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Introduction

This report constitutes a short paper describing, at a high level, experiences with damage caused by extreme weather (and other) events and adaptation strategies. The focus is on transportation system management, and on New Zealand experiences. Case
studies will be used to inform debate. The motivation for this report is the emerging
consensus among scientists that extensive climate change is now unavoidable. Likely
impacts in the present and future include increased extreme weather events, such as
floods, blizzards, and droughts. The “Weather Extremes -Impacts on Transport Systems and Hazards for European Regions” (WEATHER) project, www.weatherproject.eu, is requesting reports from researchers across the globe.
The first case study in this report focuses on the management of a section of New
Zealand State Highway 1 known as the Desert Road. Historically, the Desert Road has
been frequently closed to traffic due to the presence of snow and ice on the road surface. Additional natural hazards including lahars, volcanic ash, earthquakes and
flooding, threaten the Desert Road. For this case study, this report aims to briefly describe the hazards threatening infrastructure assets and operations as well as historical
impacts and mitigation strategies employed or under development.
The second case study focuses on the recent Canterbury Earthquakes. Al-though the
earthquakes are not weather events, problems posed and mitigation strategies employed are comparable. For this case study, this report aims to provide brief overviews
of relevant prior research, the transportation system impacts of the earthquakes, and
response and recovery strategies currently underway.
The third section of this report aims to draw together the earlier sections and develop
some general ‘lessons learned.’ Commonalities across effective and promising potential mitigation strategies include: effective gathering and communication of data, the
use of sophisticated and computerized ‘management systems,’ and the consideration
of multiple and time-varying objectives or criteria during decision making.

Case Studies from New Zealand

2

Weather Extremes

2.1

The Desert Road

3

The Desert Road is a 53 kilometre long section of New Zealand State Highway 1 running North-South through the centre of the North Island of the country between the
towns of Waiouru and Rangipo. It is an important link in the road transportation network
of the country, part of the primary route between the largest city, Auckland, and the
capital, Wellington. There are few alternate routes to use when the Desert Road is
closed, and most require large and timely detours. There are no significant entrances
or exits to State Highway 1 on the stretch known as the Desert Road. A map showing
the location of the Desert Road and notable landmarks is presented in Figure 2-1.
The Desert Road runs through an area where natural hazards are an ever present
danger. The road sits directly beside Mount Tongariro, Mount Ngau-ruhoe, and Mount
Ruapehu, all active volcanoes. There are substantial crater lakes on Mount Tongariro
and Mount Ruapehu, as well as glaciers in the area. Mount Ngauruhoe has erupted 45
times in the 20th Century. Mount Ruapehu is the largest active volcano in New Zealand
and one of the largest in the world, according to the New Zealand Department of Conservation. There were major eruptions at Ruapehu in 2005 and 2006, and a large scale
lahar was generated when a wall of the crater lake gave way on 18 March, 2007 [35].
The road also lies very close to Lake Taupo, which is actually the caldera of a supervolcano. Lake Taupo was formed during the Oruanui eruption of the Taupo volcano,
the largest known volcanic eruption of the past 70,000 years [52].
The road is called the Desert Road because it runs through the Rangipo Desert. The
area actually receives roughly 2000 mm of rainfall per year, but poor soil quality and
strong winds make the area barren. The area is probably best known for its portrayal
as the “Black Gate of Mordor” in the Lord of the Rings movies. The road also lies next
to the Ruahine and Mohaka active fault lines. Finally, the Desert Road runs through the
mountains of the North Island of New Zealand, far from the ocean and at altitude. Consequently, snow often falls and ice often forms on the surface of the Desert Road.
The Desert Road has frequently been closed in recent years due to extreme weather
(and other) events. The various natural hazards that threaten the Desert Road are
briefly described in the next section of this report. An anal-ysis of historical impacts
follows. Finally, potential and adopted mitigation strategies are discussed.
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Figure 2-1:
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Map of the Desert Road and surrounding area [19].

2.2

Hazards on the Desert Road

2.2.1

Snow and Ice

Snow and ice on roads reduce traction, leading to increased risk of single and multiple
vehicle traffic accidents. Falling snow and snow sprayed by vehicles limit visibility, adding to the problem. Much snow can be cleared from road surfaces using snowplows.
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The use of snowplows does create or contribute to snowbanks on the sides of roads,
which can obscure road signs or otherwise reduce visibility.
Ice is more difficult to remove from the roadway surface than snow. Black ice, ice on
roads that is not visible to drivers, is particularly dangerous. Black ice is common in
New Zealand and is formed when rain lands on a road surface with a temperature below zero degrees Celsius.
There have been a number of studies linking the rate and/or severity of traffic accidents to local weather conditions, including [1, 44, 8]. Quantitative results vary, due to
the different statistical techniques employed and variations in region-or even sitespecific sensitivities to conditions, but it is clear that the presence of snow and ice on a
road surface dramatically increases accident risk. To make matters worse evidence
shows that after a snowfall collision “risk often remains elevated for an extended period” [2].
Drivers will adjust their driving behaviour when snow and ice are present, but not
enough to offset the dangers these hazards create. One report notes that there are
actually risks created by the fact that some drivers will adjust their behaviour more than
other drivers [2]. Another study found that older drivers in particular are more cautious
drivers during inclement weather and are involved in disproportionately few traffic accidents [31].

2.2.2

Lahars

Volcanic eruptions can trigger lahars, fast and powerful waves of water, mud, rock and
debris. The water in lahars often comes from crater lakes, with water either ejected by
volcanic eruptions or released when a crater lake wall fails. Water can also come from
snow, ice, and glaciers melted by volcanic activity. Water from the sources listed above
and/or rain will move rapidly over icy mountain tops, picking up debris including ash,
lapilli, and volcanic bombs ejected during volcanic eruptions.
There were seven events that caused changes in the level of the crater lake at Mount
Ruapehu between 1945 and 1977, and six of these created lahars [25]. Note that lahars are not as rare as might be assumed. There was a lahar as recently as March,
2007 [37] and risks remain.
According to [25]: “On a statistical basis, the highest volcanic risk to human life in New
Zealand is from Whakapapa lahars.” Whakapapa is a name given to a particular area
of Mount Ruapehu. The paper goes on to show potential paths of lahars, noting that
actual paths will be a function of wind speeds and directions as well as of the specifics
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of the volcanic activity that triggered them. Of particular importance for this work is the
note that many potential lahar paths cross the Desert Road. Figure 2-2 shows three
likely paths of lahars generated by the collapse of a wall or ejection of water from the
crater lake at the top of Mount Ruapehu. The road indicated at right in this figure is the
Desert Road, and the number 45 next to it indicates that a lahar from Mount Ruapehu
would reach the road in roughly 45 minutes. Note also that this lahar path, and others,
cross other roads and rail lines in the area as well.

2.2.3

Volcanic Ash

Erupting volcanoes spew ash, pieces of rock and glass less than 2mm in diameter,
high into the atmosphere. The ash gets carried by wind currents until it falls back to the
ground. Smaller particles often drift for some time, traveling substantial distances before falling slowly to ground.
Volcanic ash presents an interesting hazard to transportation systems. Ash will clog
vehicle engines, carburetors, air filters, cooling systems, etc. Volcanic ash will also reduce the skid resistance of roads, and the visibility of drivers.
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Map of likely paths of Mount Ruapehu lahars [25].

Ash is also very abrasive and acidic, causing corrosion and widespread damage to
vehicle chassis, notably to car windscreens. [26] studied the relationships between
variables related to volcanic ash and road transport. Weather conditions play an important role in determining the road transport impacts of volcanic ash. Weather conditions
here refers to both the direction and strength of the wind in various places at various
times, and other weather conditions such as precipitation intensity, air pressure, etc.
[26]. The rate of ash fall as well as the thickness and size of ash are also important,
largely determine by the type of eruption and the distance away from vent.

