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ABSTRACT: A simple earthquake loss model for New Zealand buildings and people is
outlined. It provides prompt (i.e. within seconds) first-order estimates of losses and
casualties from scenario earthquakes. For major earthquakes affecting urban areas its
accuracy is sufficient to answer the question “are there likely to be 1, 10, 100 or 1000
casualties, and is the damage expected to be 1, 10, 100 or 1000 million dollars”.

1 INTRODUCTION

Several component models are needed for a complete earthquake loss model, including assets at risk
(buildings and people), seismic hazard, attenuation of earthquake shaking, microzonation,
vulnerability of buildings to shaking, building collapse, and casualty rates. Recent years have seen
significant improvement in several of the necessary models, but assumptions and judgements are still
required in some areas. The main component models are discussed below, followed by brief comment
on the limitations of the loss model and the results of its application to some historical earthquakes.

2 BUILDINGS MODEL

The buildings model comprises estimated replacement values and floor areas for all buildings in New
Zealand, aggregated to approximately suburb-sized blocks. In all there are 715 data aggregates, each
of which has been associated with a single geographic location. Within urban areas the spacing
between the point locations is about 1km, increasing to 50-100km in sparsely populated rural areas.

The base data for the buildings model were rating values and floor areas obtained from Quotable
Value New Zealand. Replacement values, which are required for loss modelling, were estimated from
the base data by using the supplied data to generate “corrected” floor areas, which then were
multiplied by estimated construction costs. The original data were subdivided into nine usage
categories (e.g. commercial, industrial) but were condensed to just “workplace” and “residential” for
the model.

The buildings model is suitable for modelling losses due to large-scale hazards where the spatial
variation in the hazard is commensurate with the spacing between the data points in the model. It is
well suited, for example, to estimating losses from moderate to large earthquakes, especially those
affecting urban areas, because the scale of variation in the shaking intensity ranges from kilometres for
the near-source isoseismals to tens of kilometres for the distant ones. About 65% of New Zealand’s
construction is located within major cities, and much of the remainder is located in small cities and
towns (Table 1). The effect of the aggregation was investigated by comparison of loss estimates based
on the aggregated model with those from a highly detailed property-by-property model for Wellington
City (Cousins et al, 2003). Allowing only the degree of aggregation to vary between the two models,
Wellington City was subjected to five magnitude 7.3 earthquakes located at various points along the
Wellington Fault. In all cases the two models gave loss estimates that were within 4% of each other.
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Table 1. Estimated replacement value of New Zealand’s buildings. One quarter of the value is in the
greater Auckland metropolitan area, and one quarter in seven other major urban areas. “Other Large
Cities” includes the relatively compact urban areas of Rotorua, New Plymouth, Wanganui, Palmerston

North, Nelson and Invercargill. All other cities, towns and rural areas contribute 35% of the value of New
Zealand’s buildings.

Location
Replacement

Value
($billions)

Percent of
Total Value

Floor Area
(millions m2)

Population

Greater Auckland urban

Greater Wellington urban

Christchurch

Hamilton

Dunedin

Napier/Hastings

Other large cities

Small cities, towns and rural

129

43

38

12

12

10

61

164

27

9

8

3

3

2

13

35

93

31

32

10

11

9

50

140

1,135,236

357,327

323,031

111,132

96,581

94,146

519,783

1,404,401

Total New Zealand 469 100 376 4,041,637

3 POPULATION MODEL

People were allocated to each data aggregation point in proportion to the total floor area of the
buildings associated with it. First, an occupancy rate was estimated for each region of New Zealand
using the total population (Statistics NZ, 2003) and total floor area for the region, and then the
occupancy rate was applied to all aggregation data points within the region. “Occupancies” ranged
from 82m2 per person in Auckland to 160m2 per person in Southland.

At any time of the day some people are indoors at their places of work, some are indoors at home, and
some are outdoors. For the purposes of the loss model “work” means “not at home” and so includes
students, shoppers, hospital patients etc. The locations of people for day-time and night-time
earthquakes as used in the loss model are given in Table 2 (Spence et al, 1998).

Table 2. Locations of people for day-time and night-time earthquakes.

Time of day Indoors at Workplace Indoors at Home Outdoors

Workday (11 a.m.) 0.58 0.22 0.20

Night-time (2 a.m.) 0.04 0.95 0.01

4 SEISMIC HAZARD MODEL

The loss model is deterministic. It does not contain any seismicity model, and instead users are only
required to enter the details (location, magnitude and depth) of an earthquake of interest.

