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Abstract

Over the period from 4 September 2010 until late in 2011 the Canterbury region of New
Zealand was subjected to a sequence of more than 10,000 earthquakes, four of which were
large enough to have significant effect on the buildings and infrastructure in the area. The
most devastating event occurred on 22 February 2011, where the 6.3 Richter magnitude
earthquake was centred at a very shallow depth and very close to the central business
district of Christchurch at lunchtime, resulting in 185 deaths. Much of the housing stock was
subjected to either the effects of liquefaction (differential ground settlements and lateral
spreading) or severe shaking. There were two deaths in the 150,000 houses and these
were the result of a cliff collapse on to the properties.

In the latter half of 2011, BRANZ conducted a comprehensive survey of more than 300
houses located in Christchurch city to determine the effects of the earthquake on the
housing stock and its ability to resist the seismic actions. The surveyed properties were
randomly selected throughout Christchurch and this provided a range of house construction
types and ages and also a range of soil conditions. This paper describes the analysis of the
data obtained in the survey, giving consideration to the types and weights of construction
materials, the style of house construction (foundation type, shape, number of storeys, etc)
and the subsoil conditions, and relates the observed damage to these influencing factors.
Recommendations are made on the dwelling likely to provide the best performance under
earthquake attack.
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1. Introduction

At 4:35am local time on 4 September 2010, a magnitude 7.1 earthquake struck the
Canterbury region of New Zealand (NZ). The earthquake was centred near the township of
Darfield, a small country community approximately 40km west of the city of Christchurch,
and its epicentre was at a depth of 10km. The shaking intensities in Christchurch were in
the range of 0.16g to 0.65g peak ground acceleration (PGA) in the horizontal direction and
0.05g to 0.3g PGA in the vertical direction [Cousins & McVerry 2010]. Spectral accelerations
were in the order of 0.8 times the design spectral acceleration in the frequency range of
typical house structures. While the effect on Christchurch houses was generally the loss of
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unreinforced masonry chimneys and some minor damage to interior linings, several areas
were affected by ground liqguefaction and associated lateral spreading.

Typically, a series of aftershocks occurred over the following months although none of these
events caused further significant damage, until 12:51pm on 22 February 2011 when a 6.3
magnitude event struck beneath the urban area of the city. The epicentre was located 10km
southeast of the central business district (CBD) and at a depth of 6km. The range of
horizontal PGAs recorded in the urban area ranged from 0.2g to 1.41g and in the vertical
direction, 0.06g to 2.21g [Bradley & Cubrinovski 2011].

Spectral accelerations relevant to typical New Zealand house structures in the February
event were of the order of twice the design spectral accelerations in some parts of the city.

Further significant shallow events occurred on 13 June 2011 (magnitude 6.3) and 23
December 2011 (magnitude 6.0) with their epicentres located close to the 22 February
epicentre. The events of 4 September 2010, 22 February 2011, 13 June 2011 and 23
December 2011 are referred to in this paper as the main events. Shaking activity has
diminished significantly in the latter half of 2012 but 10,000 odd aftershocks have occurred
over the period between 4 September 2010 and June 2012 and these have also served to
rattle households.

This paper provides the results of a damage survey of a representative range of
Christchurch houses that was undertaken over the period from July to September 2011.
The survey therefore does not include the further damage sustained in some areas of the
city during the 23 December 2011 event. The paper also draws on the experience of the
four BRANZ structural engineers who were involved in the safety assessments of houses in
the eastern and southern suburbs following the February 2011 event. It describes the
response of typical NZ houses to the earthquake disaster and makes suggestions on
improvements to house designs to provide greater resilience in such events.