8
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Earthquakes

Seismic activity is an ever present danger for New Zealand roads. Earthquakes can
damage roads a number of different ways. Earthquakes create fractures on the earth’s
surface. Large cracks can develop on roads, making them im-passable. Surface displacements can cause bridges and overpasses to collapse. Ground shaking and liquefaction can reduce the strength of supports upon which roadway surfaces, bridges, and
overpasses are constructed. Liquefaction in particular often leads to sand and water
being pushed toward the earth’s surface. This sand and water can come up through
chip-seal pavement common in New Zealand. The situation is actually worse for asphalt pavement; sand and water will not be able to cross the impermeable membrane
at the bottom of asphalt pavement but will create bubbles and bumps in the pavement
than can only be smoothed when the road is milled and repaved. Lateral displacement
caused by liquefaction can create large cracks in roads. See the subsequent chapter of
this report on the Canterbury Earthquakes for further information regarding the impacts
of earthquakes on transportation systems.
Earthquakes can cause rock falls and landslides that cover a road surface and make it
impassable. After an initial earthquake, there will be an increased danger of rock falls
and landslides for months due to the prevalence of aftershocks and general instability
of rock formations. In addition, earthquakes can cause dams, levies, and/or lake walls
to fail. The result can be the creation of a flood, and dangers similar to those created by
lahars (described above). It is worth noting that volcanic and seismic activity are
strongly related, and it is typical for volcanic eruptions to be preceded or accompanied
by earthquakes. Is is also worth noting that a large seismic event will cause much more
widespread damage to a roadway network than, for example, a lahar. In the context of
the Desert Road, the result could be that much of this entire stretch of road would fail
or experience a dramatic drop in serviceability.

2.2.5

Flooding

The Rangipo Desert does receive a substantial amount of rainfall each year but is nonetheless barren, as was mentioned above. Unfortunately, these conditions make
flooding a concern. Floods can cover the surface of roads, making them impassable.
Floods can also cause erosion of road subgrade and basecourse materials or erosion
of soil surrounding a road, weakening the road. Floodwater can carry rocks and debris,
which can damage road surfaces as well as bridge structures. Bridges are particularly
vulnerable to floods. Floods tend to follow the paths of existing rivers and streams.
Floodwaters and associated debris can weaken or destroy bridge piers.
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Historical Impacts

Looking through the historical record and relevant literature, it is difficult to estimate the
order of damages to the Desert Road, user time losses, and safety risks. [19] is the
most substantive prior effort this author knows of that attempted to investigate the issue. The author used a traffic simulation package to model traffic conditions during
road closures, after compiling available data to estimate the frequency of road closures
due to extreme weather (and other) events. In a summary table containing estimated
costs per hour of various scenarios, the author places total costs per hour of a Desert
Road closure at roughly 8,000 New Zealand Dollars (NZD) per hour in 1998 [19]. Costs
increase by more than 100% if alternate roads in the area close as well. Arguably the
most dramatic detail of the results is that there are an estimated 18,000 NZD per hour
of costs due to ‘cost of lost user benefit’ to account for the fact that people would
choose not to travel if the Desert Road were closed. Travel times and accident costs in
the wider area actually decline when the Desert Road is closed [19].
The cited study goes on to compare the different hazards discussed previously in this
report, coming to the conclusion that “snow and ice is the most significant hazard, costing the New Zealand economy an average of 1.86 million [1998 NZD] a year” [19]. The
result is largely due to the frequency with which snowy and icy conditions force road
closures. Historically, ice on the road surface has been the most common cause of
Desert Road closures [53]. There were 16 separate episodes where icing conditions
were observed on the Desert Road involving a road closure between 1994 and 1996
[19]. According to the study, in five of these cases icing conditions persisted for longer
than six days, raising the possibility of extended road closures [19]. After snow and ice,
earthquakes ran a close second in terms of “significance,” with expected costs substantially higher than volcanic activity [19].
Volcanic activity can, however, produce dramatic and tragic results. A lahar in the area
of the Desert Road led to the Tangiwai disaster. On 24 December, 1953, the lahar
damaged a railway bridge over the Whangaehu River near Tangiwai on the main railway line between Auckland and Wellington. The bridge collapsed as a train carrying
285 people was crossing the river that night. Six out of eleven train carriages fell into
the river and 151 people died. The Tangiwai disaster is the worst railway accident in
New Zealand history. The disaster and relevant historical circumstances were recently
dramatized in a made-for-television movie entitled simply ‘Tangiwai’ and it’s clear the
tragedy remains a key cultural and historical reference for New Zealanders. There has
not been substantial damage caused by lahars recently, although the Desert Road was
closed as recently as 2007 due to lahar activity [37].

10
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Before moving on, it is worth discussing how the cost figures quoted above were calculated. There is actually a common methodology for estimating costs and benefits associated with transport in New Zealand, codified in the the Economic Evaluation Manual
(EEM), developed by the New Zealand Transport Agency [32]. The EEM is used to
perform Cost-Benefit Analyses on proposed transport projects, but is useful in other
contexts -including estimating the costs of the transportation system impacts of extreme events -as well.
Extreme weather (and other) events can cause road closures, forcing lengthy detours
and raising traffic levels on roads remaining open. It is critical when estimating the
costs of such events to determine costs of delay, both to motorists and to goods in
transit. The EEM includes a substantial section devoted to calculation of travel time
costs. A few techniques are presented for estimating delay costs. Figure 2-3 is an excerpt from the EEM which shows the value of travel time (VOT) (in NZD per hour) as a
function of when and where trips are being made. For instance, the costs of delaying a
vehicle traveling on an urban arterial road during the afternoon commuter peak period
are 14.96 NZD per hour. This table includes ‘composite values’ for use when vehicle
type and vehicle occupancy information is not available. Alternate, more detailed, techniques are provided when such information are available.
Note that, as the table suggests, costs are subsequently raised (typically by about 4
NZD) per hour if there is congestion. This addition captures the extra disutility associated with being stuck in congested traffic. It does not relate to the increase in travel
times other drivers will experience if one driver spends more time driving during, and
adding to, congestion. This external cost will be captured when calculating travel times
in the first place. The extra costs of driving during congestion also don’t account for the
disutility associated with travel time unreliability. Costs and benefits are adjusted subsequently
to account for travel time reliability. The calculation of costs and benefits associated
with travel time reliability is an interesting research question, and the method quoted in
later sections of the EEM is imperfect [34]. Also note that the costs of travel time described above don’t refer to vehicle operating costs.

Case Studies from New Zealand

Figure 2-3:
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Excerpt from the EEM used in VOT calculation [32].

The EEM also includes techniques and tables for estimating the costs of vehicle use as
a function of road conditions and vehicle speeds [32]. The manual accounts for fuel
costs, maintenance and repair costs, vehicle depreciation, etc. Note that road conditions and vehicle speeds can change after extreme events. The study of the Desert
Road cited previously used the predecessor to the EEM (the ‘Project Evaluation Manual’), to estimate vehicle operating costs. For example, such costs were “34.1
cents/km in July 1997 dollars” during normal operations (all roads open) [19].
Extreme events will also have important implications for road safety. Some of these
implications are obvious; for instance, icy conditions will increase accident rates. Some
are less obvious; for instance, a lahar triggering a Desert Road closure will alter how
traffic is distributed across the road network in the wider area leading to changing accident rates. The EEM also includes methods for estimating the numbers, and costs, of
accidents in various situations.

12
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One of the most philosophically interesting and challenging tasks the EEM must tackle
is the costing of fatal accidents. One has to come up with a value of statistical life.
There is, of course, no universally accepted value.
The EEM calculates costs of accidents according to accident severity (fa-tality, serious
injury, minor injury, or non-injury), vehicles involved, the speed limit in place in the area
where the accident occurred, the movement involved (‘head-on’, ‘hit object’, etc.). Figure 2-4 shows an excerpt from the EEM which shows the costs per accident ‘by
movement and vehicle involvement for fatal injury accidents in 50km/h speed limit
areas’ [32]. The costs are substantially higher than for non-fatal injury accidents, and
reflect a roughly 3,000,000 NZD (in 2006 NZD) value of statistical life.

Figure 2-4:

2.4

Excerpt from the EEM used in accident cost calculation [32].

