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EXECUTIVE SUMMARY
This report is the second in a series commissioned by the Bay of Plenty Regional Council
regarding the risk from a tsunami to the Papamoa to Te Tumu coastline. This report should
be read in conjunction with the Beban et al. (2012) report, which identified that the risk to Te
Tumu from several tsunami scenarios was either tolerable or intolerable, assuming no
evacuation of the population occurred. The Bay of Plenty Regional Policy Statement
however, requires that for new development, an acceptable level of risk must not be
exceeded. The SmartGrowth Implementation Management Group has therefore requested
further modelling for Te Tumu to investigate whether the level of risk could be reduced to an
acceptable level for the scenario that causes the greatest level of inundation (being the
Variation to the Southern Kermadec Scenario). The modelling would assume that vertical
evacuation has occurred, with existing high areas to the rear of Te Tumu being identified as
being potential vertical evacuation refuges, in addition to the three-storey mixed-use
buildings and high-rise apartment buildings. The modelling undertaken assumed no erosion
of the dunes occurred.
The inundation levels presented assume that the natural ground level of Te Tumu has been
modified in accordance with the ground levels detailed in Beban et al. (2012). The exception
is that six hectares of existing ground on the inland side of Te Tumu will be retained as
vertical evacuation refuges. Vertical evacuation is intended to provide people with safe
refuge above maximum inundation height, while remaining within the inundation zone. This is
contrary to traditional evacuation inland or to high ground, which aims to move people out of
the inundation zone entirely. The latter should always be considered as the preferred
approach, as this removes people from the inundated area, ensuring they are not stranded or
placed in further danger from tsunami inundation and associated hazards (i.e. debris).
To determine the initial height of the vertical evacuation refuges, the maximum flow depth of
the Variation to the Southern Kermadec Scenario in Beban et al. (2012) was used. The initial
minimum height of the vertical evacuation refuges was estimated to be 10.7m above Mean
Sea Level (MSL), based on the following FEMA (2008) formula:
•

Minimum vertical evacuation refuge height above ground level = (max flow depth x 1.3)
+ 3m.

The high ground was divided into three, roughly even-sized areas that were evenly spaced
apart at 700m intervals. These areas were identified as Vertical Evacuation Refuge 1,
Refuge 2 and Refuge 3. The vertical evacuation refuges impeded the inundation waters,
particularly around Vertical Evacuation Refuge 3. As such, the inundation depths from the
modelled scenario are different than those presented in Beban et al. (2012). In order to meet
the FEMA minimum heights for vertical evacuation refuges, and based on the inundation
levels modelled, the minimum height of each refuge was adjusted from the originally
estimated 10.7m above MSL. The following heights were calculated using the updated
modelling in this report:
•

Vertical Evacuation Refuge 1 – 9.1m above MSL;

•

Vertical Evacuation Refuge 2 – 10.7m above MSL; and

•

Vertical Evacuation Refuge 3 – 12.5 above MSL.

iv

GNS Science Consultancy Report 2012/291

Confidential 2012

Based on these revised minimum height requirements, the area of identified high ground
above the minimum height requirements for vertical evacuation refuges was reduced from six
hectares to 5.87 hectares. However, we consider that this revised area is still sufficient to
meet the minimum area requirements under the FEMA guidelines for the Te Tumu
population.
This report shows that an acceptable level of risk can achieved for the Variation to the
Southern Kermadec Scenario. To achieve this level of risk, 6000 people are required to be
evacuated for a night-time event, and 7000 people for a daytime event, from a total
population of 20,000 people. Those people who do not evacuate are assumed to remain in
their respective buildings, above the inundation depth. The evacuation rates required to
achieve an acceptable level of risk for the various land uses are as follows:
Night time

Day time

-

Housing (low density)

37%

37%

-

Housing (medium density)

27%

27%

-

Retirement

100%

100%

-

Mixed-use

0%

35%

-

Apartment Block

0%

0%

-

Rest-home/hospital

50%

50%

-

Education

0%

59%

To assist with achieving these evacuation rates and ensuring an acceptable level of risk,
land-use planning measures must be implemented when developing Te Tumu. The land use
planning implications include:
•

The need for the final zoning of Te Tumu to recognise the tsunami hazard;

•

The requirement for vertical evacuation refuges to be provided as part of the
development of this suburb;

•

Sensitive uses such as schools, retirement villages, childcare centres and health care
facilities to be located in close proximity to the vertical evacuation refuges and be
located areas of the suburb that are less susceptible to inundation from a tsunami;

•

The need for good subdivision design to promote easy access to the vertical
evacuation refuges;

•

The use of financial and development contributions to encourage/provide these
facilities; and

•

Apartment and mixed-use buildings be designed to resist tsunami, and occupants be
advised to remain in the buildings at levels above the ground floor whenever a tsunami
is expected.
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The potential emergency management and design implications pertaining to the use of
vertical evacuation refuges have been identified as the provision of vertical evacuation
requires careful planning of an entire evacuation strategy, not just of individual refuges. This
planning must encompass the following:
•

Implementation of structural requirements;

•

Appropriate siting of refuges within a network of evacuation routes;

•

Designation of, normal use of, and emergency access to, refuges; and

•

The provision of education and preparedness activities pertaining to the strategy.

To ensure an acceptable level of risk is achieved for the tsunami hazard at Te Tumu, a
combination of land use planning and emergency management measures needs to be
implemented in a coordinated and collaborative manner. The risk would not be appropriately
addressed if only land use planning or only emergency management measures were
implemented as part of the development of Te Tumu. It is also important to regularly review
and monitor the implemented land use planning and emergency measures to ensure that the
intended risk reduction outcomes are being achieved. This monitoring and reviewing
program would also inform as to whether changes are required to the land use planning or
emergency management measures to ensure that the intended risk reduction outcomes are
achieved.

vi
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1.0

INTRODUCTION

This report is the second in a series commissioned by the Bay of Plenty Regional Council
regarding the risk from a tsunami to the Papamoa to Te Tumu coastline. The first report
(Beban et al. 2012) was completed in September 2012 and this current report should be read
in conjunction with it. The Beban et al. (2012) report made the following findings:
•

Several of the modelled scenarios involving the Kermadec Trench (including the
Variations) resulted in tsunami water depths of 8–14 metres above Mean Sea Level
(MSL) (Moturiki Datum) along the Papamoa – Te Tumu coastline.

•

The modelling was undertaken for low, medium and high density developments within
Papamoa, Wairakei and Te Tumu, and identified the following scenarios as having a
significant number of deaths and building damage:
-

Kermadec - Hikurangi Scenario (the continuous rupture of the central and
southern portions of the Kermadec Trench and the northern end of the Hikurangi
Margin);

-

Variation to the Southern Kermadec Scenario; and

-

Variation to the Whole Kermadec Trench Scenario.

After considering the risk of the modelled scenarios against the Proposed Bay of Plenty
Regional Policy Statement (PBOPRPS) criteria (as notified) and the building damage
thresholds of Saunders and Beban (2012), the above three scenarios gave rise to intolerable
risk in Papamoa, Wairakei, and Te Tumu. The PBOPRPS requires intolerable risk to be
avoided, existing tolerable risk to be reduced, and new development to not be subject to risk
that exceeds acceptable levels. The modelling undertaken however, assumed no evacuation
of the population had occurred.
Based on the modelling results, pre-event recovery measures were suggested that could be
incorporated into the future development of Papamoa, Wairakei and Te Tumu to reduce the
potential consequences from a tsunami. Changes were also suggested to the SmartGrowth
Strategy to ensure that the tsunami risk was better recognised and addressed.
After receiving the Beban et al (2012) report, the SmartGrowth Implementation Management
Group requested further modelling for Te Tumu to investigate whether the level of risk could
be reduced to an acceptable level for the scenario that caused the greatest level of
inundation (being the Variation to the Southern Kermadec Scenario). This report investigates
the level of vertical evacuation required to achieve an acceptable health and safety risk level
for Te Tumu when considering tsunami inundation from the Variation to the Southern
Kermadec Scenario.
The purpose of this report is to:
•

Model the inundation for Te Tumu for the Variation to the Southern Kermadec Scenario
assuming an altered ground level of 5.1m above MSL. However, approximately six
hectares of the existing high ground to the rear of Te Tumu will remain. This area of
high ground will be of sufficient height to comply with the FEMA (2008) recommended
minimum heights for vertical evacuation refuges.
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•

Assess the building damage and health and safety risks for the modelled scenario at
Te Tumu. For the purposes of this report, acceptable risk level for deaths and injuries
for general property will be 1 x 10-5 per annum and 1 x 10-6 per annum for sensitive
uses i.e. hospitals, schools and retirement villages. These levels of risk are based on
the risk levels in Taig et al (2012). The building damage risk thresholds will be the
same as those used in Beban et al. 2012.

•

Identify and explore the land use matters and the vertical evacuation refuge design and
location considerations that need to be taken into account when designing Te Tumu.

The information in this report will assist with the future development of Te Tumu. In
particular, it will provide options to reduce the potential life safety risks from a tsunami.

1.1

SCOPE AND LIMITATIONS

This report investigates the potential inundation levels for Te Tumu from the Variation to the
Southern Kermadec Scenario. With all modelling approaches, there are uncertainties which
can be manifested in the form of assumptions or in the apparent robustness of averages.
This report assumes that during the tsunami, the integrity of the existing dune systems is
maintained and not eroded by tsunami. Given the variability associated with a fault rupture
and the final development form of the study areas, in an actual event the levels of inundation
and the resulting economic costs and human casualties may differ from the modelled
scenario.

1.2

OUTLINE

This report begins by providing a brief overview of the assumed ground levels that have been
used for Te Tumu, and the methodology that was used to determine the initial heights of the
vertical evacuation refuges. Section 2 outlines the potential tsunami inundation resulting from
the Variation to the Southern Kermadec Scenario and the implications for the final heights of
the vertical evacuation refuges. The number of deaths, injuries, and the cost of the building
damage from this scenario has been modelled assuming Te Tumu has a population of
20,000 people, and the implications of evacuation rates on the risk levels have been
explored in Section 3. Section 4 investigates the land use and emergency management
implications pertaining to providing vertical evacuation refuges. Section 5 provides the overall
recommendations and conclusions from the study.

1.3

OVERVIEW OF THE STUDY AREA

This section provides a brief overview of Te Tumu. Te Tumu is located to the immediate
south east of Papamoa and has been identified as a key area to accommodate some of the
future population growth of Western Bay of Plenty (Figure 1.1). Currently, Te Tumu is
undeveloped and is located between the beach to the north east and Kaituna River to the
south and east. It is anticipated that Te Tumu will accommodate a mix of residential,
business, commercial and recreational activities when it is developed. This includes a mix of
low, medium and higher density residential developments (Tauranga City Council 2004). It is
anticipated that development of Te Tumu would not commence until sometime after 2021
(SmartGrowth 2007).

2
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Figure 1.1

1.4

Location and extent of Papamoa, Wairakei and Te Tumu (Lee Jordon pers comms 2012).

MODIFICATIONS TO THE GROUND LEVEL

As part of the assessment of the potential tsunami inundation that could affect Te Tumu, it
was assumed that the ground level in this suburb has been modified to allow for
development. This modification has generally lowered and simplified the ground level when
compared to the existing ground level of the suburb. Figure 1.2 identifies the current
topography of Te Tumu.

Figure 1.2
The existing ground level for Papamoa, Wairakei and Te Tumu in terms of Moturiki Datum, i.e.,
Mean Sea Level (MSL).
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This study used the ground levels as modified in Beban et al. (2012), with the exception that
three areas of existing high ground to the rear (south) of Te Tumu have been retained. These
areas of high ground have an area of approximately six hectares and have been identified as
potential vertical evacuation refuges.
To determine the initial height and location of the three vertical refuge areas, the maximum
flow depth of the Variation to the Southern Kermadec Scenario in Beban et al. (2012) was
used. The minimum height of these vertical evacuation refuges was initially estimated as
10.7m above MSL by using the following FEMA (2008) formula:
•

Minimum vertical evacuation refuge height above ground level = (max flow depth x 1.3)
+ 3m.

These potential vertical evacuation refuges are evenly spaced, 700m apart, to maximise their
accessibility from all parts of Te Tumu. The final topographic form used in this study is
shown in Figure 1.3, with a close up illustration presented in Figure 1.4.
In Figure 1.4, the red polygons outline the areas where the existing high ground at the inland
side of Te Tumu (shown in Figure 1.2) was integrated with the ground levels for the future
development identified in Beban et al. (2012). Within the enclosed area of each polygon only
the high ground above the corresponding ground levels would be retained.

Figure 1.3
Modified ground level in the areas of Wairakei and Te Tumu. Three areas of the existing high
ground at the rear of Te Tumu are retained for vertical evacuation.

4
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Figure 1.4
Modified ground level in the area Te Tumu. Three areas of the existing high grounds are retained
for vertical evacuation during a tsunami event. The red polygons outline where the existing high ground in the rear
of Te Tumu was retained and integrated with the altered ground levels for development in Beban et al. (2012).
The ground levels shown in colour scale are in meters in terms of Moturiki Datum (i.e., MSL).