2. Survey process

Following the 22 February 2011 event, BRANZ undertook a survey of 314 houses, randomly
selected from within the boundaries of Christchurch city. The process involved randomly
selecting a little more than 50 mesh blocks from the Statistics New Zealand census
database [Statistics New Zealand]. Mesh blocks are roughly based on numbers of people
residing within the block and generally represent an area a little larger than a residential
block. Within each mesh block, six adjacent houses were selected for surveying at the
southeast corner of each mesh block and the surveyors visited each property. Figure 1
shows the locations of the surveyed houses (yellow pins).
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Figure 1. Locations of surveyed houses (CBD = central business district)

A team of two BRANZ representatives undertook the survey with a comprehensive survey
form to gather observations about the site and its hazards (eg liquefied, rock-fall
susceptible), house age, house style, construction materials and then estimates were made
of the extent of damage sustained by the various elements of the structure. If the occupier
of a property was not at home the surveyors moved to the next property adjacent and this
was repeated until information was gathered from six houses in the block. The approximate
total number of houses in Christchurch city is 150,000 and so approximately 0.2% of the
total population was surveyed in this process. This paper presents the results of the survey.

3. SURVEY RESULTS

This section presents information gathered on the sites, the construction characteristics of
the surveyed houses and recorded damage.

3.1 The site

The majority of Christchurch city is situated on the flat Canterbury plains, but there has also
been urban development on the Port Hills to the south of the CBD over the entire life of the
city, with the hillside development making up approximately 10% of the total housing stock.
The survey proportions of flat land and hillside houses match this ratio relatively well
(Table 1).

Table 1: Breakdown of ground slope at surveyed sites

Degree of ground slope Percentage of surveyed houses
Flat 86

Gentle

Steep 8

Hilltop




3.1.1 Liquefaction occurrence

Of the 270 properties surveyed on the flat, 81 sites (30% of the flat land properties) had
experienced ground liquefaction in either one or more of the first three main earthquakes.
All of these properties were subject to ground liquefaction in February 2011, 31% of these
had also experienced liquefaction in September 2010 and 42% in June 2011. The ground
liquefied at seventeen of these properties in all three events.

3.2 House Age and Style

The Christchurch housing stock comprises dwellings constructed from the latter part of the
19" century through to the present day. Five age bands were selected into which each
house was placed. The bands were pre-1930, 1930 to 1959, 1960 to 1979, 1980 to 1999
and 2000 onwards. These age bands were chosen to represent distinct periods of
development of standards for house construction in New Zealand. Prior to 1930 there were
no standards. In the early 1930s the first regulatory standards were produced. These were
largely prescriptive and based on typical construction styles in the USA. They were not
always adopted by the local jurisdictions either. In the 1960s the timber framing standards
were developed further in a series of model building bylaws. These were in use until 1978
when the first engineering based light timber framing standard (SANZ 1978) was published.
A significant review and republication of this standard occurred in 1999. The percentages of
houses surveyed from each of these five bands are given in Table .

Table 2: Percentages of the surveyed houses in the five age bands and breakdown of
foundation type for each age band

Age band Percentage of | Percentage of slab on Percentage of houses Percentage of other

surveyed grade houses in the with perimeter foundation types in
houses age band foundations in the age the age band
band

Pre-1930 14 2 65 33

1930-1959 24 5 87 8

1960-1979 33 21 79 0

1980-1999 15 63 33 4

2000 onwards 14 87 7 6

All ages 100 31 63 6

New Zealand houses are generally one or two storeys, but on hillsides it is common for there
to be more than two storeys. Houses built to the NZ non-specific design standard,
NZS 3604:2011 (SNZ 2011) and its predecessors are limited in height to a maximum of 10m
and two and a half storeys, the half storey being in the roof space. Houses built outside of
these (and other) requirements must be specifically designed.

In the survey population, 233 houses (74%) were single storey structures, 74 (24%) were
two storey structures and 7 (2%) were three storey dwellings. Of the single storey dwellings,
58% were a simple rectangular shape, 31% were “L” shaped, 3% were “T” shaped and 8%
were complex shapes. Of the 74 two storey dwellings surveyed, 55% were a simple



rectangular shape, 23% were “L” shaped, 5% were “T” shaped and 17% had a complex
shape.