Mitigation Strategies

There are numerous mitigation strategies available to the New Zealand Trans-port
Agency, the authority which manages the Desert Road, to try to limit the damage done
by extreme weather (and other) events. Generally, the strategies considered for the
Desert Road aim to ensure the road is closed when substantial dangers exist, to inform
drivers when the road must be closed, and to minimize the frequency and duration of
road closures. This reflects the nature of the Desert Road and the hazards that con-
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front it; keeping the road open at all times would be an unrealistic goal. Minimizing the
frequency and duration of road closures requires optimizing decision making. Various
computerized management systems have been proposed or are being developed.
Many of these systems require installation of sensors to detect when hazards such as
snow and ice on the road surface or volcanic activity are present.

2.4.1

Chemical Application

It is common practice to spread salt on the surfaces of roadways where snow and ice
are believed to be present. Salt lowers the temperature at which water freezes or
melts, causing much ice that is present to melt. Salt also provides traction for vehicles.
According to one report financed by the Salt Institute, the frequency of traffic accidents
on two-lane highways like the Desert Road decreases by a factor of eight after salt is
applied to the roadway surface [28]. In another study in Finland, sections of road typically treated with 10 tonnes of salt per kilometre were instead treated with or 12 tonnes per kilometre [27]. The test sections experienced a 30-40% increase in the
area of roadway surface which was considered slippery and a 20% increase in casualty
collision frequencies. In addition to reducing the frequency of accidents, salt spreading
can allow vehicles to travel safely at higher speeds.
It is possible to spread salt or other material on roadway surfaces prior to snowfall or
ice formation. One study found “there is growing evidence that anti-icing (i.e. application prior to precipitation or freezing conditions) improves safety relative to traditional
salt-application (i.e., de-icing) practices” [2].
Salt dropped on roadway surfaces will migrate to drainage systems and areas adjacent
to the roadways. This salt will be retained in soil, decreasing permeability and lowering
fertility. In particular, salt will absorb available water plants need. Salt is actually toxic to
many plants. In addition, when salt dissolves in water, sodium and chloride ions separate. High concentrations of sodium ions are toxic to some plants. Spring-time salt application creates especially large environmental impacts since many plants are waking
from Winter dormancy and unusually sensitive. Salt is also corrosive and can damage
vehicles.
Calcium magnesium acetate (CMA) can be applied to roadway surfaces in place of
salt. Spreading CMA creates fewer environmental impacts than spreading salt. It is
however, substantially more expensive. There is thus a decision to be made regarding
whether to spread salt or CMA which requires comparing economic costs and environmental damage.
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NZTA began applying CMA to the surface of the Desert Road in 1998 [24]. The application of CMA to the Desert Road has reduced the frequency and duration of road closures, while making the road safer and allowing vehicles to travel faster when the road
is open. According to one report, “On the Desert Road[, a decade ago,] the majority of
long closures were caused by ice. The use of chemicals now means this is no longer
the case” [43]. Environmental impacts were monitored for a decade after CMA application began, but “no significant effects have been observed” [24].

2.4.2

Road User Information Provision

Many benefits are realized simply by providing road users information regarding road
and weather conditions. If there is ice on the road and drivers know this, there is a
good chance non-essential trips will be postponed or cancelled. Where and when trips
are made during times when conditions are hazardous, drivers who are advised of the
situation will be more likely to drive ‘safer’ -driving on snowy roads at reduced speeds
and with snow chains installed on their tires, for example.
The New Zealand Transport Agency now provides frequently updated infor-mation to
the public regarding conditions on the Desert Road (and on other State Highways).
Such information can be accessed instantly by going to a specific set of pages on the
internet managed by the NZTA, by subscribing to a set of RSS feeds on “traffic bulletins,” “North Island highway info,” etc., or by following the “nzta news” twitter feed. On
its website, the NZTA includes a useful map of where road work is taking place, where
there are road hazards, and where there are more general area warnings. Information
is also provided to New Zealand television and radio stations, which regularly report on
such stories.
The information sources described above, with the possible exception of in-formation
provided to radio stations, are all meant to inform drivers before they begin a journey.
The New Zealand Transport Agency also post several signs by the side of the road on
the Desert Road and on other roads leading to the Desert Road that aim to reduce accident risk. There are billboards at Waiouru and Rangipo informing drivers when the
Desert Road is closed and when it is only passable for cars with snow chains. There
are other billboards (some featuring a cartoon penguin) informing drivers when they
approach areas that are frequently icy or are “accident black spots” (sites where there
have been numerous accidents historically). New Zealand is known worldwide for its
aggressive use of billboards to promote traffic safety during in-clement weather; one
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recent example involved a billboard where a child appears to bleed when it’s raining
accompanied by a message about road safety1.
It is worth noting that merely providing information to the public may not be enough. It
is essential to investigate whether information provision is actually reducing the risk
posed by natural hazards. One group of authors found that “the presence of ice warning signs was not a significant factor in reducing iceaccident frequency or ice-accident
severity” [8]. There even exists the possibility of perverse effects, where warning systems could actually increase risk if they distract a driver. An interesting study on the
design of traveller information systems discusses how best to communicate with busy
travellers [54].

2.4.3

Snow and Ice Management Systems

The New Zealand Transport Authority is also developing snow and ice management
systems that provide information not to the public but rather to roadway managers.
Such systems would provide substantially more detailed information than would be
provided to the general public, including data from sensors embedded into or near the
road surface reporting “visibility, road surface temperature and condition (icy, snowcovered, wet, bare, etc.), chemical concentration (brine), and ambient conditions (wind
direction/speed, air temperature, humidity, precipitation, etc.)” [2]. The NZTA worked
with MetService, the national meteorological agency, to install 12 weather stations
along the Desert Road in winter 2008 along with other sensors embedded in the road
surface [36]. Sensor data could be used in combination with weather forecast tools and
thermal maps. Thermal maps “provide relative spatial variation of minimum road surface temperatures along highways under different weather conditions” and are being
developed by the New Zealand Transport Authority [43]. The quality of the information
provided by such systems will naturally depend upon the number and type of sensors
available or installed in and around the road.
The data described above would be useful in a variety of ways once input into a computational package known as a road weather system. The data would enable a road
controlling authority to ascertain present, as well as to forecast future, snow and ice on
a road surface.
There has been substantial research done to predict where and when ice will be
present on a road surface. Air and pavement temperatures are obviously important
factors, as are relative humidity and prevailing wind speed and direction. The presence
1 see http://www.youtube.com/watch?v=FlSyieFqql4
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or absence, as well as the type, of precipitation are key. Historical as well as current
weather data are relevant. Material properties of the roadway are important, and it is
well known that bridge decks often become icy before adjacent sections of road. The
degree to which an area on a road surface is either exposed or shaded and its gradient
will also be important. Accurately and precisely forecasting the prevalence of ice on a
road surface requires sophisticated computer models.
Current and forecast data on road surface snow and ice would help road controlling
authorities optimize decision making in a variety of areas. At a high level, road weather
systems can help area managers determine seasonal equipment, material, and staff
requirements, set budges, and measure performance. Before and during extreme
weather events, these systems will help local managers select and schedule activities.
Engineers could use such systems to make site-specific decisions on treatments to
perform (e.g., use salt or not?). There would also be benefits to collecting the data described above in terms of an increased ability to study decisions that have been made
in the past, to evaluate prior decisions and to look for patterns in past weather data.
[19] used simulation to estimate the cost-benefit ratios for various extreme event mitigation strategies. The author notes that CMA application, performed at times informed
by processing data from “Road Weather Information Systems” on road surface and
atmospheric conditions had benefit cost ratios ranging from 14 to 60. According to the
author, “this means that even at the lower end of predictions, this is a very costeffective mitigation option, definitely worthy of further investigation” [19].
One of the key benefits of a road weather system is its ability to disseminate information and to ensure that a variety of people have access to common, accurate, and upto-date data on weather conditions on the Desert Road (or on other roads) as well as
road management initiatives. It would be possible to ensure that actions taken are consistent with a common strategy for managing inclement weather. For instance, local
authorities could change billboards on roads leading to the Desert Road to indicate that
drivers will need to use snow chains on the road while the road controlling authority
releases a press release to national radio and television stations saying the same.
Road weather systems can also be used to automate certain routine tasks, for instance
keeping track of when and where snowplows have been used for record keeping purposes. There are clear parallels to widely established pavement management systems
used to optimize pavement repair, rehabilitation, and maintenance decision making. In
fact, there may be opportunities to combine or link pavement management and road
weather information systems.
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One interesting note is the importance of moving away from relying on anal-ysis of
quite limited historical data sets describing conditions when the Desert Road had to be
closed, and moving towards the use of models which actively identify and forecast hazardous conditions. In the context of snow and ice, the New Zealand Transport Agency
is working towards developing and using these more mechanistic models [43].