As previously identified, the heights and location of the vertical evacuation refuges have
been based on the maximum inundation levels identified in Beban et al. (2012). The
modelled inundation levels in Beban et al. (2012) do not include the high ground as detailed
in Figures 1.3 and 1.4. As such, the initial assessment of the minimum height of these
vertical evacuation refuges (being 10.7m) is relatively simplistic. The presence of this high
ground, and alteration of surrounding ground level, will alter the inundation patterns and may
influence the final required height and size of the vertical evacuation refuges. As part of this
report, any changes to the inundation depths around the vertical evacuation refuges will be
identified, and new minimum heights for these vertical evacuation refuges will be identified.

1.5

VERTICAL EVACUATION REFUGES

This report investigates the vertical evacuation capacity required to achieve an acceptable
risk level for Te Tumu when considering tsunami inundation from the Variation to the
Southern Kermadec Scenario.
Vertical evacuation is intended to provide people with safe refuge above maximum
inundation height, while remaining within the inundation zone. This is contrary to traditional
evacuation inland or to high ground, which aims to move people out of the inundation zone
entirely. The latter should always be considered as the preferred approach, as this removes
people from the inundated area, ensuring they are not stranded or placed in further danger
from the tsunami inundation and associated hazards.
The most recent guidelines for vertical evacuation (FEMA 2008) defines a vertical evacuation
refuge as ‘a building or earthen mound that has sufficient height to elevate evacuees above the
level of tsunami inundation and is designed and constructed with the strength and resiliency
needed to resist the effects of tsunami waves’. The earthen mound, sometimes known as a
‘berm’ may also be a naturally occurring area of high ground within the inundation zone, which
is adapted for use as a safe refuge. An additional option is to use evacuation towers –
structures that have a smaller footprint than buildings but still provide a dual use, for example
as viewing platforms. Examples of evacuation towers exist in Japan and have been proposed
for the State of Washington by local communities as part of a strategy which includes all three
types of refuge (Project Safe Haven, 2011a) (Figures 1.5 – 1.8).
GNS Science Consultancy Report 2012/291
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Figure 1.5

Refuge at Shirahama Beach Resort (FEMA 2008).

Figure 1.6

Tsunami refuge in Kaifu, Japan (FEMA 2008).

Figure 1.7

Berm constructed for tsunami refuge in Aonae, Japan (FEMA 2008).

6
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Figure 1.8

Example escape berm design – Washington State (FEMA 2008).

Vertical evacuation is considered as an option to reduce the risk at Te Tumu, as it has been
identified that the estimated 50 minutes between earthquake ground shaking and tsunami
arrival does not allow enough time for evacuation of the proposed population out of the
evacuation zone at the travel speeds referred to by FEMA (2008). For Te Tumu, evacuation
would have to occur across or along the Kaituna River and inland to the limit of inundation
close to State Highway 2 (a distance of over 6km). Three areas of existing high land have
been identified on the southern edge of Te Tumu as being sufficient height to avoid
becoming inundated during the modelled tsunami scenario (Figures 1.3 and 1.4). Some
advantages of using high ground for vertical evacuation include the potentially high refuge
capacity when compared to vertical evacuation buildings, and also the ease of access
(FEMA, 2009). Breakdown of cost estimates for refuges in the State of Washington indicate
that construction of a berm may not necessarily be the cheapest option in absolute terms
compared to an evacuation tower (Project Safe Haven, 2011a) or much cheaper than an
evacuation building (Project Safe Haven, 2011b), but this cost may be considered relatively
lower due to the greater capacity of a berm. In Te Tumu it is expected that modification and
reinforcement of the existing high ground would be required, but the existence of high ground
could mitigate the cost over having to construct the entire berm. The Project Safe Haven
reports (Project Safe Haven, 2011a and 2011b) provide numerous conceptual design
sketches for vertical evacuation refuges, and demonstrate the benefit of community
engagement in designing such a strategy.
Section 4.2 ‘Vertical Evacuation Strategy Requirements’ discusses the key requirements of
vertical evacuation refuges, with specific reference to buildings and areas of high ground.
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2.0

TSUNAMI INUNDATION MODELLING

This section explores the inundation from the Variation to the Southern Kermadec Scenario
for Te Tumu. The modelling was undertaken assuming an altered ground level as detailed in
Beban et al. (2012), with the exception of three existing high areas of land 10.7m and greater
above MSL being retained on the inland side of Te Tumu. The scenario modelled in this
report was constructed from the Southern Kermadec Scenario in Power et al. (2011).
However, the amount of slip was increased from 5m to 30m, resulting in an Mw9.0
earthquake rupturing the southern portion of Kermadec Trench. This scenario has been
developed due to the unexpected large earthquake and tsunami from the March 2011
Tohoku event in Japan. The Japan event occurred in a subduction zone similar to the
Kermadec Trench, and the slip amount was much greater than expected.

2.1

MODELLING METHODOLOGY

The Ministry of Civil Defence and Emergency Management (MCDEM) recognises four levels
of modelling in determining the degree of inundation from a tsunami (MCDEM 2008b):
•

Level 1 is the most basic of the models in which inundation is determined based on a
maximum wave height projected inland from the coast to some cut-off elevation. It is
often used for rough estimates when limited information or modelling capabilities are
available. Uncertainties are usually large as attenuation of wave height or complexities
due to topography/bathymetry are not considered in the modelling..

•

Level 2 uses a measure of rule-based wave height attenuation inland from the coast.
This approach derives a more realistic output than a simple ‘bathtub’ model but is still a
rough estimate which cannot account for physical variations in wave behaviour. The
rule is applied to probabilistic coastal wave heights derived separately.

•

Level 3 is a computer-derived simulation model that theoretically allows for
complexities that a simpler ‘rule’ cannot, such as varied surface roughness from
different land uses, and water turning corners and travelling laterally to the coast on its
inundation path. The model is applied to probabilistic coastal wave heights derived
separately.

•

Level 4 is the most complete approach, based on an envelope around all inundations
from multiple well-tested computer models covering all credible scenarios and
providing the most complex and accurate modelling (MCDEM 2008b).

This project involves a partial Level 3 modelling, as the calculations are based on the
scenario for which the shortest possible return period was calculated. A full Level 3 approach
would have required the scenario be determined from a probabilistic model of wave heights
at the coast.
As the level of inundation modelling increases, more accurate and comprehensive
information, particularly related to source mechanism, bathymetry and topography is required
to reduce the degree of uncertainty in the modelling results. In this study, the source scenario
was developed based on an up-to-date subduction interface profile (Power et al., 2011) and
high resolution topography of the local environment was used from a LiDAR Light Detection
and Ranging (LiDAR) survey.
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The numerical modelling of tsunami generation, propagation and inundation was undertaken
with a recognised tsunami modelling program - COMCOT (Wang and Power 2011).
COMCOT uses Mean High Water Spring (MHWS) conditions as the ambient water level. The
model assumes that the tsunami will arrive at high tide, which for a typical day would
represent the greatest potential risk from inundation. COMCOT was originally developed at
Cornell University, USA, and further development has been undertaken at GNS Science,
New Zealand. It is capable of modelling tsunami evolution from its generation at the source
to the inundation in coastal areas. The model has been widely validated and applied to study
tsunami source mechanisms and tsunami events (Liu et al., 1995; Wang and Liu, 2005,
2006, 2007; Liu and Wang, 2008).
The modelling undertaken has been based on the ground levels detailed in Figures 1.2 and
1.3. The modelling has assumed that the integrity of the dune systems are maintained
throughout the tsunami event and dunes are not eroded or compromised by the waves
coming ashore. If the dune systems were eroded as a result of a tsunami, the levels of
inundation for Te Tumu would likely be greater than those modelled within this report.
The tsunami-related terms used throughout this report are illustrated in Figure 2.1. All the
modelled maximum tsunami elevation and water level information throughout this document
is presented relative to Moturiki Datum which is essentially the same as the Mean Sea Level
(MSL).

Figure 2.1
Illustration of tsunami definitions used in this report (source: modified from United States Geological
Survey (2008) http://walrus.wr.usgs.gov/news/tsu-terms.html). Note that Mean Sea Level (MSL) is essentially the
same as Moturiki Datum used in the study area (Beban et al 2012).

2.2

SOURCE SCENARIO

Power et al. (2011) identified that a seismic event on the Kermadec Trench could pose a
significant tsunami risk to the Bay of Plenty Region. In this study, the Kermadec Trench is
divided into three segments, (A, B, and C, Figure 2.2) based on the analysis of historical
events, geophysical features as well as geodetic modelling of the relative motions of the
converging tectonic plates. These three segments are similar to the southern, central and
northern end segments identified within previous works (Goff et al. 2006, De Lange et al.
2008). This segmentation represents an approximate division between portions of the
Kermadec Trench with different physical properties – in practice, earthquake ruptures may
cross between segments, and only partially rupture any one segment. While segmentation
provides a convenient way to discuss different scenarios, it has very limited predictive power.

10
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Figure 2.2
The segmentation of the Kermadec Trench based on Power et al. 2011 (Southern, Central and
Northern Kermadec segments: A, B and C) and the extension to the Hikurangi Margin (Segment H) based on
Power et al. (2011) and Wallace et al. (2009).

In Power et al. (2011), four scenarios were constructed along the Kermadec subduction
zone, called Southern Kermadec Scenario (Segment A, slip = 5.0m, Mw8.5), Central
Kermadec Scenario (Segment B, slip = 10.0m, Mw8.9), Northern Kermadec Scenario
(Segment C, slip = 8.0m, Mw8.8) and the Whole Kermadec Scenario (Segment A+B+C, slip
= 22.0, Mw9.4). However, the 2004 Sumatra event and the 2011 Tohoku event recorded
slips that were significantly greater than expected on those subduction zones. This means
that the degree of slip rupture on a subduction zone may be larger than what was originally
thought based on the existing knowledge of the rheology and kinematics of the subducted
plate. As such, in Beban et al. (2012), variations to the scenarios in Power et al. (2011) were
modelled by increasing the slip to 30m. Among these extreme scenarios, the Variation to the
Southern Kermadec Scenario is considered to have the largest impact on Te Tumu.
The Variation to the Southern Kermadec Scenario ruptures an area ~ 400 km x 200 km with
a slip of 30m. This results in an earthquake with a magnitude of Mw 9.0. The fault
parameters for this scenario event are given in Table 2.1.
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Table 2.1
The fault parameters for the Variation to the Southern Kermadec Scenario assuming a 30m slip on
the Kermadec Trench.

Magnitude
Mw 9.0

Return Period
610 years

Length

Width

Depth

Slip Angle

Strike Angle

Slip

300km

100km

4-6km

90

202.9 – 212.4

30m

The initial vertical seafloor displacement was calculated with Okada’s elastic fault plane
model (Okada, 1985) in Figure 2.3.

Figure 2.3
Computed initial vertical seafloor displacement for the Variation to the Southern Kermadec
Scenario (Mw9.0). The maximum computed uplift and subsidence are about +11.5m and -9.5m, respectively.

2.3

MODELLING GRIDS

The Digital Elevation Model (DEM) data used in this numerical study were derived from a
combination of bathymetric and topographical databases. Specifically, Land Information New
Zealand (LINZ) charts and General Bathymetric Charts of the Oceans (GEBCO) data were
used for bathymetry, interpolated contour data and Shuttle Radar Topography Mission
(SRTM) data were used for topography, and grounded Ranging LiDAR data was used for the
coastal areas of Wairakei and Te Tumu.
A nested grid setup was used to implement different levels of spatial resolution from deep
ocean to the study area in order to model tsunami evolutions at different stages. Sponge
schemes were applied across the boundaries of grids with different spatial resolutions to
reduce possible reflections from the boundaries and ensure the smooth transitions of
physical quantities (Harris and Durran, 2010). The levels of spatial resolutions are as follows
and the ranges of modelling grids are shown in Figures 2.4 and 2.4(a):
•

Level 1: Grid resolution of 1 arc minutes (~ 1.5 km)

•

Level 2: Grid resolution of 0.2 arc minutes (~290 m)

•

Level 3: Grid resolution of 0.05 arc minutes (~74 m)

12
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•

Level 4: Grid resolution of 0.00833 arc minutes (~12 m).

Figure 2.4 and 2.4a
The nested grid arrangement for numerical modelling assessments. The coverage of
each level of grid resolution is shown by a red box marked with its grid level number.

The suggested ground level modifications detailed in Figures 1.2 and 1.3 were applied to
replace the original topography (LiDAR) in Te Tumu.
In total, tsunami evolution for up to 10 hours after the main shock of the scenario earthquake
was modelled in order to obtain the maximum tsunami elevation and flow depth for Te Tumu.
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2.4

MODELLING RESULTS

Numerical simulation shows that the modelled tsunami for the Variation to the Southern
Kermadec Scenario affects most of the coastal areas along the north-east coast of the North
Island. Severe inundation can be observed in the coastal areas of the Bay of Plenty from the
Maketu Estuary to Matakana Island. The maximum tsunami elevation along the coastline
ranges from 9.0m to 14.0m above MSL, with the greatest heights occurring along the
Papamoa coastline (Figures 2.5 - 2.7). The tsunami starts to disturb the coastal area of Te
Tumu approximately 50 minutes after the earthquake and pushes the water level up to 12m
above MSL (Figures 2.8 and 2.9).