Seismic hazard in the loss model is expressed as Modified Mercalli intensity (MMI). For each
earthquake the MMI is estimated at each of the 715 data locations using the attenuation model of
Dowrick & Rhoades (1999). The “main seismic region” version of their model is used and isoseismals
are assumed to be elliptical. The major axes of the elliptical isoseismals are aligned with the fault
strikes for known active faults and are given a default value of 40 degrees (from N) for other
earthquakes.
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5 MICROZONATION MODEL

The Dowrick & Rhoades attenuation model is based on historical intensity data from 85 New Zealand
earthquakes and is, therefore, a “New Zealand average” model that estimates intensities on “average”
soils, i.e. firm to stiff soils. Deviations from the “average” can be expected on soils that are not
“average”, like soft soils or rock. The cause is microzonation.

For intensities below MM8.0 the dominant microzonation phenomenon is amplification of shaking by
soft soils. Relative to the “average” intensity, patches of soft soils could amplify the shaking by up to
about 1MM unit. Conversely, patches of very firm soils or rock could de-amplify the shaking by a
similar amount. The sizes of the changes are poorly constrained by data, and even within a given soil
class there is likely to be a significant random variation.

At MM8.0 to MM8.9 there may be some amplification, but less than at the lower intensities, and there
may also be some very minor damage to buildings as a result of liquefaction, landsliding, and
topographic enhancement (Hancox et al, 2002). At high intensities, MM9.0 and above, the important
phenomena are liquefaction (through lateral spread and subsidence), landsliding, and topographic
enhancement. Some, but not all, of the buildings on either soft soils or steep ground could be adversely
affected by one or other of the phenomena.

The impacts of microzonation have been modelled as increments to the estimated “average” intensity,
with the sign of the increment being governed by the type of ground (weak rock, soft soil etc), the
liquefaction susceptibility of the ground, and the landslide susceptibility (Table 3). Ground having
high susceptibility to liquefaction has a low susceptibility to landsliding, and vice versa.

Table 3. Increment applied to the “average” estimated MM intensity to allow for microzonation. The
size of the increment varies with the estimated intensity and with the liquefaction susceptibility class of the

ground. It is based largely on judgement and consequently is open to refinement in the future when
suitable data and models become available.

Liquefaction susceptibility classEstimated
MM Intensity High Medium Negligible

Dominant microzonation
phenomena

≤ 7.9 + 0.8 0 - 0.8

8.0 – 8.9 + 0.4 0 - 0.4
Amplification

≥ 9.0 + 0.1 0 + 0.1 Liquefaction, landsliding,
topographic enhancement

6 LOSS MODEL

The “Loss” is obtained from:

Loss = Dr  x  Replacement Value,

where Dr is the vulnerability function, or “Damage Ratio”. The damage ratio is a function of
the intensity of shaking and is given by:

cost of material damage to property at risk
Dr  = replacement value of property at risk

Damage ratios for low-rise New Zealand buildings have been estimated by Dowrick and co-workers (e.g.
Dowrick 1991, Dowrick et al 2001). For the loss model they are modelled as

rD  = 








× C - MMI
B

 10A
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where rD  is the mean damage ratio, MMI the shaking intensity, and A, B and C are constants (Figure
1). The function is based primarily on the New Zealand data for intensity zones MM5 to MM7 and a
combination of New Zealand and United States information (Rojahn et al, 1985) for zones MM8 to
MM10.

Figure 1. Mean damage ratios for the classes of building used in the earthquake loss model

7 COLLAPSE MODEL

Buildings may suffer varying degrees of collapse during earthquake shaking. From the point of view of
casualties it is the loss of volume that is the critical factor, with a volume loss of 50% being the level at
which significant numbers of casualties begin to occur (Spence et al, 1998).

New Zealand data on collapse are very limited. Only one earthquake, the magnitude 7.8 Hawke’s Bay
earthquake of 1931, has resulted in significant numbers of collapsed buildings. Dowrick (1998a,b) has
categorised the damage states of approximately 330 of Napier and Hastings’ concrete and unreinforced
masonry buildings. Most could be regarded as earthquake risk. About half collapsed to some degree, but
only about 15% suffered volume losses of 50% or more. About 240 people were killed as a result. Of the
97 reinforced masonry or concrete buildings only 7 collapsed either partly or completely.

There has been very little New Zealand experience with the collapse, due to shaking, of buildings
constructed in accordance with either current or previous New Zealand seismic design codes.

Previous studies of casualties in major earthquakes affecting the Wellington region (e.g. Spence et al,
1998) have combined New Zealand and overseas data to produce mean collapse rates for the various
classes of building present in Wellington. Similar collapse rates are used for the loss model, expressed
in the form

rC  = 








× C - MMI
B

 10A

where rC  is the mean collapse rate, MMI the shaking intensity, and A, B and C are constants (Figure
2).
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Figure 2. Mean collapse rates for the classes of building used in the earthquake loss model.