2.4.4

Additional Management Systems

Snow and ice information systems are useful because they help a road controlling authority ascertain or even forecast when and where snow and ice will be present on a
road surface, allowing the authority to better plan operations, budgets, road closures,
etc. The same arguments support the development of other information systems which
could be used to mitigate the dangers posed by other natural hazards such as lahars,
volcanic ash, earthquakes, flooding, etc. In particular, such a system could help ensure
that the road is closed when natural hazards threaten to damage or destroy bridges or
the structure of a road.
There are a number of established research efforts, live data streams, and static data
sets that could be used in the context of a natural hazard man-agement system for
managers of the Desert Road. For instance, GNS Sci-ence has “2 web cameras, 10
seismographs, 6 microphones and 9 continuous GPS stations (to record ground deformation)” monitoring Mount Ruapehu2. Information from these sensors could indicate
when seismic or volcanic activity is a risk. Land Information New Zealand has extensive topographic maps available3 which could be used to forecast the paths of lahars
generated by volcanic eruptions at Mount Ruapehu. LandCare Research and the National Soils database have further information on soil conditions.
The GeoNet project (http://www.geonet.org.nz/) aims to monitor all geologic hazards in
New Zealand and is a wealth of potentially useful information. The GeoNet project
serves as a sort of natural hazard information system, not especially designed for
transportation system managers but useful nonetheless.
GNS Science and the National Institute of Water and Atmospheric Research (NIWA)
are developing a “multi-hazard risk/loss modelling system” known as RiskScape [33].
RiskScape currently focuses on: river floods, earthquakes, volcanic eruptions (particularly ashfall), tsunamis, and wind storms. Future developments include modeling of:
2 see http://www.gns.cri.nz/index.php/Home/Learning/Science-Topics/Volcanoes/New-Zealand-

Volcanoes/Ruapehu
3 see http://www.linz.govt.nz/topography/topographic-data
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snow, landslides, lahars, lava flows, etc. [33]. The primary purpose of RiskScape is to
quantify the potential consequences of extreme events. However, the goal is for
RiskScape to be a decision-support tool for: emergency management, assessment of
risk-reduction investments, land use planning, identication and quantication of risk in
specic areas, creating realistic scenarios for exercises, raising awareness of risk, etc.
[33]. RiskScape can be compared to the HAZUS-MH model used by the United States
Federal Emergency Management Agency, the REDARS model used by the United
States Federal Highway Administration, or the MIRISK model developed at Kyoto University [33].
There appears to be potential for one or multiple natural hazard information systems for
roadway managers. It is not clear if the New Zealand Transport Agency is developing
such systems. Naturally, the case for development will depend upon how frequent extreme weather (and other) events are, and how costly it would be to develop computerized information systems. If specialized systems for road managers are not feasible
(and possibly even if they are feasible), there is the opportunity to utilize a more general risk modeling system such as RiskScape.

2.4.5

Fords and Bailey Bridges

Special attention must be paid to bridges and overpasses when investigating transportation networks in the context of natural hazards. Bodies of water can carry rocks and
debris at great velocity, quickly destroying the foundations of transportation infrastructure. Bridge and overpass piers are especially vulnerable. (Recall the earlier discussion
of the Tangiwai disaster, where a lahar damaged a rail bridge over the Whangaehu
River leading to over 150 deaths.) Empirical evidence shows that bridges and overpasses often fail during volcanic or seismic activity. One study noted that, in California,
the San Fernando earthquake damaged more than 60 bridges on the Golden State
Freeway, the Loma Prieta earthquake damaged more than 80 bridges and overpasses,
and the Northridge earthquake damaged 163 bridges and overpasses [9]. Bridges and
overpasses are also often critical links in transportation systems, providing connections
between areas that would otherwise be isolated from each other. These structures are
often costly to design, construct, and maintain.
In cases where a bridge over a stream or small river must be closed, one alternative is
to build a ford. Fords are paths which involve vehicles passing through a low flow of
water. It is only acceptable to direct traffic onto a ford when there are both low flows of
traffic and water, and when the path has been strengthened so that it can support the
vehicular traffic. Fords are commonly used in New Zealand. New Zealand is home to
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many river beds featuring naturally strong gravel, flat terrain, and rivers which are quite
shallow most of the year. New Zealand is also home to many low volume roads.
[19] found that constructing fords to quickly re-open State Highway 1 after sections of it
crossing stream beds were closed could yield benefits typically 200 to 400 times the
costs involved. However the same study noted that “the environmental effects [of ford
construction] are likely to prevent its use on the Desert Road” [19]. Some of the environmental impacts of ford construction include: disruption of sediment transport, disruption of wildlife and particularly fish migration, increased risk of flooding, and the increased release of toxic chemicals into waterways. Erosion can result if vegetation is
removed from riverbanks. It can also be difficult to monitor the strength of fords and the
flows of water and traffic over and across fords, respectively.
An alternate solution to situations where a bridge is out would be to use Bailey bridges.
Bailey bridges are pre-fabricated, portable, and easy to set-up bridges commonly used
by armies. They are particularly relevant in the context of the Desert Road; the Waiouru
Army Base in the area employs engineers with experience constructing Bailey bridges
[19]. One report puts the cost to construct a typical Bailey bridge at 300,00 NZD (original estimate adjusted to account for inflation), and notes that construction will require 412 hours [50]. According to the study cited earlier, this would give a (simulated) Bailey
bridge deployment benefits roughly 50 times costs while ensuring environmental impacts are substantially reduced from what they would be if a ford were constructed [19].
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Canterbury Earthquakes

Three earthquakes of magnitude 6.3 or greater centered close to Christchurch, New
Zealand struck on September 4, 2010, February 2, 2011, and June 13, 2011. The three
quakes are often referred to as the Canterbury Earthquakes. All three earthquakes
caused substantial damage to homes and businesses in and around Christchurch, as
well as to local transportation systems. The February 2 earthquake caused the bulk of
the damage; 181 people were killed in this earthquake. The Canterbury Earthquakes
are interesting to examine in the context of this report for a few reasons. The widespread damage the Canterbury Earthquakes did to transportation systems, the short
and long term changes in travel demand patterns, and, more generally, the transportation challenges faced all resemble the likely results of extreme weather events. The
mitigation strategies implemented and the issues raised are also highly relevant to the
management of transportation systems after extreme weather events.

3.1

Relevant Prior Studies

There have, of course, been many serious earthquakes that have disrupted transportation systems. In order to understand the impact of the Canterbury Earthquakes on
transportation systems, the mitigation strategies employed, etc. it is worthwhile to go
over results obtained from study of prior earthquakes, as well as more fundamental
research into the management of transportation systems after earthquakes in general.