3.3 House Foundation Types

There are two major foundation types in use for house construction in Christchurch. Slab on
grade floors have been the predominant construction style over the last 30 or so years for
houses on the flat and also for some properties on the hills. This is confirmed from the
survey of randomly chosen houses (Table 2). Over the early to mid 20th century, the
preferred foundation style was a concrete perimeter foundation wall with concrete piles
inside the perimeter. Such a style was typical on both the flat and the hills. In the hillside
houses the floor was often supported on jack studs on short piles (Figure 1). Very
occasionally houses were built entirely on timber piles in the early part of the 20" century.
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Figure 1. Jack studs beneath a hillside dwelling (tilt due to superstructure lateral
displacement)

3.4 House Superstructure
3.4.1 Structural frame

Of the 233 single storey dwellings surveyed, 228 were framed. It was not possible on most
occasions to tell whether the framing was timber or light gauge steel, because the damage
to the dwelling was insufficient to reveal the framing. However, light gauge steel framing is a
relatively new construction type in NZ and therefore it is expected that the great majority of
the surveyed houses had timber framing. The other five houses had either concrete,
concrete masonry or unreinforced brick masonry walls. Of the 74 two storey dwellings
surveyed, 80% had framed bottom storeys and 20% had either concrete or concrete
masonry bottom storey walls. In all but one of these cases the top floor was framed.



3.4.2 Wall claddings

Several cladding systems are common in NZ.

These include timber weatherboards,

brick/block veneer and stucco, although the latter is much less common nowadays.

shows the distributions of cladding on the surveyed houses. It can be seen that the totals for
the lower and upper storeys of the two storey houses are greater than the 74 two storey
houses surveyed. In both cases the reason is that on occasions there was more than one

cladding type on a house.

Table 3: Distribution of wall cladding types on surveyed single and two storey

houses
Cladding type Single storey houses Two storey houses

Lower storey Upper storey
Weatherboards 70 (30%) 28 (29%) 36 (37%)
Brick/block veneer 128 (55%) 29 (31%) 14 (15%)
Stucco 34 (14%) 8 (8%) 7 (T%)
Ply or fibre cement sheets 10 (4%) 9 (9%) 17  (18%)
Exterior insulating finishing 7 (3%) 8 (8%) 7 (7%)
system (EIFS)
Other 8 (3%) 13 (14%) 15 (16%)
Total 233 95 96

3.4.3 Roof claddings

The most common roof claddings in use in NZ in the first half of the 20th century were
corrugated steel and concrete tiles. In the last 60 years there has been an increase in the
use of pressed metal tiles and clay tiles, although the use of heavy tiles in general has
decreased over the last 30 years. Other systems such as rubber membranes, asphaltic tiles
and shingles have been rarely used in NZ. Table provides a distribution of roof cladding

types versus the age band of the house for the surveyed houses.

Table 4: Numbers of houses with roof cladding type for each age band

Age band Heavy tiles | Sheet cladding (eg Metal tiles Other
corrugated steel
Pre-1930 2 (3%) 37 (20%) 6 (12%) 2 (22%)
1930-1959 29 (41%) 32 (17%) 11 (22%) | 2 (22%)
1960-1979 32 (45%) 57 (31%) 12 (24%) 0 (0%)
1980-1999 5 (7%) 32 (17%) 8 (16%) 2 (22%)
2000 onwards 3 (4%) 27 (15%) 12 (24%) | 3 (34%)
Total 71 (100%) 185 (100%) 49 (100%) | 9 (100%)

3.4.4 Interior linings

In the early 20th century and before, lathe and plaster was a common lining system for
houses. This system continued to be used through until the 1940s.
plasterboard was introduced in the late 1920s and has gone on to be the most popular lining
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material at the present time. Fibrous plaster was also popular from the 1950s until the
1980s because it had a very smooth face for accepting wallpapers. Of the surveyed houses,
79% were lined with plasterboard, 18% with lathe and plaster, 8% with fibrous plaster and
8% with other linings. These percentages total to greater than 100% because on occasions
there was more than one lining type present in a single dwelling. Since the first publication
of NZS 3604 in 1978, plasterboard linings have fulfiled a bracing role in timber framed
houses. Prior to this bracing was provided by diagonal timber braces in the wall framing and
the plasterboard had a non-structural function.