8 CASUALTY MODEL

When a building collapses some of the occupants are killed, some are seriously injured, some are
moderately injured, and the remainder are either lightly injured or uninjured. A serious injury is
defined as one that will cause death if the person does not receive prompt medical or surgical
treatment. A moderate injury is one that requires medical or surgical treatment but which is not
immediately life threatening (e.g. a fractured limb), and light injuries are those that can be dealt with
by first-aiders. Casualty rates for the loss model (Table 4) were based on those developed in studies of
potential casualties from major earthquakes affecting central New Zealand (Spence et al, 1998).

Table 4. Casualty rates for occupants of collapsed buildings. Proportions of occupants killed or injured.

Location Kill Rate Serious Injury Rate Moderate Injury Rate

Workplace 0.20 0.04 0.12

Home 0.01 0.005 0.10

9 CASUALTIES DUE TO FAULT RUPTURE

Buildings that straddle a surface-rupturing fault are likely to be severely damaged when it ruptures.
The effect is highly localised, however, and there are few places in New Zealand where it is likely to
contribute significantly to damage and casualties. The most important are Wellington, Lower Hutt and
Petone (all bisected by the southernmost segment of the Wellington fault), Porirua (bisected by the
Ohariu fault), and Whakatane (bisected by the Whakatane fault).

Surface fault rupture contributes relatively very little to the overall damage to buildings. In the case of
the Wellington fault, for example, approximately 140 buildings are intersected by the fault (Dowrick
& Rhoades, 2003). Even if all were to be destroyed when the fault ruptures, the total loss of 140
buildings is minuscule compared to the shaking damage to the 100,000 or so buildings exposed to
strong shaking. Hence there is no allowance for fault rupture damage in the loss model.

The situation is altogether different for casualties, which depend largely on the collapse of buildings.
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Because relatively very few New Zealand buildings are expected to collapse as a result of earthquake
shaking, any additional collapses due to fault rupture can lead to significant increases in the numbers
of casualties. In the loss model, casualties due directly to fault rupture range from several, for the
Whakatane fault, to about 200, for the Wellington fault.

10 CASUALTIES DUE TO MISCELLANEOUS CAUSES

The above casualty numbers are those arising solely from the collapse of buildings. Earthquake related
deaths and injuries also arise from other causes such as fire, landslide, collapsed bridges, falling glass,
and panic reaction. Dowrick (in Spence et al, 1998) estimated numbers of casualties from many such
causes for a large earthquake affecting the Wellington region. His estimates, expressed as a proportion
of the casualties due to building collapse (Table 5), were adopted for the loss model.

Table 5. Casualties due to miscellaneous causes, relative to the numbers of casualties due to building
collapse.

Time of day Deaths Serious Injuries Moderate Injuries

Workday (11 a.m.) 0.20 0.83 1.16

Night-time (2 a.m.) 0.64 2.0 1.6

11 COMPARISON WITH HISTORICAL LOSSES AND CASUALTIES

The aim of the loss model is to provide sufficient accuracy to answer the question “are there likely to
be 1, 10, 100 or 1000 casualties, and is the damage expected to be 1, 10, 100 or 1000 million
dollars”, which means that the estimates from the model should ideally be within a factor of three of
the actual losses. Application of the model to some large historical earthquakes shows that it performs
quite well (Tables 6 and 7).

Casualty estimates from the loss model are in line with those published by Dowrick & Rhoades
(2003), except for deaths in the Buller earthquake of 1929, injuries in the Wairoa earthquake of 1932
and injuries in the Wairarapa earthquake of 1942. For the Buller and Wairoa earthquakes the model’s
estimates are too low and for the Wairarapa earthquake they are too high.

All but one of the deaths in the Buller earthquake were due to landslides and rockfalls. Given the wide
spacing of the aggregated data points in the very sparsely populated area near the Buller earthquake,
and relatively the small-scale nature of the lethal phenomena, the under-prediction by the loss model is
unsurprising and probably unavoidable. The Wairoa and Wairarapa earthquakes each affected small
population centres that are represented as single points in the loss model. In a situation where one data
point is predominant, the casualty estimates in particular are highly sensitive to the distance from the
epicentre of the earthquake to that data point. For instance, the distance from the epicentre of the
Wairarapa earthquake to Masterton, the largest town nearby, was just 2km. Increasing the distance to
12km lowered the casualty estimates to 1 death and 5 injuries. It should also be noted that the
historical death associated with the Wairarapa earthquake occurred in Wellington and was caused by
gas poisoning. It would not have been predicted by the loss model.