Figure 2.5
The modelled distribution of maximum tsunami elevation for the Variation to the Southern
Kermadec Scenario. The results show that tsunami generated from this rupture scenario mostly affect the
northeast coast of North Island, New Zealand. The colour scale shows the maximum tsunami elevation above
MSL in metres.
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Figure 2.6
The modelled maximum tsunami elevation between the Maketu Estuary and Matakana Island for
the Variation to the Southern Kermadec Scenario. The maximum tsunami elevation varies between 9.0m and
14.0m above MSL. The colour scale shows the maximum tsunami elevation above MSL in meters. The areas that
are not inundated are shaded grey. Ground level > 50m above MSL (indicated in white) has been excluded from
the model.

Figure 2.7
The modelled maximum flow depth in the coastal areas between the Maketu Estuary and Matakana
Island for the Variation to the Southern Kermadec Scenario. The colour scale shows the maximum flow depth on
land or maximum tsunami elevation above MSL if offshore. Scale bar unit is in metres. The areas not inundated
by the modelled scenario are shaded grey. Ground level > 50m above MSL (indicated in white) has been
excluded from the model.
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Figure 2.8
Detailed inundation modelling shows most coastal areas of Te Tumu are being inundated except for
the areas of high grounds, with maximum water level of up to 12m along the beach front. The colour scale shows
the maximum tsunami elevation above MSL in meters. The areas that are shaded grey are not inundated by this
modelled scenario.

Figure 2.9
The modelled maximum flow depth in the coastal area of Te Tumu for the Variation to the Southern
Kermadec Scenario. The colour scale shows the maximum flow depth on land or maximum tsunami elevation
above MSL if offshore. Scale bar unit is in metres. The areas that are shaded grey are not inundated by this
modelled scenario.
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The modelling shows that the high grounds, proposed as vertical evacuation refuges, will not
be inundated by the Variation to the Southern Kermadec Scenario. However, the maximum
flow depth around Vertical Evacuation Refuge 3 (as identified in Figure 1.3), is deeper than in
Beban et al. (2012). This is because the areas of high ground identified for vertical
evacuation refuges inevitably block the path of tsunami flow and thus changes the flooding
pattern. As a result, a greater volume of water accumulates off the seaward side of Vertical
Evacuation Refuge 3. The maximum flow depth around the proposed evacuation refuges at
Te Tumu are shown in Figures 2.10 - 2.12.

Figure 2.10 The modelled maximum flow depth around proposed Vertical Evacuation Refuge 1 at Te Tumu.
The colour scale is in meters. The grey colour shows the topographical features after ground level modification
where inundation does not occur in the modelling. The red polygon outlines where the existing high ground was
integrated with the altered ground levels detailed in Beban et al. (2012). The yellow line (MSL+6.1m) indicates
where the modelled maximum flow depth was extracted to determine the minimum height of the vertical
evacuation refuge according to the FEMA guideline.
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Figure 2.11 The modelled maximum flow depth around proposed Vertical Evacuation Refuge 2 at Te Tumu.
The colour scale is in meters. The grey colour shows the topographical features after ground level modification
where inundation does not occur in the modelling. The red polygon outlines where the existing high ground was
integrated with the altered ground levels detailed in Beban et al. (2012). The yellow line (MSL+6.1m) indicates
where the modelled maximum flow depth was extracted to determine the minimum height of the vertical
evacuation refuge according to the FEMA guideline.

Figure 2.12 The modelled maximum flow depth around proposed Vertical Evacuation Refuge 3 at Te Tumu.
The colour scale is in meters. The grey colour shows the topographical features after ground level modification
where inundation does not occur in the modelling. The red polygon outlines where the existing high ground was
integrated with the altered ground levels detailed in Beban et al. (2012). The yellow line (MSL+8.1m) indicates
where the modelled maximum flow depth was extracted to determine the minimum height of the vertical
evacuation refuge according to the FEMA guideline.
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The implications of these greater water depths on the size and height of the proposed
vertical evacuation refuges are described in Section 2.5.

2.5

RECALCULATED HEIGHTS OF THE VERTICAL EVACUATION REFUGES

The ground levels near the vertical evacuation refuges are 5.1m, 6.0m, and 8.0m
respectively above MSL. The numerical modelling shows that generally there is little
inundation above 5.1m for Vertical Evacuation Refuge 1 and above 6.0m for Vertical
Evacuation Refuge 2, for the modelled scenario. In contrast, around Vertical Evacuation
Refuge 3, the inundation is much deeper with the ground level of 8.0m to the immediate east
being completely inundated. The maximum flow depth and flooding pattern are clearly
different from those observed in Beban et al. (2012), where the topography data did not
include the vertical evacuation refuges. As such, the minimum heights of the vertical
evacuation refuges needed to be re-evaluated from the 10.7m above MSL originally
identified in Section 1.3.
To determine the minimum height of the vertical evacuation refuges, taking into account the
inundation depths modelled in this report, we need to find the maximum flow depth at a
certain ground level near each evacuation refuge. For simplicity and consistency, the 6.1m
contour near Vertical Evacuation Refuges 1 and 2 and the 8.1m contour near Vertical
Evacuation Refuge 3 were used as locations to obtain the maximum flow depth for each
refuge. The contours were determined by adding 0.1m to the closest ground level to the
vertical evacuation refuges which is inundated. Based on this criterion and the FEMA (2008)
guideline, the maximum flow depth, minimum height and total area of each of the vertical
evacuation refuges were recalculated in Table 2.2. The recalculations reduced the total area
of the vertical evacuation refuges for the modelled scenario from six hectares to 5.87
hectares, a reduction of 0.13 hectares from the original six hectares identified. For the
population of Te Tumu, it is considered that this revised area still provides sufficient capacity
to meet the minimum area requirements as detailed in FEMA (2008), as the vertical
evacuation refuges have the potential to accommodate up to 58,700 people (based on 1m2
per person).
Table 2.2

Required refuge height and total area for the three vertical evacuation refuges at Te Tumu.

Refuge 1

Refuge 2

Refuge 3

Max Flow Depth (metres)

0.00

1.20

1.05

Ground Level (metres above MSL)

6.10

6.10

8.10

Required refuge height (metres above MSL)

9.10

10.7

12.5

Required refuge height (metres above ground level)

3.00

4.60

4.40

*Total Area of each refuge (ha)

3.66

1.73

0.48

*

Note that the total area above the safe level varies as the topography resolution changes. Therefore, the total
area calculated here contains some uncertainties.
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2.6

LIMITATIONS OF THE INUNDATION MODELLING

While every effort has been made in this report to provide accurate information based on
current knowledge and modelling capabilities of source mechanisms, tsunami generation,
propagation and inundation, there are uncertainties and limitations in this study. Some of
these are discussed in this section.
2.6.1

Erosion of dunes and structures

No erosion of the dunes or sedimentation during the tsunami event has been considered or
taken into account during the modelling process. Therefore, no morphology changes to
beaches and sand dunes which may occur due to strong currents and breaking waves have
been incorporated into this model. In the event that erosion of the dune systems was to
occur, the levels of inundation resulting from a tsunami could be more substantial than
reported herein.
Coastal sand dune systems and vegetation have been demonstrated to be effective in
alleviating tsunami impacts further inland (Rajani Priya et al. 2010; Harada and Imamura,
2005). During a tsunami, dune systems may be breached through gaps and overtopping and
dune erosions may occur. Modelling dune erosion dynamically together with tsunami
evolution is still challenging due to its complexity. Technical approaches to modelling erosion
inevitably involve an extensive degree of parameterizations and simplifications of the
physical processes and the sand dune properties. As a result, numerical studies are often
limited to idealised laboratory environments or post-event investigations where the outcome
is known and fine tuning of parameters can be achieved. However, in a practical application
with few field observations of dune erosions in past events, and limited knowledge on the
characteristics of the dune system, large uncertainties cannot be avoided in evaluating the
availability, size, grade and composition of sands as well as the status of consolidation and
vegetation. All of these make predictions of tsunami modelling dynamically coupled with
dune erosion unreliable and of limited use to evaluate tsunami risk quantitatively.
There is no doubt that the erosion of dune system will be considered in future studies as
more information becomes available. As an alternative, failure scenarios of the dune system
may be constructed to investigate their outcome along with tsunami modelling. However, this
is not within the scope of this report.
It has also been assumed that the vertical evacuation refuges will not be eroded by the
modelled inundation. Currently, these vertical evacuation refuges are part of the dunes
system and therefore are comprised of unconsolidated material. In order for these areas to
be designated as vertical evacuation refuges, they would need to be strengthened in a
manner which would prevent erosion from tsunami.
2.6.2

Source mechanisms

Uncertainties are inherent in the parameterisation of source mechanisms such as those
estimates on source locations, rupture areas, convergence rates, and return periods. The
scenario modelled in this report assumes an earthquake rupture with uniform slip. However,
in real events the slip varies on a variety of spatial scales. The pattern of slip distribution may
strongly affect the resulting tsunami in the near-field (close to the source) more so than far
from the source (Geist, 1998). The uniform slip distribution used here may represent an
approximation of an ‘average’ event compared to real earthquakes of the same magnitude,
which may have larger slip in some areas and less slip in others.
20
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There are also uncertainties associated with sea level rise and the effect that this may have
on tsunami inundation. In this report, the modelling undertaken does not account for any sea
level rise that may occur overtime.
2.6.3

Ground features

Ground LiDAR data was used to construct the topographical information in the study area.
No vegetation or existing structures were considered in the modelling and the data was used
as is except for the suggested ground level modifications at Te Tumu. In reality, the existing
ground features such as vegetation and artificial structures will attenuate the tsunami impacts
further inland. As a result, the modelled results in this study tend to be conservative.
2.6.4

Resolution

A spatial resolution of 12m was used to simulate the tsunami evolution nearshore, and
inundation inland. This grid spacing was used to re-sample the topographical and
bathymetric data derived from LiDAR and other sources. Therefore, any ground and
submarine features with a spatial scale less than, or similar to, the modelled resolution will
not be (well) resolved in the numerical simulations, such as narrow access ways and gaps
through the dune system. In particular, the bathymetry data was derived from the digitization
of LINZ charts and GEBCO 08 database as no other sources of bathymetric data with better
resolutions were obtainable at the time of modelling. In the modelling, 12-meter grid spacing
was used for this bathymetry data of (i.e., grid level 4). However, the resolutions of the two
bathymetric data sources are much lower than the 12 meters modelled across most of the
study area. Interpolation was used to push the sampling spacing up to 12 meters. However,
this does not necessarily improve the quality of the original bathymetric data.
The selection of our model resolution is a compromise of reducing the computational cost
(e.g. computer processing time) and improving the modelling quality. The grid spacing used
in this study is among those highest resolutions typically used for tsunami inundation studies
in coastal areas. Undoubtedly, modelling with a higher resolution would be an option, but is
more suitable to study a relatively small area so that the computational cost is manageable.
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3.0

TE TUMU RISK LEVELS

This section provides estimated casualty numbers following inundation due to the Variation
to the Southern Kermadec Scenario, for various levels of evacuation at Te Tumu. First, two
detailed building and occupant models for Te Tumu were created, one for daytime and one
for night-time locations of people. These buildings and occupation models were then
exposed to the water depths that had been generated in the tsunami modelling. The main
outputs were the potential numbers of deaths and injuries, assuming evacuation levels
ranging from 0% to 90% of the population.

3.1

BUILDINGS AND PEOPLE

Most of the basic data (e.g. population age distribution), and computation procedures, were
unchanged from those of the prior work (Beban et al, 2012). The main change was that the
target night-time population of Te Tumu was set to 20,000 (number provided by Lee Jordan,
Tauranga City Council, personal communication 04/09/12).
The new suburb was laid out using Excel spreadsheets with purpose-written macros. Four
basic types of small buildings were used, i.e. single storey houses, two storey twin units,
three storey high-density mixed-use units, and single storey retirement village twin units. All
were arranged in twin rows of buildings between side roads that were approximately
perpendicular to the coast. Two ten storey blocks of apartments were included so that the
desired numbers of people could be accommodated in the overall land areas available, while
maintaining reasonable balances of low and medium density housing. Basic details of the
layouts follow.
•

Single storey house: Section size 20m x 25m, house footprint 200m2, height one
storey, side road width 16m (giving 15 houses per hectare – low-density residential
housing).

•

Twin unit: Section size 20m x 25m, building footprint 200m2, height two storeys, side
road width 16m (giving 15 buildings per hectare, i.e. 30 living units – medium density
residential housing).

•

Mixed use units: Section size 10m x 30m, building footprint 150m2, height 3 storeys
(level one commercial use, levels two and three, residential apartments), side road
width 20m (giving 25 buildings per hectare, i.e. 50 living units and 25 commercial units
per hectare – high density residential - mixed use). The arrangement was a 10m x 15m
(footprint) building at the front of the section, a yard/parking area of 10m x 12m behind,
plus half-share of a 6m wide access way.

•

Retirement village: Section size 20m x 25m, building footprint 300m2 (two living units,
150 m2 each), height one storey, side road width 16m (giving 15 buildings per hectare,
i.e. 30 living units – medium density residential).

•

Apartment Blocks: Section size about 100m x 100m, building footprint 3000m2, height
ten storeys, living units per building: 200 at 150m2 each (high-density residential).

The sizes of the sections and houses and the widths of the side roads were taken from sizes
and widths observed in the existing suburb of Papamoa. The areas occupied by the side
roads were included in the above buildings per hectare calculation, but areas of main roads
were not. Space was left between the blocks of buildings to accommodate main roads.
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There were also several large buildings in the model for uses such as education and resthome/health. The numbers of buildings and living units needed to house the required
numbers of people are listed in Tables 3.1 and 3.2.
Table 3.1

Numbers of buildings and living units in the model.