3.1.1

1994 Northridge Earthquake

A magnitude 6.8 earthquake centered near Northridge, California struck on January 17,
1994 [3]. Northridge is located in the densely populated San Fernando Valley within the
City of Los Angeles. There was substantial damage done to transportation system infrastructure in the Los Angeles area. Notably, sections of four major freeways had to be
closed in one or both directions in an area famous for reliance on freeway driving. US
Interstate 10 (I-10), which is “known historically as the worlds busiest freeway” [51],
had to be closed for weeks while damage to US Interstate 5 and California State Route
14 isolated the Santa Clarita Valley suburbs from the City of Los Angeles [3]. As noted
earlier, 163 bridges were damaged in the Northridge Earthquake [9].
Research completed later estimated that the closure of the four freeways led to costs of
roughly 1.6 million USD per day in “travel disruption and delay” [51]. These costs estimates are based on traffic simulation using EMME/2 software. The methodology employed does not allow consideration of the indirect costs of trips not made or jobs and
business losses attributable to traffic disruption. Another study found that “total busi-
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ness interruption losses” related to transportation topped 1.5 billion USD with 15,700
person-years of jobs lost [23]. These estimates are based on the Southern California
Planning Model, a computerized land use and transportation model. Transportationrelated losses made up 27.3% of total business interruption losses in the cited simulation study [23]. Another research effort based on organizational surveys found that approximately “17% of all business losses among surveyed firms were due to transportation damage” [3].
Several strategies were employed to mitigate the transportation system im-pacts of the
Northridge Earthquake in the immediate aftermath of the the quake, achieving varying
degrees of success. Traffic was rerouted onto arterial streets in areas where isolated
sections of freeway had to be closed [55]. Carpool lanes were added to sections of
freeway expected to be stretched to capacity by demand for travel, but, according to
one study, “overall carpool volumes did not appear to be much higher than pre-quake
volumes, indicating that few new carpools were formed to take advantage of the lanes”
[55]. Deals were quickly made with contractors to have damaged freeways repaired,
with contractors receiving large bonuses for ‘early’ completion of required works [51].
The bonuses worked in the sense that works were completed ahead of schedule. For
example, the contractor repairing I-10 finished 66 days early and was awarded a 14.8
million USD bonus [51]. The size of this bonus is remarkable, but works out to about
225,000 USD a day which is small relative to the 1.6 million USD a day in closurerelated disruption and delay costs cited earlier. Various temporary and permanent improvements to public transportation services were also implemented. Subsequent research found that “rail ridership increased substantially” in areas but the same couldn’t
be said for bus ridership [55].
Studies investigating business losses caused by the Northridge Earthquake note that
transportation system decision making appeared to be focused on the direct delay
costs of road closures, with minimal consideration given to firms’ economic losses. One
study says directly (and in a bold font): “planners should work with firms to develop
flexible responses to earthquake-related transportation damage” [3]. An additional
theme that becomes apparent when reading about the Northridge Earthquake is that
Los Angeles was well served by having a built-out freeway network where rerouting
was often possible. As one author put it, “losses would have been much higher had it
not been for the substantial redundancy in Los Angeles highway system” [23]. This
point is often made when comparing the impacts of the 1994 Northridge Earthquake to
the 1995 Kobe Earthquake, Kobe being a city with a less redundant road network than
Los Angeles.
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1995 Kobe Earthquake

On January 17, 1995, a magnitude 6.8 earthquake struck near Kobe, Japan. The quintessential image of the Kobe Earthquake is one of collapsed sections of the elevated
Hanshin Expressway between Kobe and Osaka. Transportation system impacts were
extensive, as one report notes “three major east-west freeway routes through the region collapsed, the Japan Rail (JR) Sanyo and Shinkansen lines and stations were
damaged, Kobe’s subway and stations collapsed, and the monorails to Rokko and Port
islands in Osaka Bay were also damaged” [41]. The cited study estimates that infrastructure and property damage resulting from the Kobe Earthquake cost more than 100
billion US Dollars [41].
[12] examined the impacts of the 1995 Kobe earthquake. The authors defined three
metrics of system performance that could be easily calculated for any network transportation system: “total length of network open,” “total distance-based accessibility,”
and “areal distance-based accessibility.” Interestingly, the authors found that it took
substantially longer for rail and especially highway networks to return to pre-earthquake
system performance levels as compared to other lifeline systems like power, telecommunications, and water systems. It is worth noting that these particular results in Kobe
were different than those observed after the 1989 Loma Prieta earthquake in the San
Francisco Bay Area or the 1994 Northridge earthquake in the Los Angeles area. Researchers claimed the difference was primarily due to two factors: the highway network
in Kobe had less “network redundancy” than the American networks and was more
severely damaged [12]. The cited study also notes that there were significant differences in impacts across geographic regions within the Kobe-Osaka metropolitan area.
In an additional paper, one of the authors of the study cited above goes on to discuss
how accessibility analysis could be used for “disaster preparedness and mitigation
planning” [11]. In particular, the work shows how information about network degradation can be used to identify areas in which accessibility has been disproportionately
impacted. Government agencies could then target these areas for intervention, prioritized repairs, etc. Analysis need not be done only after a disaster has occurred; the
introduced techniques could help “prioritize preventive or mitigation actions before a
disaster occurs, such as the seismic retrofit of bridges” [11]. One of the interesting
points this particular study raises is the importance of equity in measuring transportation system performance post-disaster, or more generally post-event.
[30], again using the Kobe earthquake as an example, considers the ability of transportation systems to “save lives” by enabling emergency vehicles to move critically injured
people to operational hospitals in a timely fashion. One of the keys to saving lives is
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considering damage to transportation systems alongside degradation in the ability of
the health care system to treat patients post-earthquake. The study notes that efforts to
improve “hospital availability” could be cost-effective ways to save lives when compared to potential investments in transportation systems [30]. The frame of reference is
notably different than most transportation engineering research papers which focus on
acessibility. The difference can often be attributed to the fact that [30] is concerned with
the immediate aftermath of an earthquake, focusing on the first few hours and days
after the event, whereas many transportation engineering researchers focus on recovery and have a longer planning horizon in mind. An additional relevant issue [30] raised
is that it is impossible to assign a monetary value to the loss of human life in any defensible way, making traditional cost-benefit analysis problematic for natural disaster
planning efforts.

3.1.3

General Studies

There are a number of relevant prior studies that describe or model post-earthquake
decision making by transport agencies in general. [14] propose a “fuzzy multi-objective
model” for selecting and scheduling roadway reconstruction activities. The introduced
objectives include minimizing travel times during reconstruction, minimizing the total
time of reconstruction activities, and minimizing the idle time of road work-troops. The
focus is on the extended recovery period after an earthquake. [21] propose a distinct
multi-objective model for planning activities in the immediate aftermath of an earthquake, within 72 hours of the event. In this model, the objectives are to maximize the
length of road open, to minimize the “risks of working in sensitive areas,” and to maximize “the number of life savings” [21]. Both works are relevant because they point out the
need to balance competing objectives during post-earthquake decision making. Comparing them shows differences between transportation system management in the immediate aftermath of an earthquake versus transportation system management over a
longer time frame to support recovery.
[10] attempts to devise a complete, ‘systematic approach’ for the manage-ment of
transportation systems after an earthquake. The cited thesis notes that proper management requires estimating post-earthquake demand for travel. A model “that accounts for damage of bridge and building structures, release of hazardous materials,
and influences of emergency shelters and hospitals, is developed to approximate the
“abnormal” post-earthquake travel patterns” [10]. In implementing a model like that
proposed by [10], there would be major challenges in obtaining the data required by the
model and in validating model outputs.
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Focusing more on current operations, [22] report on observations of decision making at
roading organizations in New Zealand during simulated emergencies, the majority of
which were earthquakes. The authors came to two ‘major findings’: the first being that
decision making during the simulated emergencies was “dependent on previous planning and experiences” and the second being that decision making naturally took place
on two time scales reflecting attempts to optimize “short and long term objectives” [22].
Examples of short term objectives, in order of importance -as listed in the study and
derived from exercise data -are: support immediate rescue, enable support from other
areas, support lifelines, and repair key infrastructure [22].

3.2

Transportation System Impacts

3.2.1

Damaged Roads

The Canterbury Earthquakes caused and continue to cause problems for local transportation systems. Arguably the most visible signs of these problems are the damaged
roads in Christchurch. There was substantial soil liquefaction in the Christchurch Central Business District (CBD) and Eastern suburbs of the city. Road surfaces buckled as
cracks opened up, and small ‘volcanoes’ or ‘boils’ of sand and silt appeared. Figure
3-1, prepared by the Institute of Professional Engineers of New Zealand (IPENZ),
shows the effects of liquefaction. Figure 3-2, from [18], contains a map of the extent of
liquefaction in different areas of Christchurch.
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Figure 3-1:

Effects of liquefaction [IPENZ].

