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ABSTRACT
In 2010 and 2011 major earthquake accelerations were experienced in Christchurch, New Zealand. Timber
framed houses generally performed well but thousands suffered damage. A series of four lateral load tests
were conducted on houses with minor seismic damage. The initial two tests were uni-directional to measure the
stiffness and residual strength of the light timber framed houses above the foundations. 130kN of horizontal
load was applied and was well in excess of the earthquake loads but deformations of only 10.8mm were measured
on a 1983 house and 27mm on the softer side of a house built in 1947. After these damaging loads the houses
still had residual strength and performance well in excess of code requirements. Further tests included the
foundations in the whole house performance. A 1970’s house had reversing loads of up to 120kN applied with
hydraulic actuators and included dynamic snap-back tests. The final test applied reversing loads of up to 200kN
to a 1923 house and snap-back tests. Further tests were conducted after a typical repair strategy was applied.
This series of full-scale tests on houses provided evidence that New Zealand timber framed houses are very
stiff, even after being subjected to loads in excess of code level requirements, and still maintained significant
residual seismic resistance. Potential serviceability damage should be considered as a criterion for future house
designs, and for evaluations of the damage potential of existing houses, fragility curves need to be developed
that relate to house loading.

1 INTRODUCTION
A magnitude 7.1 earthquake in September 2010
40km from Christchurch caused considerable
ground liquefaction in the city. In February 2011 a
M6.3 earthquake located beneath the city caused
very significant ground accelerations [1, 2] and
widespread damage. Timber houses provided good
life safety with the most serious damage due to
ground liquefaction. Thousands of houses had to be
demolished or relocated because ground liquefaction
caused lateral spreading, foundation cracking and
movement, and superstructure damage. Studies
such as that by Buchanan et al. [3] have undertaken
damage evaluations on houses, many on land that
was classified as “red zone” and not suitable for long
term use. Prior to the tests in this paper there was
very little work that evaluated the load deformation
characteristics of full houses.
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Anecdotal reports indicated that a large number
of timber framed houses in Christchurch had lost
stiffness due to the 2010, 2011 earthquake sequence
and continued experiencing significant deformations
during minor aftershocks. The repair strategies
did not necessarily take this stiffness requirement
into account. An expert group has contributed to a
government advisory document that requires different
levels of repair largely based on identified damage
and ground conditions [4].
Initial uni-directional lateral load tests were
undertaken in 2012 on two houses due for demolition.
This was to determine their strength and stiffness
and to validate the testing procedure. Subsequently,
additional houses and funding was obtained, as
noted in the acknowledgments, to enable more
comprehensive testing of two more houses in 2013.
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2 INITIAL TESTS
The aims of the initial test series were to measure the
lateral load stiffness of typical moderately damaged
houses and identify the change in stiffness due to the
seismic load history. From this, the residual strength
and likely influence of the earthquake loading on
the large number of moderately damaged houses in
Christchurch building stock would be inferred. Houses
were selected for minimal site slope, minimal lateral
spreading, moderate level of current damage, near
rectangular plan, and for a cladding system that
would not significantly dominate the structural frame
and lining system.

9kN/mm for the 1947 house. Thurston [6] undertook
one of the only full-scale quasi-static and snapback
tests of a house, and prior to damage, a static load
of 30kN produced an approximate deflection of 2mm.
This suggests a stiffness of around 15kN/mm which is
similar to that of the test houses.
The mass of the roof, ceiling structure and upper half
of the walls was calculated and assumed to be lumped
at ceiling height. The houses were idealized as single
degree of freedom, lumped mass models.

2.1 INITIAL TEST PROCEDURE
A diagonal tension load system as described by Morris,
Briscoe et al. [5] was applied to two houses, one built
in 1947 and the other 1983. It was attached to the
house subfloor and foundation with pivoting props to
reduce vertical load as shown in Figures 1 and 2. The
near horizontal load was then applied at the ceiling
level of the houses using two 7.5T chain blocks with
load cells and deformation devices at 6 locations.
Manual measurements were made to provide backup
data and to check uplift and slip from the foundation.

Figure 3: Isometric of 1947 house with measurement
points. The blue line shows the deflected shape under
maximum test load (130kN).

Fundamental frequency and damped frequency
were calculated using a damping ratio of 18% as
recommended by Chopra [7], the natural period of
each house was determined to be 0.14s for the 1983
house and 0.23s for the 1947 house.

Figure 1: Load concept used for Initial House Testing.

Figure 1: Panoramamic view of 1983 House (13m x 6.2m)
showing the chain block load system.