Residential
Density

Buildings

Living
Units

low

3305

3305

House (Twin-Unit)

medium

1358

2716

Retirement (Twin-Unit)

medium

403

805

Mixed-Use

high

654

1308

Apartment Block

high

2

400

Rest-home & Hospital

-

3

-

Education

-

31

-

Building Type
House

Table 3.2
Locations of people in the model. Note that for the daytime case nearly 4000 working-age people
are assumed to have commuted out of Te Tumu for work.

Residential
Density

Occupants
Night

Occupants

low

7724

2275

House (Twin-Unit)

medium

6413

1918

Retirement (Twin-Unit)

medium

1109

682

Mixed-Use

High

3194

4031

Apartment Block

High

790

261

Rest-home & Hospital

-

552

450

Education

-

35

3436

Outdoors

-

196

3159

Total Numbers

-

20,013

16,212

Building Type
House

Day

Five types of educational facility were provided: pre-school, primary, intermediate and high
school, and tertiary. Locations and sizes of the buildings were as follows: tertiary – one
building of 3800 m2 located near the south-western end of Te Tumu, secondary/ intermediate
– six buildings of 3400 m2 located in a row near the western end of Te Tumu, and combined
primary plus pre-school complexes – three evenly spaced within Te Tumu. Each complex
comprised four buildings of 1100m2 for primary use plus four buildings of 750m2 for preschool use. The tertiary and secondary/intermediate buildings were all of three-storey
reinforced concrete construction, and all others were of single-storey timber construction.
A single rest-home facility was sited near the southern edge of Te Tumu adjacent to the
central refuge area. It consisted of three two-storey buildings each of about 8,000m2, to
house 487 rest-home occupants, 21 hospital patients and 51 staff.
There were no large industrial or retail buildings in the model.

24

GNS Science Consultancy Report 2012/291

Confidential 2012

Figure 3.1 shows the basic layout of the buildings. It is just one of many possible layouts,
with the main reasons behind this particular scheme being as follows:
•

Buildings of three or more storeys were located away from the refuge areas because
they can be regarded as vertical evacuation sites, if constructed for that purpose (these
include apartment, mixed-use, tertiary and secondary/intermediate uses),

•

Pre-school and primary school buildings were located close to the refuge areas and/or
in places expected to see water depths below 0.5 m,

•

Retirement Villages were located close to the refuge areas,

•

Apartment and mixed-use buildings were located along the northern boundary of Te
Tumu so that the residents of upper floors could have a sea view, and

•

Buildings were excluded from places experiencing water depths of 2 or more metres.

Figure 3.1

3.2

Layout of Te Tumu showing areas of housing (shaded) and individual large buildings.

OPEN SPACES

At any time of the day some people are indoors or outdoors at their places of work, some are
indoors at home, and some are outdoors at home. For the purposes of our model, “work”
means “not at home”, and so includes students, shoppers, hospital patients etc. Two
scenarios were used for the modelling, day-time and night-time, with the percentages of
people in various places being as listed in Table 3.3. The percentages were taken from a
model developed for New Zealand (Cousins 2010, Spence et al. 1998). For simplicity,
“outdoors people” were placed on the ground adjacent to buildings e.g. footpaths, house
sections, car-parks.
Table 3.3

Locations of people for day-time and night-time scenarios.

Time of day

Indoors at Work (%)

Indoors at Home (%)

Workday (11 a.m.)

58

22

20

Night-time (2 a.m.)

4

95

1
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3.3

CASUALTY RATES

Based on data from historical tsunami (Berryman 2005, Cousins et al. 2007a, 2007b, Reese
et al. 2007, Saunders 2006), we have developed very simple models for rates of death and
injury to people overwhelmed by tsunami. The models are
Death rate (% of people exposed) = 4 x water depth (m)
Injury rate (% of survivors) = 4 x water depth (m)
The models are illustrated in Figures 3.2 and 3.3, noting that in both plots the casualty rates
are expressed as percentages of the total population exposed. The match with the data is as
good as can be expected.

Tsunami Death Rate

50%
40%
30%
20%
10%
0%
0

Figure 3.2

5
Water Depth (m)

10

Rates of death observed in tsunami, data (points) and model (solid line).

Tsunami Injury Rate

50%
40%
30%
20%
10%
0%
0

Figure 3.3

5
Water Depth (m)

10

Rates of injury observed in tsunami, data (points) and model (dashed line).

Tables 3.4 and 3.5 summarise the exposure and death rate information for the Te Tumu
model. Table 3.4 considers just people on the ground floors of buildings, at night. Most, 59%
are exposed to zero or low depths of water (less than 200mm). Only 8 % are expected to
experience high levels of water (1m to 2m). Because no buildings are expected to be
inundated to a depth greater than 2m, and well-constructed buildings of two or more storeys
should not collapse at depths of up to 2m, all 7371 people located in floors above the ground
floor, 37% of all people in Te Tumu, should not be exposed to any water. Table 3.5 takes this
into account.
In the modelling that follows we did not assume that all buildings of two or more storeys
would be used as vertical evacuation structures. Only the high-rise apartments and the threestorey mixed-use buildings were assumed to be designed and used for that purpose. Twostorey houses were excluded as evacuation structures because they would not meet the
height criteria given in Section 4.2.2, unless people evacuated to the roofs. The three-storey
intermediate, secondary and tertiary education buildings were not used as evacuation
structures in the present modelling, but could be if overall evacuation numbers are too high.
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Table 3.4

Water depth exposures for people on the ground floors of buildings at night.

Depth above
Ground Floor (m)

Table 3.5

3.4

Occupants on Ground Floor
Death Rates
Number

Percent

0

4862

39%

0

0 to 0.2

2489

20

0 to 0.8%

0.2 to 0.5

2667

21

0.8 to 2%

0.5 to 1

1473

12

2 to 4%

1 to 2

955

8

4 to 8%

Water depth exposures for people on all floors of buildings at night.

All Occupants

Depth above
Floor (m)

Number

Percent

0

12,233

62%

0

0 to 0.2

2489

13

0 to 0.8%

0.2 to 0.5

2667

13

0.8 to 2%

0.5 to 1

1473

7

2 to 4%

1 to 2

955

5

4 to 8%

Death Rates

CASUALTY ESTIMATES

There were three basic steps in the loss modelling, (a) the tsunami modelling as described
above in Section 2 was used to estimate water depths for every building and person location
in the assets model, (b) the casualty rates were calculated using the functions illustrated in
Figures 3.2 and 3.3, (c) the casualty rates were combined with a random number, generated
using Excel’s in-built random number function, to determine whether a particular person was
killed or injured, and (d) the modelling was carried out for six levels of evacuation ranging
from 0% to 90%.
The annual probabilities of death or injury for individuals were obtained by dividing the
numbers of deaths or injuries by the populations exposed the computed return period for the
scenario (610 years). Detailed tables of casualties and individual probabilities of death are
given in Appendix 2, with key results being provided below in Tables 3.6 to 3.10 and Figures
3.4 to 3.7.
Table 3.6 lists the expected numbers of deaths in the various categories of building, for a
night-time situation. Table 3.7 gives the individual annual probabilities of death. Both tables
provide results for various levels of evacuation. Tables 3.8 and 3.9 provide similar
information for a daytime situation. Results shaded in green represent acceptable levels of
annual individual risk, based on the risk levels in Taig et al. (2012). Table 3.10 covers people
outdoors.
Figures 3.5 to 3.8 illustrate the same results, aggregated into two categories, normal (low,
medium and high density residential) and sensitive (retirement villages and resthome/hospital). Education is regarded as sensitive (acceptable risk 1 x 10-6 per annum)
during the day when pupils are present and normal (1 x 10-5 per annum) at night when only
“normal risk” people (e.g. cleaners, security guards, and staff) are expected to be present.
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Houses
Low-dens.

Houses
Med-dens.

Retirement

Mixed-Use

Apartment

Rest/Hosp.

Education

Table 3.6
Estimated numbers of deaths for people in buildings – NIGHT-TIME. Numbers of occupants before
evacuation are also provided.

0%

72

50

11

1

1

1

0

30%

52

38

8

0

0

1

0

50%

38

26

5

0

0

0

0

70%

21

16

4

0

0

0

0

80%

15

11

2

0

0

0

0

90%

6

5

1

0

0

0

0

100%

0

0

0

0

0

0

0

7724

6413

1109

3194

790

552

35

1.5 x 10

-5

1.1 x 10

-5

8.1 x 10

-6

4.5 x 10

-6

3.2 x 10

-6

90%

1.3 x 10

-6

100%

0

0%
30%
50%
70%
80%

1.3 x 10

-5

9.7 x 10

-6

6.6 x 10

-6

4.1 x 10

-6

2.8 x 10

-6

1.3 x 10

-6

0

1.6 x 10

-5

1.2 x 10

-5

0

7.4 x 10

-6

5.9 x 10

-6

3.0 x 10

-6

1.5 x 10

-6

0

3.0 x 10

-6

0

0

3.0 x 10

-6

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

5 x 10

-7

2.1 x 10

-6

Education

Rest/Hosp.

Apartment

Mixed-Use

Evacuation
Level

Estimated annual individual death rates for people in buildings – NIGHT-TIME.

Retirement

Table 3.7

Houses
Med-dens.

Occupants

Houses
Low-dens.

Evacuation
Level

Houses
Low-dens.

Houses
Med-dens.

Retirement

Mixed-Use

Apartment

Rest/Hosp.

Education

Table 3.8
Estimated numbers of deaths for people in buildings – DAYTIME. Numbers of occupants before
evacuation are also provided.

0%

21

15

8

40

0

1

5

30%

15

11

4

27

0

1

3

50%

11

7

3

18

0

0

3

70%

7

4

2

12

0

0

1

80%

4

3

1

7

0

0

1

90%

3

1

1

5

0

0

1

100%

0

0

0

0

0

0

0

2275

1918

682

4031

261

450

3436

Evacuation
Level

Occupants
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Education

Rest/Hosp.

Apartment

Mixed-Use

Houses
Med-dens.

Evacuation
Level

Retirement

Estimated annual individual death rates for people in buildings – DAYTIME.

Houses
Low-dens.

Table 3.9

0%

1.5 x 10

-5

1.3 x 10

-5

1.6 x 10

-5

1.6 x 10

-5

0

3.6 x 10

-6

2.4 x 10

-6

30%

1.1 x 10

-5

9.4 x 10

-6

9.6 x 10

-6

1.1 x 10

-5

0

3.6 x 10

-6

1.4 x 10

-6

50%

7.9 x 10

-6

6.0 x 10

-6

7.2 x 10

-6

7.3 x 10

-6

0

0

1.4 x 10

-6

70%

5.0 x 10

-6

3.4 x 10

-6

4.8 x 10

-6

4.9 x 10

-6

0

0

5 x 10

-7

80%

2.9 x 10

-6

2.6 x 10

-6

2.4 x 10

-6

2.8 x 10

-6

0

0

5 x 10

-7

90%

2.2 x 10

-6

9 x 10

2.4 x 10

-6

2.0 x 10

-6

0

0

5 x 10

-7

100%

0

0

0

-7

0

0

0

0

Table 3.10 Estimated numbers of deaths and annual individual death rates for people outdoors. Numbers of
people before evacuation are also provided.

Evacuation
Level

Daytime

Night-time

Daytime

0%

63

4

3.3 x 10

-5

3.3 x 10

-5

30%

46

4

2.4 x 10

-5

3.3 x 10

-5

50%

33

2

1.7 x 10

-5

1.7 x 10

-5

70%

19

2

9.9 x 10

-6

1.7 x 10

-5

80%

13

1

6.7 x 10

-6

8.4 x 10

-6

90%

7

0

3.6 x 10

-6

100%

0

0

0

0

3159

196

-

-

Number

Night-time

0

140
Houses + Apartments + Mixed-use + Education

Number of Deaths

120

Retirement Village + Rest-home/Hospital

100
80
60
40
20
0
0%

Figure 3.4

20%

40%
60%
Percentage evacuation

80%

100%

Estimated numbers of deaths for people in buildings – NIGHT-TIME.
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Annual Probability of Death

1.6E-05
Houses + Apartments + Mixed-use + Education

1.4E-05

Retirement Village + Rest-home/Hospital
1.2E-05
1.0E-05
8.0E-06
6.0E-06
4.0E-06
2.0E-06
0.0E+00
0%

20%

40%

60%

80%

100%

Percentage evacuation

Figure 3.5

Estimated annual individual death rates for people in buildings – NIGHT-TIME.
140
Houses + Apartments + Mixed-use

Number of Deaths

120

Retirement Village + Rest/Hosp. + Education

100
80
60
40
20
0
0%

Figure 3.6

20%

40%
60%
Percentage evacuation

80%

100%

Estimated numbers of deaths for people in buildings – DAYTIME.

Annual Probability of Death

1.6E-05
Houses + Apartments + Mixed-use

1.4E-05

Retirement Village + Rest/Hosp. + Education
1.2E-05
1.0E-05
8.0E-06
6.0E-06
4.0E-06
2.0E-06
0.0E+00
0%

20%

40%

60%

80%

100%

Percentage evacuation

Figure 3.7

30

Estimated annual individual death rates for people in buildings – DAYTIME.