Two sets of results are given for the Hawke’s Bay earthquake, one based on the building types of 1931
Napier and one based on modern building types. In 1931, 44% of the commercial buildings in Napier
were of unreinforced masonry, reducing to an assumed 1% in 2004. The effect of removing the
unreinforced masonry is clear.

The loss estimates (Table 7) are generally quite good. A significant exception is the Hawke’s Bay
1931 earthquake for which the estimated losses are much greater than the historical ones. Bear in mind
also that post-earthquake fire contributed a large portion of the losses to non-domestic property. The
results for the 1931 earthquake perhaps demonstrate a significant link between repair costs and the
economy. In 1931 New Zealand was heading into a severe depression, and this, coupled with rigid
Governmental control on reconstruction costs, may have kept the repair costs artificially very low.
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The modelled loss to houses (in Wellington City) in the 1942 Wairarapa earthquake also is outside of
the desired factor of three of the historical loss, but the overall loss estimate is very good.

Table 6. Comparisons of actual and modelled numbers of casualties for historical earthquakes in New
Zealand. The numbers in columns headed “D&R” are taken from Dowrick & Rhoades (2003), and they
are scaled to year 2004 on a population basis for column “2004”. Estimates from the loss model, for year
2004, are in columns headed “LM”. In all cases the casualty numbers are for all of New Zealand and the

assumed building type distributions are appropriate to the era of the earthquake.

Deaths Injuries
Local Date

Time
of Day

Earthquake
Name MW D&R 2004 LM D&R 2004 LM

1922 Dec 25 day Cheviot 6.4 0 0 0 1 2 0

1929 Jun 17 day Buller 7.7 15 27 0 1 2 0

1931 Feb 03 day Hawke's Bay 7.8 261 840 800 593 1900 1100

2004 day Hawke's Bay 7.8 - - 160 - - 240

1932 Sep 16 night Wairoa 6.8 0 0 0 3 10 0

1934 Mar 05 night Pahiatua 7.4 0 0 2 1 3 6

1942 Jun 24 night Wairarapa I 7.2 1?* 3? 5 2 6 18

1968 May 24 night Inangahua 7.4 2 2 0 0 0 1

1987 Mar 02 day Edgecumbe 6.5 0 0 1 1 1 1

1997 day Wellington 7.5 746 840 910 825 920 1300

1997 night Wellington 7.5 134 150 140 346 390 780

* This death, which was a result of gas poisoning in Wellington, was not discussed by D&R 2003.

Table 7. Comparisons of actual and modelled losses. Numbers in columns headed “Hist” are estimates of
actual losses, taken from a variety of sources, and they are scaled to year 2004 in proportion to increases
in population and consumer price index (column “2004”). Estimates from the loss model (for year 2004)
are in columns headed “LM”. The losses are for all of New Zealand, except in the case of the Wairarapa

earthquake where they are for Wellington City only.  Building type distributions match the era of the
earthquake.

Houses ($millions) Comm/Ind ($millions)
Local Date Earthquake

Name MW Hist 2004 LM Hist 2004 LM

1931 Feb 02 Hawke’s Bay 7.8 0.8 107 1700 3.5 470 1900

1942 Jun 24 Wairarapa I 7.2 0.16* 15* 53* 1.6* 150* 110*

1968 May 24 Inangahua 7.4 1.6 25 53 - - 34

1987 Mar 02 Edgecumbe 6.5 21 41 84 44 85 84

2003 Aug 21 Fiordland 7.2 5? 5? 2 3? 3? 3

2004 Wellington 7.5 - - 6500 - - 3500

* Loss for Wellington City only.

The final loss estimate is for a hypothetical Wellington fault earthquake that has been centred in
Wellington City in order to maximise the losses. Nearly all of the loss, $9.8 billion, occurs in the
Wellington Region, and 70% of that is from damage within Wellington City (loss $6.8 billion for an
exposure of $24.6 billion).
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12 CONCLUDING REMARKS

For serious earthquakes, i.e. those of magnitude 7 and above giving intensities of at least MM8 in
cities, the loss model based on aggregated assets data appears capable of giving reliable, first-order,
estimates of losses and casualties. For moderate-large earthquakes affecting sparsely-populated
regions, where numbers of casualties are low and potentially dominated by small-scale hazards like
landslides, however, it could under-predict casualties. The model provides prompt results. When
implemented as an Excel spreadsheet, for example, the computation time is typically a few seconds.
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