Figure 3-2:

Map of liquefaction severity in Christchurch [18].
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Liquefaction occurred after every major earthquake in Canterbury, although the worst
damage was done by the February earthquake. Figure 3-3 shows a picture of a damaged section of road in Christchurch. In this picture, portions of the road surface slid on
a layer of liquefied soil, an example of lateral spreading.

Figure 3-3:

Damage to a section of road in the Christchurch CBD.

Heavily damaged roads (and the entire CBD, discussed subsequently) were closed to
traffic. One survey found that disruption to the road network had a higher ‘lifeline disruption score’ than did disruption to electricity, communications, water, or wastewater
networks [46]. Immediately after the February earthquake, roughly half of all links in the
Christchurch road network were damaged [16]. Since the quake “more than 50,000
individual road surface defects have been recorded” across the city [16]. There are
additional problems lurking beneath the roadway surface, with weakened and/or uneven soil and silt propping up roads in many areas. In places, sections of water and
wastewater pipelines or other features previously below the road surface have moved
as a result of liquefaction and decreased the serviceability of road surfaces. It is difficult
to know how serious such problems are at this point. On April 8, police began enforcing
a 30 km per hour speed limit on damaged and potentially damaged roads in most of
the Eastern suburbs of the city [6]. Weight restrictions remain in place on roads and
bridges in the Christchurch area where work is required to study and improve the
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strength of the roadway [16]. Taxi drivers are reporting car maintenance costs have
increased; one recent news story highlights the plight of one driver who needs to have
alignment work done on his taxi for a third time in six months [5].
Another set of related problems was caused by the presence of over 130,000 tonnes
[38] of sand and silt brought to the surface of Christchurch streets, lawns, gardens, etc.
by liquefaction. Citizens piled the material on city streets. Winds blew the sand and silt
around the city, into residents eyes and mouths. The movement of fast and/or heavy
vehicles was particularly troublesome. The problem was particularly pronounced in the
Eastern suburbs of the city. Local residents took to wearing masks over their noses
and mouths, and crafted homemade signs urging motorists to slow down. (The signs
became a symbol of the Canterbury Earthquakes.) It took roughly two to three weeks to
remove the sand and silt from most of the city after the February earthquake [38], but it
took substantially longer in some Eastern suburbs. In terms of transportation, the sand
and silt made it problematic to operate heavy vehicles in certain areas for the first two
to three weeks after the February earthquake. The problem was exacerbated by
flooding in the Eastern suburbs after the earthquake.
It is difficult, at this moment in time, to even roughly estimate the costs of damage to
the road system either in terms of direct costs for road maintenance, repair, and reconstruction activities or in broader terms incorporating user time losses, business interruption losses, increased vehicle maintenance expenses, etc. The official website of
the government of New Zealand recently reported that a public-private partnership has
been set up “for repairing and rebuilding the earthquake damaged ground level and
below ground infrastructure, including roads, water, wastewater and stormwater” [4].
The price tag for the reconstruction activities this partnership will oversee was put at
two billion New Zealand Dollars [4]. The total cost of all, public and private, repair and
reconstruction activities is widely quoted at just under 30 billion New Zealand Dollars
(see, for instance, [17]).

3.2.2

The Red Zone

A highly visible symbol of the earthquakes is the Christchurch CBD red zone. Immediately after the September and February earthquakes, military and po-lice checkpoints
were established around the Christchurch CBD and civilians were not allowed into the
area. The area where citizens are not allowed to go is called the red zone or, less frequently, the cordon. The red zone established after the February earthquakes remains
in place today. The red zone was set up to protect citizens from falling debris and other
risks posed by the numerous large and structurally unstable buildings in the area. The
red zone has shrunk gradually since February, as buildings have been demolished.
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Some business owners have been allowed to enter the area to reclaim belongings. The
Canterbury Earthquake Recovery Authority (CERA), a national government agency set
up to oversee earthquake recovery efforts, currently manages the red zone. CERA
claims that in “mid July 2011 the CBD red zone was one-half of its original size, and by
late August over 11,500 people had gained access to the zone through access programmes” [7]. A map of the current red zone is available to all online [7]. A version of
the map current as of 27 August is presented here as Figure 3-4.
The establishment and continued presence of the red zone has particularly important
implications for organizations that had a presence in the Christchurch CBD before the
earthquakes. This will be discussed further later in this report.

Figure 3-4:

A map of the Christchurch CBD red zone [CERA].
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Public Transportation

Prior to February 22, most bus routes in Christchurch went through the CBD. In particular, there was a Bus Exchange located in the centre of the area where tens of bus
routes converged and passengers transferred between buses or bought tickets. The
establishment of the red zone meant that the majority of bus routes within Christchurch
had to be redesigned. Concerns regarding sand, silt, and flooding also restricted bus
service in the Eastern suburbs of Christchurch for the first few days and weeks after
the February earthquake. Finally, the proximity of certain bus stops to damaged buildings and/or major reconstruction projects made and continues to make such stops unusable.
Many of the auxiliary services available to public transportation patrons in Christchurch
also no longer function as intended. Customers were able to access a website where
they could enter their origin, destination, and desired time of travel and receive bus
schedule information, prior to February 22. Bus routes had to be redesigned after the
earthquake, and this service is no longer available. At stops, waiting customers were
previously able to obtain estimates of when their bus would arrive. The service works in
some, but not all, stops currently.
In the September quake, there was ‘extensive damage’ to rail lines at Kaiapoi, but no
trains derailed when the earthquake struck [39].
Environment Canterbury, responsible for public transportation in the Can-terbury region
(among other responsibilities), is reporting that in the period between June 2010 and
June 2011 fares only covered roughly 30% of the costs of operating public transportation services [49]. This is down from a historical farebox recovery rate of 50%. The result was that the projected losses were 7.2 million NZD worse than budgeted [49]. Although results were improving as recovery efforts progressed, it was noted that “cost
recovery is unlikely to return to pre-earthquake levels because of loss of the CBD employment centre and associated earthquake impacts” [49].

3.3

Impacts on Organizations

This section focuses on the impacts of the Canterbury Earthquakes to organizations,
including businesses, government agencies, non-profit groups, etc. Particular attention
will be paid to how organizations were impacted by disruptions to transportation systems, and how changing land-use patterns in the shortand long-term will alter travel
demand.
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One large-scale survey in early 2011 found that 90% of organizations within the Kaiapoi CBD as well as 90% of organizations within the Christchurch CBD claimed to have
been ‘affected’ by the initial September earthquake [45]. Kaiapoi is a small town outside of Christchurch that was particularly hard hit by the September earthquake. 97%
of those affected organizations from the Christchurch CBD surveyed and 86% of those
from Kaiapoi CBD(, 60 organizations in total,) had to close for business at least temporarily [45] following the September quake. 30% and 27% of the business that had to
close in the Christchurch CBD claimed the closure was caused by their inability to deliver goods and services and their employees inability to get to work, respectively [45].

The results have been far more dramatic, particularly for the Christchurch CBD, following the February and June earthquakes, although data is hard to come by as of yet.
Statistics New Zealand is reporting that Christchurch’s population decreased by 8,900
people or 2.4% from June 2010 through June 2011 [13].
Following the initial September earthquake, over a third of organizations surveyed in
both the Kaiapoi and Christchurch CBDs relocated ‘elements’ of their organizations
[45]. 9% of organizations in the Christchurch CBD and 18% of organizations in the
Kaiapoi CBD relocated their entire organizations [45]. Here again, the results are likely
far more dramatic following the more serious February earthquake but hard numbers
are difficult to find at this point. Anecdotal evidence suggests that there have been
large increases in the amount of leased office space in the western suburbs of Addington and Riccarton, partially offsetting the loss of office space in the red zone.
The majority of the fatalities linked to the earthquakes were caused by the collapse of
the CTV and Pine Gould office buildings in the CBD. Anecdotal evidence suggests that
many Christchurch residents would not like to, and may be unwilling to, work in tall of‐
fice buildings and/or in the CBD. One survey found that 34% of organizations in Christchurch viewed the CBD as a ‘poor’ or ‘very poor’ site for business location [46]. It is
unlikely that the Christchurch CBD will return to pre-Earthquake levels of activity for
years, or even decades, given changed attitudes.