3.5 Recorded Damage

Along with gathering information on the characteristics of the properties, estimates were
made of the levels of damage sustained by the various components of the dwellings.
Analysis of the gathered damage data is still going on. It is notable that no timber framed
houses collapsed in any of the earthquakes unless affected by ground movement such as
cliff collapses above or adjacent to houses or rolling rock impacts. It is also important to
remember that the performance expectation in the NZ Building Code (DBH 1992) is that
buildings should not collapse when subjected to what is referred to in the NZ loading
standards as the ultimate limit state loading condition. However, damage is expected to
occur to buildings in an event of this size. This condition was exceeded in many areas of the
city, particularly in the February 2011 event.

Of the 314 houses surveyed 167 were damaged in the September 2010 earthquake, 237 in
February 2011 and 136 in June 2011. It is not known when 20 houses were damaged. Only
10% of the houses surveyed had sustained no damage, but in many of the damaged houses
it was limited to joint cracks in plasterboard linings, and cracking in fibrous plaster or lathe
and plaster linings.

Much of the damage to houses on the flat was due to differential ground settlement and
lateral spreading associated with liquefaction and varied from quite minor to major (Figure 2).
In houses not affected by ground liquefaction, the most obvious signs of house damage
viewed from the outside were failed unreinforced masonry chimneys on older houses and
the loss of portions of veneer.



Figure 2: Severely damaged house from differential ground settlement and lateral
spreading

In the hill suburbs, the shaking was more severe, resulting in substantial damage to brick
veneer claddings, heavy tile roofs and interior linings.

3.5.1 Foundations

Slab on grade foundations performed well under earthquake shaking. However, ground
deformations beneath these slabs, caused either by liqguefaction settlement or lateral ground
spreading on the flat or ground slumping in the hill suburbs, resulted in sometimes severe
distortions of the concrete slabs. Of the surveyed properties, 81 had some evidence of
liquefaction. Eighteen of these were slab on grade foundations and 14 were undamaged.
The common perimeter concrete foundation with internal piles also fared well under ground
shaking but was affected by varying degrees by the ground movement. It was common for
these perimeter foundations to be unreinforced in the early to mid 20th century houses but
most foundations constructed after this contained at least one 12mm diameter bar, often
plain. Whether reinforced in this way or not, these foundations were unable to resist the
ground deformations and fractured (Figure 3). Fifty seven of the surveyed properties with
perimeter foundations were located where the ground had liquefied and 24 of these were
undamaged.



Figure 3. Example of reinforced concrete perimeter foundation pulled apart by
spreading ground

3.5.2 Wall cladding systems

Seventy two percent of the brick/block veneer claddings on the surveyed houses sustained
damage, 76% of houses with stucco claddings and 67% of houses with monolithic claddings
(eg plastered sheet materials and EIFS) (Table ). About a quarter of veneer clad houses
had a significant proportion where cladding fell off or was detached or unstable. Almost all
veneer clad buildings with more than 10% of cladding fallen, detached or unstable were in
the hill suburbs, with the balance mostly being houses with separate unattached foundations
for the brick veneer and the framing. Veneers constructed after the mid 1990’s performed
much better than earlier construction because of improvements in the tie fixing systems to
the framing that were introduced at that time.

The majority of houses surveyed with monolithic cladding suffered from some sort of
cracking, but only 21 houses of this type were surveyed. Most of the cracking was from the
corners of windows and experimental studies conducted at BRANZ some years earlier
(Beattie 2006) had indicated that such damage was relatively easy to repair. The damage to
weatherboard claddings was not specifically recorded because it was generally observed to
be very low. As expected because of the greater ground distortion, the proportion of houses
that had jammed doors or windows was higher in the areas that were affected by liqguefaction
than those that were not.

3.5.3 Roof claddings

Damage to sheet roof claddings and metal tiles was confined mainly to damage sustained
from falling chimneys and tended to be minor. Concrete and clay tile roofs also sustained
damage from falling chimneys but those in the hill suburbs often suffered from dislodgement
of the tiles from the supporting battens (Figure 4). It was common for such tiles not to be



tied to the framing or for the ties (if they were present) to have corroded. Very high vertical
peak ground accelerations (>1g) were recorded in February 2011 in the hill suburbs and this
is sure to have contributed to the tile dislodgement.