2.2 INITIAL TEST RESULTS
Both houses used a similar loading system, but the
reaction point for the 1947 house was part way along
the foundation. The deformations were monitored at
ceiling level as shown in Figure 3.
The stiffness of both buildings was estimated from
the backbone trend lines shown in Figure 4 and
were found to be 18kN/mm for the 1983 house and
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Figure 4: Load vs average deflection plots for both test
houses showing approximate linear stiffness and equivalent
load levels from the NZ Standards and the Pages Road
Spectra (recorded close to where the houses were located).

2.3 INITIAL TEST CONCLUSIONS
The test damage observed was similar to that caused
to houses by earthquakes across the city. The test
loads applied were comparable to those during the
February 2011 earthquake but were well above
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the seismic design loads determined from the New
Zealand design actions standard AS/NZS1170.5 [8]
for the house frequency calculated. Both test houses
showed little change in stiffness over the loaded range
and would have retained most of their undamaged
residual strength and stiffness.
The dynamic house responses were calculated from
the measured stiffness. The resulting frequency
implied the seismic loads would have been higher
than those required to be resisted by the light timber
frame standards NZS3604 [9]. The foundation system
stiffness may be significant especially for the stiffer
1983 house. It was concluded that future tests should
include foundation contributions and utilise a more
precisely controlled, higher capacity load system in
order to detect the load at which pre-existing damage
changed the structural stiffness.
3 REVISED TESTS
3.1 OBJECTIVES OF FURTHER TESTS
The second test series objective was to measure full
house deflections under reversing loads. In addition,
snap-back tests allowed for the determination
of fundamental frequencies of the test houses so
the dynamic responses could be correlated more
accurately with building standards.

Figure 6: Hydraulic Load system, showing brown LVL props,
red reverse load packers and yellow snap release.

A snap release for dynamic tests was used at several
different load levels. As shown in Figure 6, the load
spreading system used timber rivet plates connected
to laminated veneer lumber (LVL) props. The red
reverse load packers were removed when the yellow
snap release was used in tension.
3.3 1970’s HOUSE 3 AND TEST SETUP
A test procedure was developed and first used with a
1970’s light timber framed house with brick veneer.
The gable end cladding and soffits were asbestos
cement and were removed with the upper courses
of brick. This was done and windows taped prior to
testing as shown in Figure 7.

3.2 GENERAL METHODOLOGY
The test procedure used a timber flitch beam with
double steel inserts that could be added into the
ceiling of a house without adding too much mass
and thus altering the dynamic response. Loads were
applied in the middle of the houses so compression
closing deformations at the member junctions were
not accumulated. A hydraulic load system was used
to apply load to the houses including the house
foundations as shown in Figure 5.

Figure 7: 1970’s House 3 in preparation for test. (N.
Holtum).

The test rig used 8m timber piles raked and driven
to 5m depths with a steel universal beam connecting
the pile tops as a load reaction system, as shown in
Figure 8.

Figure 5: Hydraulic load system for full-scale house tests
using raked timber piles for reaction points.
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The double flitch load beam was installed across the
middle of the house and LVL props transferred the
load from the hydraulic load system to the flitch beam
as shown in Figure 9.
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The plan of House 4 shows a later kitchen addition.
The load system was installed by removing the gable
end timber shingles and part of the roof.

Figure 8: 1970’s House 3 test rig reaction frame with
timber piles and steel beam.

Figure 9: LVL prop to double flitch beam connection. (N.
Brokenshire).

3.4 1923 HOUSE 4 AND TEST SETUP
The fourth house was built about 1923 with
weatherboard cladding and lath on plaster lining
on most internal walls with some decorative timber
lined feature walls (Figure 10). It was on piles with a
perimeter concrete foundation. The house had some
floor undulation due to liquefaction and had moved
approximately 15mm off its foundation in several
places.

Figure 11: Plan of 1923 House 4 showing the position of
the double flitch load beam and props.

The rigidity of the load system was significantly
increased for the final house where two substantial
reinforced concrete foundation beams were fixed to
the driven timber piles and a steel reaction frame was
added. This is shown in Figure 12, which also shows
the LVL load props being manually installed into the
end of the house.

Figure 12: 1923 House 4 with load props being installed. A
concrete foundation and steel reaction frame were used in
addition to the raking timber piles.
Figure 10: 1923 weatherboard House 4 with chimney
removed from the side.
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Figure 13 shows the detail of the load system which
had multiple attachment points and allowed options
for avoiding the roof members. A teflon sheet was
installed under the load system to minimise friction
when the snap release was activated.

Figure 15: Load vs. displacement plot of loading system
pulling to 122kN on House 3; the numbers correlate with
the instrument locations in Figure 14.

Figure 13: Reaction frame above the scaffold with
hydraulic load system, load cells and connector beams with
space for snap release.

