension, albeit with reduced confidence, to other natural or man-

made incidents in the South Island. This will help Civil Defence and Emergency 

Management, and other relevant organisations, to plan for such eventualities.  

 It is suggested that post-disaster economic and environmental impact assessment of the 

scenarios, in terms of increased vehicle operating costs, travel time costs, and vehicle 

emissions, can also be estimated based on the output of the model. 

 Although the proposed trip resilience method was developed with a rural, inter-city, 

road network in mind, it can be adapted to urban areas. In particular, it would be 

interesting to see how increased travel time, due to congestion, impacts the trip 

resilience measure, given that eliminated trips are likely to be reduced due to a 

multitude of alternative routes in an urban environment. 

 Although this limitation was mitigated through calibration and validation against traffic 

counts, the model should be updated if comprehensive travel demand data becomes 

available for the South Island. Similarly, if a greater understanding of travel behaviour 

post-disaster, for example relating to the elasticity of demand, becomes available then 

the model could also be updated. 

 Finally, given that the model has been calibrated and validated, it can now potentially 

be applied for any given scenario. Consequently, different recovery plans including the 
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order of reopening of SHs or the re-distribution of resources to accelerate the opening 

of certain links, can be investigated. The proposed trip resilience measure can be used 

as a criterion for each recovery plan. The model could, therefore, estimate how the 

resilience of the trips of the whole network, generally, and a group of TZs, specifically, 

would change using different recovery plans. 
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