3.4

Transportation, Response and Recovery

3.4.1

Immediate Aftermath

In the immediate aftermath of the earthquakes, efforts were undertaken to en-sure
transportation systems were safe and to use such systems to support response efforts.
Civil Defence forces were the primary decision makers initially, later passing authority
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on to the Canterbury Earthquake Recovery Authority (CERA), the Christchurch City
Council (CCC), and others.
In the immediate aftermath of the September earthquake, state highways in the region,
rail links to Christchurch, and the Christchurch Airport were all closed to be inspected
for damage [39]. Crews worked around the clock to get the rail link opened, and it was
noted that rail lines could be used “for delivery of bulk drinking water if required” [39].
On February 22, at 1:52pm (59 minutes after the earthquake) TVNZ reported that
Christchurch Airport was closed so that runways and airport terminal buildings could be
inspected for damage [48]. A short time later, at 3:23pm, TVNZ reported that the airport
runway was reopened for emergency flights [48]. International urban search and rescue teams flew into Christchurch that night and throughout the following days, along
with other relief flights. All trains in the greater Canterbury region were stopped at
12:58pm [48]. Passengers were encouraged to find alternate means of travel, and rail
lines were checked for serviceability over the subsequent days. (There were only two
passenger trains per day, both primarily serving tourists, serving Christchurch before
the earthquake.)
The government urged people to stay off the roads after the February earth-quake,
both to ensure emergency services could reach people in need and to avoid damages
and injuries caused by people driving on unsafe roads and bridges. The request fell
largely on deaf ears, at least initially, as many rushed to return to their home and/or
loved ones. Unfortunately, the loss of power in most of the city resulted in long waits at
busy intersections that had been controlled by traffic signals. After the earthquakes,
ambulances had to attend to hundreds of people who activated their personal medical
alarms [39]. Christchurch hospitals remained operational throughout the earthquakes.

3.4.2

Repairing and Managing Local Roads

The Christchurch City Council has made the quick repair of roads a priority during the
ongoing recovery phase of operations.
On October, 8 months after the most serious of the Canterbury Earthquakes, the
Council reported that “around 600 individual contractors, forming 200 crews, are working on city roads right now” as compared to “around 50 individual staff normally required for general maintenance” [16]. The extent of the damage to the roads means
that despite the resources being sourced, problems persist. In late October, the Council
reports that “approximately 90% of the temporary repairs required to make the roads
safe have now been carried out” [16].
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Note that the primary goal, at least initially, is to make the roads safe. Prior to the
earthquake, it was taken as a given that most bridges and roads would not be in any
immediate danger of collapse. The Christchurch City Council undertook maintenance
activities to limit inconvenience and delay to motorists attributable to roadway surface
imperfections, to reduce accident risk attributable to roadway surface micro-and macrotexture, and to limit the overall roughness of road surfaces.
As a side note, it is worth mentioning that the Christchurch City Council has set up a
website linked to its RAMM pavement management system showing a dynamically
updated map of which roads are safe to drive on. A screenshot of this website is shown
in Figure 3-5. The website allows citizens and businesses to plan personal and freight
transportation and select safe routes. Importantly, the website frees Council staff from
the responsibility of having to answer questions regarding road closures and weight
restrictions that can be quickly answered by consulting the website.

Figure 3-5:

Map of road conditions in Christchurch [CCC].

One of the more controversial mitigation strategies employed by the City Council was
to temporarily remove bicycle lanes from heavily congested roads. Figure 3-6 is a map
provided by the Christchurch City Council showing the locations of these cycle lane
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removals. It is worth noting that most, four of six, of the locations are in the Western
suburbs of the city. Damage in these
areas was minor relative to the damage in the CBD and Eastern suburbs. The result
has been increased business activity in these areas, and an accompanying increase in
traffic congestion.

Figure 3-6:

3.4.3

Map of cycle lane closures [CCC].

Recovery Strategies and Light Rail

As recovery efforts continued, both the Christchurch City Council and the Canterbury
Earthquake Recovery Authority aimed to assure citizens that coherent strategies were
being put in place to manage the recovery. The CCC drafted, distributed, and widely
publicized a “Central City Plan” [15]. The CERA likewise developed a “Draft Recovery
Strategy for greater Christchurch.” Both organizations sought public comment. The
CCC in particular had numerous “Share an Idea” events where citizens were encouraged to discuss plans for Christchurch’s future.
The Central City Plan has been largely positively received (see [42] and other favorable
press). The main criticism of the plan has been a perceived failure to adequately address the concerns of business and developers (see [47] and other similar stories). In
particular, the implementation of strict height restrictions on new buildings in the CBD
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has come under fire as being unfriendly to business interests. There has also been
some criticism of the transportation initiatives in the Central City Plan, discussed below.
The most interesting aspect of the CCC’s “Central City Plan,” at least from the perspective of a transport engineer, is its proposal to build a light rail system in Christchurch.
One of the major sections of the plan is a section on transportation, identifying nine
projects with # 1 being light rail [15]. The plan includes a rough sketch of a three line
system, highlighting a link between the University of Canterbury and the Christchurch
CBD as the first section to be constructed.
It seems clear that if a light rail system were to be constructed in the area, and particularly on the route identified, it would have to run on the surface of one of the most congested roads in the country: Riccarton Road. Construction of the system would likely
be problematic and improvements in public transportation travel times, travel time reliability, accessibility, etc. as compared to current bus service would likely be minimal.
Notably, the draft plan does not mention such metrics. The plan highlights how light rail
systems “have often had a transformational effect on a city’s image” and how other
“vibrant and prosperous” (sexy?) cities around the world have light rail systems [15].
The goal appears to be to make the Christchurch CBD an attractive place to live and
work again, and not to improve transport per se.
The Central City Plan goes on to suggest greater use of shared spaces in the CBD
where pedestrians, bicyclists, and automobile traffic would share road space. One-way
streets in the CBD would be converted to two-way with an acknowledgement that such
a shift “will reduce the capacity of the road net-work in the Central City” [15]. City planners have talked about how the introduction of more cycle facilities would help fight
New Zealand’s current obesity epidemic. Anecdotal evidence suggests that traffic engineers are concerned, particularly about the move from one-way to two-way streets
and the potential for an increase in multi-vehicle and well as vehicle-pedestrian accident rates. It is interesting to see the objectives of urban regeneration, recovery, and
planning coming into conflict with traditional traffic engineering objectives of minimizing
travel times and accident risk in the context of the Christchurch Central City Plan.

Case Studies from New Zealand

4

35

Discussion

The preceding chapters cover a range of topics in the context of various extreme
events. Certain common points have emerged, and these points are discussed here.

4.1

Gathering and Communicating Data

One of the themes of the earlier chapters of this report has been the importance of gathering and communicating data. On the Desert Road, it is critical to gather weather
and natural hazard data both to inform drivers when attempting to cross the section of
highway would be dangerous and to inform decision making regarding when to open
and close the road. Note that the Tangiwai disaster could have been prevented, and
151 lives saved, if information regarding the presence of and danger posed by the lahar had been gathered and communicated. After each of the Canterbury Earthquakes,
one of the first steps was to check airport runways, rail lines, bridges, and other transportation infrastructure for damage and to communicate findings. In the weeks and
months after the earthquakes, it became imperative for public agencies to communicate with local developers, local firms, other organizations, and the public regarding
both current, local conditions and long-term plans. The City Council had to inform citizens which sections of road might be unsafe and were off limits to heavy vehicles. The
CCC also had to inform citizens of changes to bus routes necessitated by reconstruction efforts. At the same time, both the Christchurch City Council and the Canterbury
Earthquake Recovery Authority had to let residents and businesses know their long
term strategies for recovery.
Of course, one of the defining features of extreme weather (and other) events is they
are relatively rare and thus there will likely be little historical information to draw upon
when analyzing the impacts of such events. Even if data were available, conditions
may substantively change after the data are collected. Note that as climate change
becomes more dramatic, even established weather patterns may be changing. Changing conditions complicate data analysis and can lead to erroneous conclusions if ignored.