Table 5: Percentage of stucco, masonry and monolithically clad houses with different
types of damage

% cracked % fallen, detached or unstable | % with cracks over substrate
joints

Area of >50% | 10-49% | <10% >50% 10-49% <10% >50% 10-49% <10%
wall
affected
Stucco 10 26 38 0 0 0 - - -
Veneer 12 18 41 11 6 8 - - -
Monolithic 0 5 10 0 0 0 5 24 38

¥l i :
Figure 4: Dislodged concrete roof tiles

3.5.4 Interior linings

Eighty five percent of the surveyed houses had damage to wall linings and 73% had damage
in the ceiling linings. Joint cracks were the most common form of damage, with 72% of
houses suffering from them. Wall linings rarely became detached. Diagonal cracks were
rare in houses that only had plasterboard linings. Most of the diagonal cracking that did
occur in plasterboard appeared to be at the corners of openings, and some was observed in
houses that suffered from severe sagging and hogging in the foundations due to ground
movement.

As with wall linings, joint cracks were the most common form of damage in ceiling linings,
with 49% of houses suffering from them. Diagonal cracks were not common in plasterboard
ceilings but far more common (27%) in fibrous plaster ceilings. It is believed that because
the fixing of the fibrous plaster ceilings is often more rigid than the plasterboard products (eg
wadded connection to the framing), distortion of the supporting framing causes the diagonal
cracks to occur. It was rare for whole sheets to fall from the ceiling or the walls, but popping
of fixings occurred in about 10% of the surveyed houses.



Diagonal cracks were more common in wall linings than in ceiling linings. This is likely to be
due to there being openings causing stress concentrations. NZ plasterboard manufacturers
recommend fitting sheets around the corners of openings to provide a better finish
performance during normal seasonal changes in the timber framing, which does make the
sheets more susceptible to diagonal cracking than linings with joints coincident with the edge
of the opening, as the walls rack in an earthquake.

4. Recommendations for improved performance

The survey results and also the observations made by the author and colleagues during the
house safety evaluations provided an opportunity to form a view on the recipe for better
performing houses.

Timber framed houses are particularly resilient, as borne out by their performance in this
sequence of earthquake events, where none collapsed unless affected by rockfall or ground
collapse. However, damage should be expected in earthquakes of this severity because
distortion of the structure occurs as the earthquake energy is absorbed. Most of this
damage is repairable at low to moderate cost but there are certain design approaches that
can lessen the amount of damage.

Houses that were affected by ground distortion from liquefaction were shown to be better
protected when a stiff foundation system such as a reinforced waffle slab was used, which
could bridge over ground distortions without having excessive curvatures. Houses with
heavy claddings clearly distorted more than those with lightweight claddings when the
ground beneath them liquefied. Under shaking action alone, heavy houses can be designed
to have stronger bracing systems to resist the greater inertial forces.

Simply shaped houses such as rectangular forms performed better than more complex
forms. When complex forms are present, different parts of the house can clash with other
parts under shaking actions. This is particularly obvious at the intersections of wings in an
“L” or “U” shaped house, where damage was observed to be more severe.

Houses constructed on steeply sloping sites were more badly damaged when the foundation
systems were not designed to properly cater for the potential stiffness incompatibility
between the short and tall foundations. Similarly, hillside houses built with large windows to
make the most of a view often suffered from a stiffness incompatibility between the view
facing walls and the walls on the opposite side of the house, resulting in breakage of the
windows. The provision of stiffer bracing systems for the view facing walls will serve to
lessen these effects.

5. CONCLUSIONS

This paper has provided a brief description of the earthquakes that occurred in the
Canterbury region over the period from 4 September 2010 until December 2011. It also
discusses the types and proportions of house construction present in the city of Christchurch



and then goes on to describe the results of a survey of 314 randomly selected houses over
the period following the June 2011 earthquake.

The survey has shown that the performance of timber framed houses under the intense
shaking has been good in terms of the performance expectations of the NZ Building Code.
No collapses occurred directly from the shaking. However, damage was sustained by many
of the houses, the majority of it reparable, but in some cases which were affected by
significant liqguefaction re-building will be necessary.

Several actions have been suggested to be taken in the design and construction of houses
for improvement of their performance in earthquakes.
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