GNS Science Consultancy Report 2012/291

Confidential 2012

3.5

LEVELS OF EVACUATION NEEDED FOR ACCEPTABLE RISK

From the results presented above in Tables 3.7 and 3.9 we estimated the precise percentage
levels of evacuation needed to give acceptable levels of risk by interpolating between the
results in (vertically) adjacent green-shaded (acceptable) and white-shaded (tolerable and
intolerable risk levels) cells. This was done for each building class, and for night-time and
daytime distributions of people. Note that before the interpolation the outdoors people were
added to the indoors numbers, for each building type, so that all people could be accounted
for. A final run of the model using the evacuation levels of Table 3.11 confirmed that
acceptable levels of risk were achieved. Finally, the resulting percentages were multiplied by
the numbers of people in and near the buildings to give the numbers of people requiring
evacuation.
Table 3.11

Levels of evacuation required to achieve acceptable levels of risk.

Building Type

Acceptable
Risk Level

Night-time

Daytime

Percent

Number

Percent

Number

Houses (low-density)

1 x 10

-5

37

2879

37

1043

Houses (medium-density)

1 x 10

-5

27

1762

27

648

Retirement

1 x 10

-6

100

1120

100

847

Mixed-Use

1 x 10

-5

0

0

35

1767

Apartment Block

1 x 10

-5

0

0

0

0

1 x 10

-6

50

279

50

280

0

0

59

2518

30

6040

44

7013

Rest-home & Hospital

-6

Education
Totals

1 x 10 (day)
-5

1 x 10 (night)
-

When considering the evacuation rates above, it is important to note that the travel time for
the modelled scenario tsunami is 50 minutes. This travel time is relatively short and there is
unlikely to be sufficient time for an official warning to be issued. Conversely, and perversely,
this travel time is sufficiently long that some people may return to their homes, after initially
evacuating, as they may consider that sufficient time had passed for a tsunami to arrive. In
Saunders (2006), this time period is considered to present a blindspot in regards to achieving
high rates of tsunami evacuation. Saunders (2006) identifies numerous factors that can affect
the evacuation rates achieved during this blindspot, including:
•

Public awareness

•

Whether the earthquake is felt strongly by the population at risk

•

The time of day; and

•

The travel time of the tsunami.

To assist with achieving higher evacuation rates, and an acceptable level of risk for Te
Tumu, it is important that a collaborative approach using both land use planning and
emergency management tools (including the education of the community) are implemented.
Sections 4.1 and 4.2 identifies potential land use planning and emergency management
tools, specific to the provision of vertical evacuation refuges that need to be considered.
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In the above modelling we assumed that high-rise apartment blocks and three-storey mixeduse buildings would be designed and used as vertical evacuation structures. Together they
provided refuge for 1380 people during a working day and nearly 4000 people at night. Only
the normal occupants of the buildings were assumed to be present during the tsunami.
There were also some three-storey education buildings in the model that were not used for
vertical evacuation in the modelling, but which in principle could have been if suitably
designed and there was a need for additional evacuation space. The normal school-day
numbers of pupils and teachers of those buildings totalled 2180, of whom nearly 1300 (59%)
were assumed to evacuate so as to reduce death numbers in educational buildings to an
acceptable level.

3.6

RISK METHODOLOGY AND THE ASSOCIATED BUILDING RISK

The methodology used to determine the level of risk is detailed in Beban et al. (2012) and
Appendix 1. The calculation of the risk levels undertaken in this report is consistent with the
methodology used in Beban et al. (2012) with the following exceptions:
•

The levels of risk have been calculated using the following equation: Risk =
(consequences x likelihood) - mitigation. The inclusion of mitigation into this equation
allows for the consideration of evacuation. The previous Beban et al. (2012) report,
assumed that no evacuation (and therefore mitigation) had occurred.

•

For the purposes of this report, the acceptable risk level for deaths and injuries for
general property will be 1 x 10-5, per annum and for sensitive uses i.e. hospitals,
schools and retirement villages, will be 1 x 10-6 per annum. These risk levels are based
on the risk levels in Taig et al. (2012) which are considered to represent the latest
thinking on acceptable risk for natural hazards. Taig et al. (2012) investigates potential
risk levels from rockfall in Christchurch and provides guidance on risk thresholds. This
report was made publicly available after the completion of the Beban et al. (2012)
report, hence the change in the acceptable risk thresholds used in this report. The
economic damage risk thresholds will be the same as those used in Beban et al.
(2012).

The building damage resulting from the modelled tsunami scenario is detailed in Table 3.12.
Table 3.12

Estimated costs of damage to buildings.
Replacement Value ($m)

3,711

Repair Cost ($m)

375

Repair Cost (%)

10%

Using the risk based methodology, the overall building damage risk using the values in Table
3.12 can be considered to be acceptable. This is consistent with the risk levels sought under
the Proposed Bay of Plenty Regional Policy Statement for new development.
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3.6.1

Limitations to the risk-based approach

There are several limitations associated with the risk based approach undertaken in this
section of the report.
The building damage consequences and likelihood tables used in this report are preliminary
and are still under development as part of a separate project that is creating a risk-based
toolkit. The final standardised building damage consequence and likelihood thresholds may
change at the completion of this project, and are likely to include thresholds for percentage of
building damage. Any changes to the standardised building damage and likelihood
thresholds may change the risk levels calculated within this report. However, the
methodology used in this report will remain the same.
The building damage consequence thresholds used and the results calculated in Table 3.12
do not differentiate between the different types of buildings that could be damaged. These
results simply determine the monetary value of the building damage. Damage to different
buildings will have different acceptability in terms of risk. For example, damage to
warehousing is likely to be more acceptable than the loss of buildings which house critical
facilities (for example a hospital), where the risk is likely to be considered intolerable.
The building damage consequences are also based on monetary value and do not consider
the percentage of buildings damaged in a community. Given the variability of monetary
values of buildings across the country and across different communities, it is important that
the percentage of building damage is also considered. Currently, the risk-based tool kit
project is exploring potential percentage thresholds which may be applicable for building
damage. However, if the Bay of Plenty Regional Council were to determine their own
consequence thresholds for building damage, they could use the methodology detailed in
this report, to reassess the levels of building risk.
The building damage thresholds used were originally designed to assess building damage
across a district or region, not necessary at a suburb level. The building damage used to
determine building risk only looks at the building damage in one suburb. As such, the
building consequence value thresholds detailed in the methodology in Beban et al (2012 and
Appendix 1) may be overstated relative to the size of the communities being assessed.
The level of risk thresholds used may not necessary reflect the desired level of risk which the
Bay of Plenty communities are willing to accept. Ideally, consultation should be undertaken
with the local communities so that the health, safety, and building damage risk thresholds
can be formulated which reflect the desires of the local population. These levels may be
different than those used within this assessment and could lead to differing conclusions
about whether the risks associated with the proposal are acceptable, tolerable or intolerable.
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4.0

IMPLICATIONS OF RISK ON LAND USE PLANNING

Figure 4.1 identifies the seven planning principles that need to be taken into account when
planning for a tsunami (National Tsunami Hazard Mitigation Program 2001). These principles
are:
1.

Know your community’s tsunami risk: hazard, vulnerability and exposure;

2.

Avoid new development in tsunami run-up areas to minimize future tsunami losses;

3.

Locate and configure new development that occurs in tsunami run-up areas to
minimise future tsunami losses;

4.

Design and construct new buildings to minimise tsunami damage;

5.

Protect existing development from tsunami losses through redevelopment, retrofit, and
land reuse plans and projects;

6.

Take special precautions in locating and designing infrastructure and critical facilities to
minimise tsunami damage; and

7.

Plan for evacuation.

Figure 4.1
Seven principles for planning and designing for tsunami hazards in Hilo, Hawaii (adapted from
National Tsunami Hazard Mitigation Program 2001, p27).

Sections 2 and 3 have already addressed the first principle for planning and designing for
tsunami hazard as they have identified the risk to Te Tumu. Principles 2, 3, 4, 6 and 7 will be
discussed in the context of land use planning and considerations that must be given when
designing and locating vertical evacuation refuges. It is considered the principle 5 is not
relevant to Te Tumu as there is currently no development that requires a change of land use.
While the focus of this report is tsunami, when discussing and considering options for land
use planning and emergency management, consideration must also be given to other
hazards that could affect Te Tumu. For example flooding and climate changes impacts. The
modelling undertaken in this report has made no allowance for sea-level rise.
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4.1

LAND

USE PLANNING
EVACUATION

IMPLICATIONS

FOR

ACHIEVING

SUITABLE

VERTICAL

As identified in Section 3, in order to achieve an acceptable level of health and safety risk
based on the thresholds used in this report, at least 6000 people (for a night-time event) and
7000 people (daytime event) need to be able to access vertical evacuation refuges within 50
minutes of the earthquake. This number is not spread evenly over the differing land uses as
detailed in Table 3.11. In particular, to achieve an acceptable health and safety risk for the
sensitive uses (retirement villages, resthomes, educational facilities and hospitals),
evacuation rates of between 50% and 100% are required. To assist with achieving these
high levels of evacuation, it is important that Te Tumu is designed in a manner that facilitates
this level of evacuation. This primarily relates to the use of zoning tools and design controls
for subdivisions.
4.1.1

Zoning Tools

District plan zones can be used to prevent or minimise new development in hazardous areas
or to encourage development forms in strategic locations that could assist with vertical
evacuation and post tsunami recovery. Figures 2.6 – 2.9 demonstrate that large areas of Te
Tumu could be inundated by the modelled scenario. It is therefore important that the future
development form of Te Tumu recognises and addresses the tsunami hazard. One way this
could be addressed is that zoning could be used to limit the density or form of development
in the areas most at risk from tsunami inundation (i.e where the water depths are at their
greatest). For example, the land along the Te Tumu beach front and alongside areas of the
Kaituna River may be zoned for recreational purposes. This zoning would ensure there is a
very low level of development in these areas, thereby reducing the potential consequences
from a tsunami.
Zoning can also be used to ensure that facilities that would reduce the consequences, or
improve the emergency response following a tsunami, are appropriately located. This can be
achieved by making high occupancy activities (for example retirement homes, childcare
centres, schools) or facilities that have a post disaster role (for example emergency
management centres, medical centres and key infrastructure) a permitted activity in the
areas of Te Tumu with a lower tsunami risk. Conversely, these activities could be noncomplying or prohibited activities in the areas where the water depths are greater.
Zoning can also be used to ensure that activities with sensitive uses i.e. hospitals, schools
and retirement villages, which often have high densities of vulnerable people, are
encouraged to be located in close proximity to vertical evacuation refuges or in buildings
designed to provide vertical evacuation. The tsunami modelled in this scenario arrives at
Te Tumu approximately 50 minutes after fault rupture. Using the FEMA (2008) guidelines, it
estimates that someone who has impaired mobility (such as retirement village occupants)
has the ability to travel at 2 miles per hour (3.2km/hr). Using this scenario, people would only
be able to travel 2.67km before the tsunami arrived. However, the FEMA (2008) guidelines
recognise that increased travel times may need to be considered to take into account matters
such as lost time associated with organising people to evacuate, reduced travel speeds due
to damage from earthquakes and people who do not have the ability to travel at this speed
(patients who are bedbound, or suffer from a psychological illness such as dementia). On
this basis, it would be prudent that zoning tools are used to ensure that the sensitive uses
are as closely located to vertical evacuation refuges as possible, to ensure that a maximum
level of evacuation is achieved.
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Zoning can also be used to create rules for new development in Te Tumu. These rules could
cover a variety of factors including minimum floor heights; controlling the location of
buildings, requiring specific construction design of vertical evacuation structures; and limiting
certain activities in the high hazard areas. These approaches to controlling natural hazards
are relatively standard across the country and are commonly used for flood and fault
hazards. However, given the need for vertical evacuation refuges in Te Tumu, rules can be
used as a way to require the development and construction of these vertical evacuation
refuges. Two potential options for the provision of vertical evacuation refuges are discussed
below:
•

The use of a bonus system; and

•

Using the financial contributions provisions to reduce the risk.

A bonus rule system would allow a developer to undertake a more intensive development
than provided for, if as part of the development, they provide services at their expense which
have a social benefit. These rules are sometimes used in central business districts as a way
to promote activities that have a social good (such as publicly accessible areas). While we
are not aware of any examples where these bonus system rules are used in a natural hazard
context, they have the potential to be used as a way to encourage the development of
vertical evacuation refuges. In particularly, a rule may allow for a building to be two or three
storeys higher than what is normally permitted, providing one of the upper storeys is
designed and designated as a vertical evacuation refuge. This is not to say that this floor is to
remain vacant for the life of the building. Rather, this storey could be designed in such a way
that it can provide a space for normal use and be used to house a large number of people in
an evacuation with minimal preparation, for example, open plan areas such as a dance
studio or auditorium.
If a bonus rule system was considered as a way to provide for vertical evacuation, then the
following matters (discussed further in Section 4.2 as requirements for any vertical
evacuation refuge) would need to be considered:
•

How would the public be aware of the refuge and how can access at all times be
ensured?

•

What would the capacity of the facility be? The FEMA (2008) guidelines recommend
that at least 1m2 is allocated per occupant while in use as a refuge. Welfare provisions
should be provided on site for people to be able to spend two days or more at the
refuge.

•

Consideration will need to be given so that a bonus rule system would be developed to
decrease the risk to the local community. For example, it may not be prudent to allow
for an increased density of single storey wooden dwellings over an area, on the basis
that a vertical evacuation refuge is provided.