4.2

Management Systems

Once communication systems are in place and information has been gathered, there is
the potential to construct sophisticated computerized management systems to extract
the maximum possible benefit out of available data. For example, management systems use data from road and weather sensors to forecast where and when roads will
be icy. They might suggest that CMA be applied in such a situation. If the responsible
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engineer agrees, the system might (in the future) automate the procurement of services
or automate the required reporting of the situation. If there is a danger of a flood or lahar damaging a bridge on the Desert Road, a future management system could alert
local authorities and automatically post messages to effectively close the road. Academic researchers like [10] have begun crafting mathematical formulations and solution
algorithms that could one day serve as the basis for an earthquake management system to aid transport engineers in affected areas. It is interesting to note that the Christchurch City Council has been extensively using its RAMM pavement management system to monitor and report on its repairs of local roads after the Canterbury Earthquakes, as discussed earlier.
Management systems aid communication and coordination among: regional (or national) bureaucrats, local engineers and managers, and works contractors. Such systems
can enable facility condition monitoring and coordination of activities on adjacent facilities, done by different organizations, etc. Management systems are also, first and
foremost, built to store and use data. Many such systems started out as simple databases. Benefits of systems can include: reduced costs and/or impacts, clearly defined
serviceability goals and goal tracking, improved transparency in decision making, the
ability to predict consequences of extreme events and/or funding decisions, and decreased financial, operational and legal risk.

4.3

Multicriteria Decision Making

Another of the common themes of the earlier chapters of this report has been that
transportation management after a natural disaster often requires comparing and contrasting outcomes that are fundamentally incomparable. Immediately after an earthquake, there may be a choice between allocating resources to ensure highways are
open and safe so that support from other areas can arrive versus focusing on local
roads to support immediate rescue efforts. A less dramatic example would be the
choice of how frequently and in what volume to apply salt to a road in winter. There is
an implicit choice required of how much to (potentially) increase road safety at the expense of environmental damage. The point is not new; as one author noted:
“Comparability of event consequences can prove to be difficult, especially when it is
not feasible to quantify each consequence in common units. How does one compare
the loss of an ecologically sensitive area to the saving of travel time?”[19]
The point is also not unique to transportation decision making in the aftermath of an
extreme event. Indeed, concerns regarding decision making to optimize diverse and
potentially incompatible objectives have spawned an entire field:
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multicriteria decision making. A quick overview of developments in this field shows
areas where transportation engineering research and decision support tools could be
improved.
The top transportation engineering journals, including Transportation Re-search Part B,
Transportation Science, etc., include a multitude of articles focusing on the formulation
and solution of mathematical programming problems. In the area of transportation
management after extreme events, there is remarkably little data available to use to
develop and parameterize mathematical programming models. Nonetheless, there are
still large numbers of research efforts in this area based on optimization. Examples
cited earlier include [10, 14, 21].
Most of the transportation engineering studies applying multicriteria opti-mization use
what is known as the weighted sum method. This methodology requires applying a
weighting factor to different criteria and subsequently minimizing or maximizing the
weighted sum of different objective functions. (It is worth pointing out that [14, 21] cited
above do not use the weighted sum method, but the method remains popular within
transportation engineering.)
Unfortunately, the weighted sum method has a few undesirable properties. In terms of
the theory of multicriteria decision making, the weighted sum method is known to be
not complete for nonconvex problems [20]. This means that the method is unable to
find all solutions which are Pareto opti-mal. Pareto optimality is the most commonly
used definition of optimality for multicriteria optimization problems; a set of decision
variables is Pareto opti-mal for an optimization problem if no alternate set of decision
variables exists which does strictly better with respect to one objective function and at
least as well with respect to all other considered objective functions. The weighted sum
method also requires determining weights which essentially conflate different objectives into common units. In other words, the method requires, for example, translating
‘the loss of an ecologically sensitive area’ and ‘the saving of travel time’ into economic
costs. To make matters worse, an arbitrarily small change in the weights used can
create an arbitrarily large change in the policy and objective function values selected as
‘optimal.’
In the field of multicriteria optimization, researchers have devised numerous alternatives to the weighted sum method to mitigate the shortcomings of that particular methodology. For example, the �-constraint method is an iterative procedure based on
single objective optimization which is able to find optimal solutions to nonconvex and
multicriteria optimization problems that the weighted sum method can not. The �constraint method has its own shortcomings. In particular, the addition of extra con-
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straints limiting one or more of the objective functions can make some optimization
problems substantially more computationally challenging to solve. The elastic constraint method is similar to the �-constraint method but includes slack variables on
introduced constraints. The use of slack variables makes many problems substantially
easier to solve, and by increasing penalties linked to the use of the slack variables, it
becomes possible to again find a variety of Pareto optimal points. Two-phase methods
first use relatively simple algorithms, for instance based on the weighted sum method,
to find Pareto optimal solutions on the boundary of the convex hull of the feasible region (in objective space) of an optimization problem. This is known as phase 1. In
phase 2, the algorithm fills in any ‘gaps’ by finding additional Pareto optimal points, as
time allows. �-cover methods find solutions that ‘cover’ the Pareto frontier and give a
sense of its shape. Changing the value of the parameter � allows one to trade-off
computational complexity versus (potentially) showing the Parento frontier in more finegrained detail.
It is beyond the scope of this report to fully explain these and other tech-niques used in
the field of multicriteria optimization. However, the point of this section is to make clear
that there is substantial prior research in multicriteria optimization which would is relevant and useful for transportation engineering, particularly in transportation system
management after extreme events. There have been remarkably few transportation
research papers making use of advanced multicriteria optimization techniques, although this is starting to change (see [40, 29]).
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Conclusion

Extreme weather (and other) events have caused and continue to cause closure of the
Desert Road in new Zealand. This report describes how the costs of closure of the
Desert Road were on the order of 8,000 New Zealand Dollars (NZD) per hour in 1998
[19]. Interestingly, travel times and accident costs (in the wider area) declined when the
Desert Road was closed, but there were large costs associated with people choosing
not to make trips [19]. It was reported that snow and ice on the Desert Road alone
could be expected to cost “an average of 1.86 million [1998 NZD] a year” [19]. Various
mitigation strategies have been proposed or are in use. The most noteworthy is probably a snow and ice management system which integrates data from weather stations
and sensors embedded in the road surface. Extensive chemical application has reduced the frequency and severity of road closures.
Next, the report investigated the recent Canterbury Earthquakes. Liquefaction caused
and continues to cause major problems for the ground transportation system in Christchurch. There were more than 50,000 road surface defects reported after the earthquake [16]. More than 130,000 tonnes of sand and silt had to be removed from city
streets [38]. The total cost of all repair and reconstruction activities in Canterbury is
being estimated at roughly 30 billion New Zealand Dollars, with repair of civilian infrastructure including roads costing 2 billion New Zealand Dollars [17, 4]. More than eight
months after the most serious earthquake, the Christchurch City Council is almost done
with initial efforts to make the road system ‘safe’ (before moving on to worrying about
traditional pavement concerns related to, for instance, roughness). Some interesting
and not at all obvious issues have been raised during the response and recovery to the
Canterbury Earthquakes. The Christchurch City Council temporarily removed cycle
lanes to reduce traffic congestion. The CCC is also proposing a vast and costly light
rail system as well as turning a number of busy one-way roads into two-way roads. The
proposals have been criticized by traffic engineers but seem to reflect an understandable desire to raise the flagging image of the Christchurch CBD as a place to work, live,
and shop.
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