Section 108 (2) (a) of the Resource Management Act 1991 allows Councils to set conditions
of consent that require an applicant to make a financial contribution. Section 108 (9) defines
financial contribution to include:
•

Monetary;

•

Land, including an esplanade reserve or esplanade strip; or

•

A combination of money and land.
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A common approach by many councils around the country is to take a financial contribution
at the time of a subdivision. There is the opportunity for councils to use the financial
contribution process to reduce the tsunami hazard to the Te Tumu community as well as
using this tool in a broader context across other suburbs that at risk from a tsunami. The
financial contributions could be a combination of land and money, which could then be used
to create vertical evacuation refuges. These financial contributions could be waived
(particularly the payment of money), if the developer vests land in high hazard areas as
reserve, and constructs appropriate vertical evacuation refuges (such as engineered earth
berms), in other areas of the suburb. This approach has the benefit of the developer being
responsible for the costs of installing appropriate vertical evacuation refuges that will benefit
the entire community, and assist with offsetting the environmental effects associated with the
development. However, to achieve this outcome, the rules of the district plan would have to
be written in a manner that would allow for this approach. Section 108 (10) of the Resource
Management Act 1991 identifies that a financial contribution can only be taken if:
•

The condition is imposed in accordance with the purposes specified in the plan or
proposed plan (including the purpose of ensuring positive effects on the environment to
offset any adverse effect); and

•

The level of contribution is determined in the manner described in the plan or proposed plan.

If using the financial contribution approach was considered as a way to provide for vertical
evacuation, then the following matters (discussed further in section 4.2 as requirements for
any vertical evacuation refuge) would need to be considered:
•

Are the vertical evacuation refuges being located in place that is appropriate in the
context of the wider evacuation plan and can they be easily accessed by the
community?

•

How would the public be aware of the refuge and how can access at all times be
ensured?

•

Is it appropriate that all reserve land is provided in high hazard areas or in areas where
a need for vertical evacuation refuges has been identified? How will reserve land in
other areas of Te Tumu be provided?

•

Will the total amount of land in the hazard areas, combined with the land required for
vertical evacuation, result in greater costs to the developer than the expected level of
financial contribution? If so, will Council consider purchasing some of the reserve land
from the developer to assist with offsetting these costs?

•

What would the capacity of the facility be? The FEMA (2008) guidelines recommend that
at least 1m2 is allocated per occupant while in use as a refuge. Welfare provisions should
be provided on site for people to be able to spend two days or more at the refuge.

Zoning can also be used to protect natural features that have the potential to reduce the
consequences from a tsunami. For the Te Tumu coastline, the primary natural feature that
could be protected is the dune systems located along the beach frontage. Although these
dune systems are overtopped by the modelled scenario, the modelling in Beban et al. (2012)
demonstrated that these dunes can help prevent inundation in the smaller tsunami events.
While it is recognised that there is uncertainty regarding the level of erosion of the dunes,
coastal sand dune systems and vegetation have been demonstrated to be effective in
alleviating tsunami impacts further inland (Rajani Priya et al. 2010; Harada and Imamura,
2005). As such, the protection of the dune systems along the Te Tumu beach frontage
should be considered as part of the rezoning of this area for development.
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4.1.2

Subdivision control and design

The subdivision design and layout of Te Tumu will be an important factor in determining the
access to vertical evacuation refuges. The roading and pedestrian access system will need
to be designed to allow for easy and quick access to vertical evacuation refuges and would
need to be a sufficient width to ensure public access and to aid with timely evacuation.
Roads and pathways should be designed so that they cannot be cut off (e.g. by flooding or
damaged buildings), thereby leaving people isolated (Beban et al. 2012). Roads can also be
designed to ensure that in the event of an emergency they are able to be converted to a oneway system, away from the hazard and leading to safe ground.
As part of any subdivision application, the provisions of section 106 (1) (a) and (b) must be
considered. Section 106 (1) (a) and (b) states:
•

A consent authority may refuse to grant a subdivision consent, or may grant a
subdivision consent subject to conditions, if it considers that—
a)

the land in respect of which a consent is sought, or any structure on the land, is
or is likely to be subject to material damage by erosion, falling debris,
subsidence, slippage, or inundation from any source; or

b)

any subsequent use that is likely to be made of the land is likely to accelerate,
worsen, or result in material damage to the land, other land, or structure by
erosion, falling debris, subsidence, slippage, or inundation from any source.

Section 106 clearly requires the consideration of inundation from any source, which, in our
opinion, includes the inundation from a tsunami. This means that if sufficient zoning rules did
not exist at time of subdivision for the consideration of the tsunami hazard, the Council could
use the provisions of section 106 to impose conditions on any consent in order to mitigate
the risk from the tsunami hazard. Such conditions may pertain to factors such requiring the
construction of vertical evacuation refuges and specifying their location, size, and design,
controlling roading and pedestrian layout and access to the refuges, the installation of
signage, the location of activities, the development form of future buildings, protection and
restoration of natural features, and building platform levels.
4.1.3

Development Contributions under the Local Government Act 2002

Development contributions under the Local Government Act 2002 are different than financial
contributions under the Resource Management Act 1991. Development contributions can be
used to fund three purposes, community infrastructure, network infrastructure and reserves.
Under the Local Government Act 2002, community infrastructure is defined as:
a)

land, or development assets on land, owned or controlled by the territorial
authority to provide public amenities; and

b)

includes land that the territorial authority will acquire for that purpose.

There is an argument that the development of vertical evacuation refuges (particularly if they
have a secondary use such as a recreational facility) could fall into the definition of
community infrastructure. This means that the Council could levy a fee against new
development to pay for the provision of vertical evacuation refuges. In order to be able to
charge a development contribution for this purpose, Council would have to identify the need
to fund vertical evacuation refuges in their development contributions policy. This would
include an explanation of, and justification for, the way each development contribution in the
policy is calculated.
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Given that Te Tumu is yet to be developed, it is considered that a mix of financial and
development contributions would be the most appropriate way to ensure vertical evacuation
refuges are developed. The financial contributions provisions of the Resource Management
Act 1991 should be used at the time of the development of Te Tumu, as the vesting of
reserve land in Council, and the development of vertical evacuation refuges are direct
mitigation measures to reduce the natural hazard effects associated with the development.
However, once Te Tumu has been developed, it may be more appropriate to apply a
development contributions policy. This would mean that individual developments that
progressively increase the population of the community (i.e. small infill subdivisions or multiunit housing developments) fund the need for further vertical evacuation refuges to
accommodate these additional people. This approach would remove the potential costs from
the wider community and would instead impose them on the people who are increasing the
population at risk and who are most likely to benefit from the provision of vertical evacuation
refuges. This development contributions approach also has the benefit of being able to be
implemented in existing developed suburbs that may be at risk from tsunami inundation (or
other natural hazard). However, legal advice may be required ensure that this approach can
be used to reduce the risks to existing communities from natural hazards.
4.1.4

Coastal Defence Systems

In addition to design controls for subdivisions, future developers may consider the use of
coastal defence systems to reduce the amount of inundation experienced from a tsunami at
Te Tumu. Hard coastal defences are a common feature of the Japanese coastline, and at a
given location may include a combination of offshore breakwaters, groynes, seawalls (at the
shoreline, or further inland), concrete revetments and river-mouth flood gates (Fraser et al.
2012a). The New Zealand Coastal Policy Statement does not generally support the use of
hard coastal defences as a mitigation option for tsunami, and therefore they are unlikely to
form part of the development works for Te Tumu.

4.2

VERTICAL EVACUATION STRATEGY REQUIREMENTS

Provision of vertical evacuation requires careful planning of an entire evacuation strategy, not
just of individual refuges. This must encompass implementation of structural requirements,
appropriate siting of refuges within a network of evacuation routes, designation of normal use
of, and emergency access to, refuges, signage, and provision of education and
preparedness activities pertaining to the strategy. Several documents published in the United
States and in Japan provide guidance on these issues (Cabinet Office Government of Japan,
2005; FEMA, 2008, 2009) and a recent GNS Science scoping study sought to address the
requirements of vertical evacuation in New Zealand and how such refuges should be
considered with respect to relevant legislation (Leonard et al. 2011). This report draws on
international vertical evacuation guidelines as recommended by Leonard et al. (2011), and
benefits from recent insight into the use of vertical evacuation buildings during the March
2011 Great East Japan tsunami, which demonstrated the life-saving value of such a strategy
(Fraser et al. 2012a, 2012b, 2012c).
4.2.1

Tsunami Resistant Construction

Tsunami-resistant construction is necessary for all vertical evacuation refuges. Currently
available guidelines focus on construction of buildings, but these concepts should also be
applied to the construction and reinforcement of areas of (natural or artificial) high ground
serving as refuges within the inundation zone. A refuge must be constructed to resist the
range of forces associated with tsunami flow (impulsive, hydrostatic, hydrodynamic, uplift,
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buoyant), entrained objects (debris impact, debris damming) and additional gravity loads on
flooded storeys of buildings, for which calculations are available in FEMA (2008). However,
the guideline acknowledges that these calculations are largely based on existing U.S. codes
and standards for riverine flooding, and that tsunami loads are much more significant than
those associated with riverine flooding. In addition, there are limitations in the accuracy of
estimating tsunami flow depth and velocity from numerical models. To account for
uncertainty in flow depth and velocity and the use of calculations based on riverine flow, the
tsunami inundation height value applied to loading calculations is the estimated maximum
tsunami inundation height plus 30%. Maximum inundation height is estimated by detailed
numerical modelling of the maximum credible tsunami. Despite the limitations above, this
guideline is the most comprehensive currently available for tsunami-resistant design and has
been validated experimentally as providing an appropriate upper bound of forces
(Lukkunaprasit, Thanasisathit, & Yeh, 2009).
Several basic design concepts are outlined as suitable for evacuation buildings by FEMA (2008):
1.

Strong building systems with reserve capacity to resist extreme forces;

2.

Open systems that allow water to flow through with minimal resistance;

3.

Ductile systems that resist extreme forces without failure; and

4.

Redundant systems that can experience partial failure without progressive collapse.

Additional consideration should be given to breakaway walls at the ground floor, and fire
resistance measures should be incorporated, due to the potential for combustible materials
to spread fire in the inundated area (Fraser et al. 2012a). Refuges should be capable of
performing their critical function following an earthquake, especially where there is potential
for a strong earthquake followed by local or regional tsunami i.e. not be compromised by
ground shaking.
The approach taken in Japan is to designate buildings for vertical evacuation, only if they are
reinforced concrete (RC) or composite steel-reinforced concrete construction and conform to
the latest (1981) Japanese building code seismic standards, while being able to withstand
tsunami loading appropriate to the expected inundation depth. All designated buildings
surveyed by Fraser et al. (2012a, 2012b) provided life safety in the event without specific
tsunami-resistant design features over and above seismic requirements, despite sustaining
damage from scour, debris impact and various tsunami wave forces. It would be expected
that any vertical evacuation building designated in New Zealand would conform to the latest
New Zealand seismic standards, thus providing a minimum level of resistance, but tsunami
resistance would be checked at the building consent stage (Leonard et al. 2011).
4.2.2

Vertical Evacuation Refuge Height

Sufficient height of refuge areas is vital for successful evacuation, whether it be an upper
storey in a building or an area of high ground. In the Great East Japan tsunami, many people
died at evacuation refuges believed to be at sufficient elevation above the maximum tsunami
height to be safe, but that became inundated in the event. This was primarily due to underestimation of the tsunami hazard, but illustrates the importance of assigning sufficient height
for safe refuge. Minimum design height of the safe refuge area should be equal to 1.3 times
the maximum estimated inundation height at the site, plus 3m (FEMA 2008). For example, a
site estimated to be inundated by 3m of water, the minimum design height would be 6.9m.
Estimated maximum inundation height should be based on the maximum credible tsunami
for the site.
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4.2.3

Vertical Evacuation Location

Appropriate siting of refuges is required to ensure that 1) there are enough refuges in the
inundation zone to satisfy evacuation demand, and 2) refuges are located such that all areas
of the evacuation zone are served by at least one refuge within the travel distance
achievable in the available evacuation time. This requires assessment of the vulnerable
population and their travel time to safe locations (either outside the evacuation zone or at
vertical evacuation refuges) using computer simulations of evacuation behaviour
and efficiency of travel on proposed evacuation routes. As the tsunami hazard, and need for
vertical evacuation, has been recognised ahead of development at Te Tumu, it would be
prudent to plan evacuation routes and refuges as part of the wider urban planning stage.
This would maximise the potential for achieving a successful evacuation plan, and could
serve as a model of resilient development for future developments elsewhere in
New Zealand and internationally.
FEMA (2008) guidelines recommend that a travel speed of 6.4 km/hr should be applied for a
non-mobility-impaired person and 3.2 km/hr for a mobility-impaired person. These are
equivalent to a slow running speed and slow walking speed used in travel time modelling by
Wood & Schmidtlein (2011). The mobility-impaired travel speed estimate is comparable with
that used by Cabinet Office Government of Japan (2005), although the maximum travel
speed used in Japan is a more conservative 4.7 km/hr (73% of the FEMA value). Using the
FEMA values, Te Tumu residents could be expected to travel 5.3 km and 2.65 km
respectively within the estimated available evacuation time of 50 minutes. Vertical evacuation
refuges in Te Tumu therefore should not be located more than 2.65 km from any given point
to allow mobility-impaired persons to get to the refuge, and should not be spaced any more
than 5.3 km apart. If this spacing is not achievable, then other methods could be sought to
ensure mobility-impaired people can reach more widely-spaced refuges, including locating
mobility-impaired populations close to a refuge.
Additional time taken for evacuees to recognise a natural or official warning, to make a
decision to evacuate and to mobilise should also be factored into evacuation modelling for
siting refuges, as should the potential for reduced travel speeds due to network disruption
(i.e. due to earthquake damage) and for special evacuation requirements of immobile
populations (e.g. immobile hospital patients). Travel speed estimates should also be reduced
for evacuation at night (Cabinet Office Government of Japan, 2005). Refuge spacing
distances quoted above should therefore be considered as a maximum spacing and sitespecific assessment and should be carried out as a part of a detailed siting assessment
including data on evacuation behaviour.
4.2.4

Vertical Evacuation Accessibility

Refuges should be freely accessible at any hour on any day, and be accessible to mobilityimpaired members of the community. Refuge access is an important issue to resolve during
discussions with developers and building owners about use of the site or building as an
evacuation refuge. For refuges on high ground, this can be achieved by placement of
ramped access where possible, with multiple access points around the refuge. Refuge
access should be free of obstructions such as stairs or locked gates. It is vital to ensure
access is available at all times to refuges that may be locked overnight or out of office hours.
Evacuation plans in Japan include access via external stairs or vehicle ramp (the most
commonly recorded access method); overnight security personnel who open doors for
evacuees or, due to normal building function, 24-hour staffing means the building is
accessible. Where these are not possible, there are examples of local residents acting as
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key holders to enable out-of-hours access, and building owners agreeing to the forcible
breaking of doors and windows to enable emergency access (Fraser et al. 2012a, 2012c).
4.2.5

Vertical Evacuation Capacity

The capacity of vertical evacuation refuges depends on the intended number of occupants,
duration of occupancy and the condition of occupants’ health. These factors will be
determined by the population of the Te Tumu community. Healthy, un-injured people seeking
refuge for a short time period require the least amount of floor area per occupant (FEMA,
2008). Vertical evacuation refuges designed for injured or sick occupants, or for long time
periods would require a greater floor area per person. In calculating the available space at a
refuge, FEMA (2008) recommends that usable floor area of a refuge is calculated at 50% to
85% of the Gross Floor Area. This measure is designed for buildings, therefore is dependent
on the floor use (i.e. having concentrated furnishings and fixed seating, or open plan areas
without fixed seating). A refuge on open ground would presumably have a usable floor area
similar to or exceeding 85% of Gross Floor Area, particularly if the normal use is as a
recreation area.
Capacity calculations should use a minimum of 1m2 per occupant based on hurricane and
tornado shelter standards (FEMA, 2008). For wheelchair users, this increases to 6.3m2 per
occupant and to 30m2 per occupant requiring a bed, e.g. hospital patients. These figures
assume short-term occupancy, and that evacuees would be moved to medium-term shelters
if unable to return home. If the vertical evacuation refuge was to be used to provide
accommodation on a long term basis (days to weeks) then the capacity of the structure
would be calculated on the basis of minimum 13m2 per occupant. FEMA (2008) recommends
that duration of refuge occupancy should be 8-12 hours, however, the outcomes of
interviews carried out in Japan by Fraser et al. (2012a, 2012c) indicate that evacuation
planning should consider that refuges may be in use for at least two days.
4.2.6

Evacuee Welfare

Evacuee welfare at refuges should comprise shelter, emergency communications, first aid
equipment, and food and water appropriate for its capacity for at least two days. Depending
on the normal function of the refuge, some or all of these may be available by default;
otherwise, these provisions should be stored at the safe refuge area to be kept above
inundation height for access in an evacuation. The most important welfare item identified
anecdotally in Japan was communications equipment, in case of medical emergency or need
for subsequent evacuation associated with the inundation (Fraser et al. 2012a, 2012c).
Provision of shelter is particularly important when considering a refuge on open ground.
4.2.7

Signage

Evacuation Signage, identifying routes and refuges, is necessary across the community to
direct people during an evacuation, and also serves as a means for public education and
awareness. Signage is required at frequent points along evacuation routes, on the outside of
a refuge to highlight the refuge function and to indicate access points and the internal route
to safe storeys. Signage and hazard information boards including evacuation maps are also
beneficial in areas with substantial tourist numbers to direct those who may be unfamiliar
with the area and its hazards. New Zealand has developed a national technical standard for
signage (MCDEM, 2008a), with guidance on the different signs to erect, including those for
vertical evacuation refuges. All signage should be consistent with this standard.
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4.2.8

Community Engagement

Community engagement in the development of a tsunami evacuation strategy is an excellent
way to enhance community ownership and awareness of the available routes and refuges,
and appropriate actions in the case of local tsunami. Recent excellent examples can be
found in the Wellington Blue Line project (Wellington City Council, 2011) and in the
community approach to vertical evacuation planning taken in the State of Washington, United
States (Project Safe Haven, 2011a, 2011b, 2012). In this project, the local community is
involved from the first stages of planning, by being involved through public workshops in
decisions on refuge location, type (building or high ground) and normal function, which allows
the refuge function to be tailored to the needs of the community. Design workshops are held
with community members describing their requirements, during which architects draw up
plans for the refuge. Community engagement should carried out in conjunction with
sustained tsunami education and evacuation training to build and maintain awareness of the
evacuation strategy and to ensure the community is aware of the appropriate warning
response and evacuation behaviour, such as immediate evacuation on foot and remaining at
the refuge until an official ‘all clear’ is given (MCDEM, 2008b) to help maximise successful
implementation of the vertical evacuation strategy.
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5.0

RECOMMENDATIONS

Based on the findings of this report, a variety of recommendations can be made to ensure
that the risk to life safety and consequences of a tsunami affecting Te Tumu can be reduced.
The recommendations are additional to the findings presented in Beban et al. (2012) and
need to be considered in conjunction the conclusion drawn on the Beban et al. (2012) report.
These recommendations are:
•

The preferred approach for evacuation is to remove people from the inundation zone,
as this removes people from the inundated area, ensuring that they are not stranded or
placed in further danger from the tsunami inundation and associated hazards. If this is
not possible, then vertical evacuation refuges should be considered.

•

If engineered earth berms, buildings or existing high areas are considered to be
appropriate vertical evacuation refuges, detailed tsunami modelling should be
undertaken that incorporates the final location and structure of these refuges to make
sure that they comply with the minimum height requirements as detailed in FEMA
(2008). This is due to vertical evacuation refuges having the ability to change
inundation flows, which can result in changes in water depths.

•

Detailed structural analysis should be undertaken in the design stage of any proposed
refuge. This analysis should address structural resistance to tsunami loading and
required height of the refuge applied according to FEMA (2008) calculations and on the
basis of inundation depth from the maximum credible tsunami that can affect Te Tumu.
In the modelling above it was also assumed that high-rise apartment blocks and threestorey mixed-use buildings would be designed and used as vertical evacuation
structures. There were also some three-storey education buildings in the model that
were not used for vertical evacuation in the modelling, but which could be if suitably
designed and there was a clear need for additional evacuation space.

•

This report shows that an acceptable level of risk can achieved for the Variation to the
Southern Kermadec Scenario. To achieve this level of risk, 6000 people are required to
be evacuated for a night-time event, and 7000 people for a daytime event, from a total
population of 20,000 people. Those people who do not evacuation are assumed to
remain in their respective buildings and be located above the ground floor. The
evacuation rates required to achieve an acceptable level of risk for the various land
uses are as follows:
Night time

Day time

-

Housing (low density)

37%

37%

-

Housing (medium density)

27%

27%

-

Retirement

100%

100%

-

Mixed-use

0%

35%

-

Apartment Block

0%

0%

-

Rest-home/hospital

50%

50%

-

Education

0

59%
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•

To achieve an acceptable level of risk, the zoning and final development form of Te
Tumu must recognises the tsunami hazard. Development in areas which have high
inundation depths should be avoided. The development pattern of Te Tumu also needs
to allow for direct, unimpeded access to the vertical evacuation refuges. This can be
achieved through including rules pertaining to the form, location and design of
development in the District Plan for Te Tumu.

•

Provision of vertical evacuation requires careful planning of an entire evacuation
strategy, not just of individual refuges. This must encompass implementation of
structural requirements, appropriate siting of refuges within a network of evacuation
routes, designation of, normal use of, and emergency access to, refuges, and provision
of education and preparedness activities pertaining to the strategy.

•

To ensure an acceptable level of risk is achieved for the tsunami hazard at Te Tumu, a
combination of land use planning and emergency management measures needs to be
implemented in a coordinated and collaborative manner. The risk would not be
appropriately addressed if only land use planning or only emergency management
measures were implemented as part of the development of Te Tumu. It is also
important to regularly review and monitor the implemented land use planning and
emergency measures to ensure that the intended risk reduction outcomes are being
achieved. This monitoring and reviewing program would also inform as to whether
changes are required to the land use planning or emergency management measures to
ensure that the intended risk reduction outcomes are achieved.
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APPENDIX 1: RISK-BASED APPROACH
This section will explain the risk-based approach which has been used to determine the
building damage risks associated with each scenario. Section 3 contains the annual levels of
risk of death to each individual of Te Tumu, for the various levels of evacuation. As
previously identified, these calculations have taken into account the number of deaths and
the annual likelihood of the scenario. Furthermore, the thresholds for the acceptable level of
risk were based on Taig et al. (2012). Given these factors, Figure A1.1 only identifies the
building damage consequence thresholds.
Severity of Impact
Catastrophic
5
Major
4
Moderate
3
Minor
2
Insignificant
1
Figure A 1.1

Buildings
> $10 billion

$1 – $10 billion

$100 - $1 billion

$10 - $100 million

< $10 million

Scale of impact and consequences (adapted from Saunders and Beban 2012).

The thresholds in Figure A1.1 and the calculated building damage in Table 3.12 do not
differentiate between the different types of buildings which could be damaged. Rather a
monetary value of the potential building damage from the modelled scenario has been
calculated. Damage to different buildings will have different acceptability in terms of risk. For
example, damage to warehousing is likely to be more acceptable than the loss of buildings
which contain critical facilities.
The thresholds detailed in Figure A1.1 are also based on monetary value. Monetary value of
buildings varies across the country and when determining the monetary value of damage, the
percentage of buildings damaged in a community are not taken into account. For example,
$100 million of damage on the West Coast of the South Island would mean a large
percentage of buildings in the respective communities had been damaged. The same value
of damage in Auckland however would represent a much smaller percentage of the city’s
building stock. Currently, the risk based toolkit project is exploring potential percentage
thresholds which may be applicable for building damage. However, if the Bay of Plenty
Regional Council were to determine its own consequence thresholds for building damage, it
could use the methodology detailed in this report to reassess the levels of building risk.
The above thresholds have also been determined to assess district/region wide damage.
This report looks at a single suburb. As such, the boundaries of the building damage value
thresholds may be overstated relative to the size of the community being assessed. Ideally
these thresholds would be used to assess the respective building risk to all of the suburbs in
the Bay of Plenty Region affected by the modelled scenario as opposed to the single suburb
assessed in this report.
GNS Science Consultancy Report 2012/291

53

Confidential 2012

A1.1

STEP 1

The first step of the risk based approach is to use the building damage figures for Te Tumu
(Table 3.12), to determine the relevant threshold bracket as per the consequence table
detailed in Figure A1.1. Depending on the relevant threshold for the building damage
consequence table, a corresponding number will be assigned. For example, if building
damage was $110 million it would be considered to be moderate and with a corresponding
number ‘3’. If another scenario resulted in $5 million damage it would be considered
insignificant and get a corresponding number of ‘1’.
Saunders (2012) recognises that natural hazards are unlikely to affect a community evenly,
with some areas suffering greater effects than others. This can lead to a disparity in the
consequences a community suffers, and can make it difficult to determine the level of risk
appropriate for an event. For example, a community may suffer no loss of life or serious
injuries from a tsunami, so therefore the health and safety consequences are insignificant or
minor. This same event however could destroy $11 billion of the buildings, so the building
damage consequences would be catastrophic. There are two approaches which can be
undertaken to address this disparity.
Saunders (2012) suggests that a ranking of consequences could be undertaken, where the
most severe consequence is taken as representing the severity of an event. Using the
aforementioned example, this would mean that the consequences would have a ranking of 4
(catastrophic) as this was the most severe consequence.

A1.2

STEP 2

Once the land use and consequences have been determined, the likelihood of each scenario
needs to be assessed. Figure A1.2 identifies the potential likelihood of an event. As with
consequences, there are five levels of likelihood, ranging from almost certain to rare.
Depending on the frequency of the scenario, a corresponding level number will be assigned.
For example, a scenario which has a return period of once every 500 years is considered to
be possible, and therefore has a ranking of “3”.

Figure A 1.2
54

Likelihood scale (Saunders and Beban 2012).
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STEP 3

A1.3

In order to take a risk-based approach, the consequences and likelihood need to be quantified
to provide a level of risk. To achieve this, a matrix can be used incorporating the relevant risk
level, expressed as a function of consequences multiplied by likelihood (Figure A1.3).
Consequences
Likelihood

1

4
3
2
1

Figure A 1.3

2

5
4
3
2
1

5

3

10
8
6
4
2

4

15
12
9
6
3

5

20
16
12
8
4

25
20
15
10
5

Quantifying consequences and likelihood (Saunders 2012).

The risk levels then need to be determined. Figure A1.4 shows how the risk levels were
determined from Figure A1.3. In practice, participation and associated debate would be required
within Council and with the community to determine the thresholds for the levels of risk.

Figure A 1.4

Risk

Level of risk

1-9

Acceptable

10-19

Tolerable

20-25

Intolerable

Qualifying levels of risk from Figure A1.3 (adapted from Saunders and Beban 2012).

Once levels of risk have been determined, the matrix is then colour coded (Figure A1.5),
based on the levels of risk shown in Figure A1.4. The use of colours allows a faster
assessment of the levels of risk involved. The colours of green (acceptable), yellow
(tolerable), and red (intolerable) are considered standard colours for this approach
(Standards New Zealand 2004).
Consequences
Likelihood

1

2

3

5

4

5

Risk levels
1-9 Acceptable

4

10-19 Tolerable

3

20-25 Intolerable

2
1
Figure A 1.5

Colour coding the matrix based on level of risk (adapted from Saunders and Beban 2012).

The level of risk thresholds used may not necessary reflect the desired level of risk which the
Bay of Plenty communities are willing to accept. Ideally, consultation should be undertaken
with the local communities so that the health and safety and building damage risk thresholds
can be formulated which reflect the desires of the local population. These levels may be
different than those used within this assessment and could lead to differing conclusions
about whether the risks associated with the proposal are acceptable, tolerable or intolerable.
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APPENDIX 2: DETAILED CASUALTY RESULTS
Table A 2.1

Casualty numbers and risks assuming 0% evacuation.

0% Evacuation

Daytime

Night-time

Location Category

Deaths

Injuries

Deaths

Injuries

Houses (low-density)

21

21

72

71

Houses (medium-density)

15

14

50

51

Retirement Village

8

6

11

10

Mixed-Use

40

38

1

1

Apartment Block

0

0

1

0

Rest-home & Hospital

1

1

1

1

Education

5

6

0

0

Indoors

90

86

136

134

Outdoors

63

61

4

5

Normal

76

73

124

123

Sensitive

14

13

12

11

Overall

153

147

140

139

Location Category

Death Risk

Injury Risk

Injury Risk

Houses (low-density)

1.5 x 10

Houses (medium-density)

1.3 x 10

-5

1.2 x 10

-5

1.3 x 10

-5

1.3 x 10

-5

Retirement Village

1.9 x 10

-5

1.4 x 10

-5

1.6 x 10

-5

1.5 x 10

-5

Mixed-Use

1.6 x 10

-5

1.5 x 10

-5

5.1 x 10

-7

5.1 x 10

-7

2.1 x 10

-6

3.0 x 10

-6

Apartment Block

0

1.5 x 10

-5

Death Risk

-5

0

Rest-home & Hospital

3.6 x 10

-6

Education

2.4 x 10

-6

Indoors

1.1 x 10

-5

1.1 x 10

-5

Outdoors

3.3 x 10

-5

3.2 x 10

Normal

1.5 x 10

-5

Sensitive

5.0 x 10

Overall

1.5 x 10
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3.6 x 10

-6

2.9 x 10

-6

1.5 x 10

-5

1.5 x 10

-5

0

0
3.0 x 10

-6

0

1.1 x 10

-5

1.1 x 10

-5

-5

3.3 x 10

-5

4.2 x 10

-5

1.4 x 10

-5

1.1 x 10

-5

1.1 x 10

-5

-6

4.7 x 10

-6

1.2 x 10

-5

1.1 x 10

-5

-5

1.5 x 10

-5

1.1 x 10

-5

1.1 x 10

-5
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Table A 2.2

Casualty numbers and risks assuming 30% evacuation.

30% Evacuation

Daytime

Night-time

Location Category

Deaths

Injuries

Deaths

Injuries

Houses (low-density)

15

15

52

50

Houses (medium-density)

11

11

38

34

Retirement Village

4

5

8

8

Mixed-Use

27

23

0

1

Apartment Block

0

0

0

1

Rest-home & Hospital

1

1

1

1

Education

3

4

0

0

Indoors

61

59

99

95

Outdoors

46

43

4

2

Normal

53

49

90

86

Sensitive

8

10

9

9

107

102

103

97

Location Category

Death Risk

Injury Risk

Death Risk

Injury Risk

Houses (low-density)

1.1 x 10

-5

1.1 x 10

-5

1.1 x 10

-5

1.1 x 10

-5

Houses (medium-density)

9.4 x 10

-6

9.4 x 10

-6

9.7 x 10

-6

8.7 x 10

-6

Retirement Village

9.6 x 10

-6

1.2 x 10

-5

1.2 x 10

-5

1.2 x 10

-5

Mixed-Use

1.1 x 10

-5

9.4 x 10

-6

0

5.1 x 10

-7

0

2.1 x 10

-6

3.0 x 10

-6

Overall

Apartment Block

0

0

Rest-home & Hospital

3.6 x 10

-6

3.6 x 10

-6

Education

1.4 x 10

-6

1.9 x 10

-6

Indoors

7.7 x 10

-6

7.4 x 10

-6

8.2 x 10

-6

7.9 x 10

-6

Outdoors

2.4 x 10

-5

2.2 x 10

-5

3.3 x 10

-5

1.7 x 10

-5

Normal

1.0 x 10

-5

9.5 x 10

-6

8.1 x 10

-6

7.8 x 10

-6

Sensitive

2.9 x 10

-6

3.6 x 10

-6

8.9 x 10

-6

8.9 x 10

-6

Overall

1.1 x 10

-5

1.0 x 10

-5

8.4 x 10

-6

7.9 x 10

-6
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3.0 x 10

-6

0

0
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Table A 2.3

Casualty numbers and risks assuming 50% evacuation.

50% Evacuation
Location Category

Daytime

Night-time

Deaths

Injuries

Deaths

Injuries

Houses (low-density)

11

11

38

37

Houses (medium-density)

7

6

26

25

Retirement Village

3

3

5

6

Mixed-Use

18

17

0

0

Apartment Block

0

0

0

0

Rest-home & Hospital

0

0

0

1

Education

3

3

0

0

Indoors

42

40

69

69

Outdoors

33

29

2

2

Normal

36

34

64

62

Sensitive

6

6

5

7

Overall

75

69

71

71

Death Risk

Injury Risk

Death Risk

Injury Risk

Location Category
Houses (low-density)

7.9 x 10

-6

7.9 x 10

-6

8.1 x 10

-6

7.9 x 10

-6

Houses (medium-density)

6.0 x 10

-6

5.1 x 10

-6

6.6 x 10

-6

6.4 x 10

-6

Retirement Village

7.2 x 10

-6

7.2 x 10

-6

7.4 x 10

-6

8.9 x 10

-6

Mixed-Use

7.3 x 10

-6

6.9 x 10

-6

0

0

Apartment Block

0

0

0

0

Rest-home & Hospital

0

0

0

3.0 x 10

0

0

-6

Education

1.4 x 10

-6

1.4 x 10

-6

Indoors

5.3 x 10

-6

5.0 x 10

-6

5.7 x 10

-6

5.7 x 10

-6

Outdoors

1.7 x 10

-5

1.5 x 10

-5

1.7 x 10

-5

1.7 x 10

-5

Normal

7.0 x 10

-6

6.6 x 10

-6

5.8 x 10

-6

5.6 x 10

-6

Sensitive

2.2 x 10

-6

2.2 x 10

-6

4.9 x 10

-6

6.9 x 10

-6

Overall

7.6 x 10

-6

7.0 x 10

-6

5.8 x 10

-6

5.8 x 10

-6
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Table A 2.4

Casualty numbers and risks assuming 70% evacuation.

70% Evacuation
Location Category

Daytime

Night-time

Deaths

Injuries

Deaths

Injuries

Houses (low-density)

7

7

21

20

Houses (medium-density)

4

4

16

15

Retirement Village

2

2

4

3

Mixed-Use

12

11

0

0

Apartment Block

0

0

0

0

Rest-home & Hospital

0

0

0

0

Education

1

2

0

0

Indoors

26

26

41

38

Outdoors

19

18

2

1

Normal

23

22

37

35

Sensitive

3

4

4

3

Overall

45

44

43

39

Death Risk

Injury Risk

Death Risk

Injury Risk

Location Category
Houses (low-density)

5.0 x 10

-6

5.0 x 10

-6

4.5 x 10

-6

4.2 x 10

-6

Houses (medium-density)

3.4 x 10

-6

3.4 x 10

-6

4.1 x 10

-6

3.8 x 10

-6

Retirement Village

4.8 x 10

-6

4.8 x 10

-6

5.9 x 10

-6

4.4 x 10

-6

Mixed-Use

4.9 x 10

-6

4.5 x 10

-6

Apartment Block

0

Rest-home & Hospital

0

0
00

0

0

0

0

0

0

0

Education

4.8 x 10

-7

Indoors

3.3 x 10

-6

3.3 x 10

-6

3.4 x 10

-6

3.1 x 10

-6

Outdoors

9.9 x 10

-6

9.3 x 10

-6

1.7 x 10

-5

8.4 x 10

-6

Normal

4.4 x 10

-6

4.3 x 10

-6

3.3 x 10

-6

3.2 x 10

-6

Sensitive

1.1 x 10

-6

1.4 x 10

-6

3.9 x 10

-6

3.0 x 10

-6

Overall

4.6 x 10

-6

4.4 x 10

-6

3.5 x 10

-6

3.2 x 10

-6

60

9.5 x 10

-7

0
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Table A 2.5

Casualty numbers and risks assuming 80% evacuation.

80% Evacuation
Location Category

Daytime

Night-time

Deaths

Injuries

Deaths

Injuries

Houses (low-density)

4

5

15

13

Houses (medium-density)

3

3

11

9

Retirement Village

1

1

2

2

Mixed-Use

7

8

0

0

Apartment Block

0

0

0

0

Rest-home & Hospital

0

0

0

0

Education

1

1

0

0

Indoors

16

18

28

24

Outdoors

13

13

1

1

Normal

14

16

26

22

Sensitive

2

2

2

2

Overall

29

31

29

25

Death Risk

Injury Risk

Death Risk

Injury Risk

Location Category
Houses (low-density)

2.9 x 10

-6

3.6 x 10

-6

3.2 x 10

-6

2.8 x 10

-6

Houses (medium-density)

2.6 x 10

-6

2.6 x 10

-6

2.8 x 10

-6

2.3 x 10

-6

Retirement Village

2.4 x 10

-6

2.4 x 10

-6

3.0 x 10

-6

3.0 x 10

-6

Mixed-Use

2.8 x 10

-6

3.3 x 10

-6

Apartment Block

0

Rest-home & Hospital

0

0
0

0

0

0

0

0

0

0

Education

4.8 x 10

-7

Indoors

2.0 x 10

-6

2.3 x 10

-6

2.3 x 10

-6

2.0 x 10

-6

Outdoors

6.7 x 10

-6

6.7 x 10

-6

8.4 x 10

-6

8.4 x 10

-6

Normal

2.7 x 10

-6

3.1 x 10

-6

2.3 x 10

-6

2.0 x 10

-6

Sensitive

7.2 x 10

-7

7.2 x 10

-7

2.0 x 10

-6

2.0 x 10

-6

Overall

2.9 x 10

-6

3.1 x 10

-6

2.4 x 10

-6

2.0 x 10

-6

GNS Science Consultancy Report 2012/291

4.8 x 10

-7

0

61

Confidential 2012

Table A 2.6

Casualty numbers and risks assuming 90% evacuation.

90% Evacuation
Location Category

Daytime

Night-time

Deaths

Injuries

Deaths

Injuries

Houses (low-density)

3

2

6

6

Houses (medium-density)

1

1

5

5

Retirement Village

1

0

1

1

Mixed-Use

5

4

0

0

Apartment Block

0

0

0

0

Rest-home & Hospital

0

0

0

0

Education

1

1

0

0

Indoors

11

8

12

12

Outdoors

7

6

0

1

Normal

9

7

11

11

Sensitive

2

1

1

1

Overall

18

14

12

13

Death Risk

Injury Risk

Death Risk

Injury Risk

Location Category
Houses (low-density)

2.2 x 10

-6

1.4 x 10

-6

1.3 x 10

-6

1.3 x 10

-6

Houses (medium-density)

8.5 x 10

-7

8.5 x 10

-7

1.3 x 10

-6

1.3 x 10

-6

Retirement Village

2.4 x 10

-6

1.5 x 10

-6

1.5 x 10

-6

Mixed-Use

2.0 x 10

-6

Apartment Block

0

Rest-home & Hospital

0

0
1.6 x 10

-6

0
0

0

0

0

0

0

0

0

Education

4.8 x 10

-7

Indoors

1.4 x 10

-6

1.0 x 10

-6

Outdoors

3.6 x 10

-6

3.1 x 10

-6

Normal

1.7 x 10

-6

1.4 x 10

-6

9.9 x 10

Sensitive

7.2 x 10

-7

3.6 x 10

-7

Overall

1.8 x 10

-6

1.4 x 10

-6

62

4.8 x 10

-7

0

9.9 x 10

-7

8.4 x 10

-6

-7

9.9 x 10

-7

9.9 x 10

-7

9.9 x 10

-7

9.8 x 10

-7

1.1 x 10

-6

9.9 x 10

-7

0
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