4 REVISED TEST - RESULTS
4.1 DEFORMATION & DAMAGE: 1970’S HOUSE 3
The test applied reversing loads to the centre of the
house through the load beam located as shown in
Figure 14. The locations of the instrumentation are
shown as circles in Figure 14 and the numbers next to
each dot correspond to the data in Figure 15.

The gradient of the graph in Figure 16 denotes the
stiffness characteristics of the central internal wall.
The intention was to increase load cycles until there
was an observable reduction in the house stiffness.
Figure 16 shows there is very minimal change beyond
elastic in the load vs. displacement plot so there
was limited reduction in performance of the light
timber frame during testing. This is consistent with
observations that the structural performance and
integrity of these types of houses were very good
during the Christchurch earthquakes, although many
lost brick veneers [3].
The house began to experience widening of previous
crack damage in the bracing elements at 40kN of load.

Figure 14: Visual representation of internal deformations
at 122kN of load on House 3.

There was variation in the size of deflections produced
from the applied lateral load as seen in Figure 15.
The largest deflection under the maximum load was
approximately 20mm for both pulling at 122kN and
pushing at 113kN. These deflections were situated
at the central internal wall denoted by Position 7 in
Figure 14.
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Figure 16: Load vs. displacement graph of central internal
wall in House 3, showing all loading cycles.

At 90kN of load new damage became evident with
rippling of the wall paper and extended propagation
of cracks, particularly diagonal or horizontal cracks
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from window and door frame corners as shown in
Figure 17.

showed different oscillating patterns and damping
effects. The response for the 90kN and 110kN tests
showed similar periods of approximately 0.2 seconds.
Accelerations were also measured resulting in peak
accelerations of 0.08g during the 110kN snap-back
test.

Figure 17: Extended crack propagation from window frame
corner, with the House 3 under load. (N Holtum).

Some of the structure separated from more rigid
bracing elements as shown in Figure 18. At the
maximum load of 122kN crack widths in the range
of 1-5mm were observed dependant on the location
within the house. The damage caused by the loading
was typical of that observed in earthquake damaged
houses.
New damage started to occur in the range of 40-90kN,
which implied that this was the load experienced
during the 2011 Christchurch earthquakes. This
confirms that the house experienced greater loads
during the testing than during the earthquake.

Figure 19: Internal deformations to House 3 during the
110kN snap-back test.

The variation in amplitude as shown in Figure 19
was due to the load system not applying an equal
distribution through the walls. The results also show
that oscillations of the internal instrumentation
which are out of phase which indicate some torsional
response. This was expected as the house was
eccentrically loaded due to the load not being directly
applied at the centre of rigidity. The damping effects
showed considerable variation but are not yet fully
analysed.
4.3 DEFORMATION AND DAMAGE 1923 HOUSE 4

Figure 18: Extended bracing wall element separated
between the wall and ceiling in House 3.

The observed damage was distributed throughout the
house, with the most common being cracks forming
at locations of joints due to element separation at
intersections. Some joint lines in walls cracked
horizontally at mid-height and other vertical joint
lines at window frame corners.
4.2 DYNAMIC RESPONSE 1970’S HOUSE 3
Snap-back tests were performed at 30, 60, 90 and
110kN. The dynamic response of the 110kN snapback
test is shown in Figure 19. The response showed
varying amplitudes at different locations in house,
similar to the static push and pull tests. The response
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The first deformations were applied with unrecorded
loads, but this was remedied and a full test series
was undertaken with a different logging setup and
was conducted in stages as shown in Figure 20. The
load was applied manually in increments that were
adjusted to balance the load between the actuators.
Time was taken to evaluate damage and a number
of displacements manually observed. The minor load
drop-off over the reading times is visible as small steps
in the curve at larger loads. The load system needed
re-arrangement to reverse the load direction, or when
interrupted for snap-back tests, which is evident in
the compilation of load series.
The final applied lateral load was greater than the
mass of the house. Due to the load elevation above
ceiling level it caused the end the house to vertically
lift off the foundation so the test was stopped there.
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4.4 RETEST AFTER REPAIR: 1923 HOUSE 4
After the near maximum load was applied to the
1923 house, loading was stopped and the house was
relined with gypsum plasterboard to repair some of
the damaged walls and those that contributed to the
load direction as shown in Figure 23. After this repair
the house was re-tested.

Figure 20: Load deflection plot for overall 1923 House 4.

Damage at a load level of approximately 90kN is shown
if Figure 21. As is typically observed in earthquake
damaged houses, a significant crack opened in the
doorway in the near central wall of the house between
the lounge and dining room (viewed from the dining
room).

Figure 23: 1923 House 4 plan showing the bracing walls
selected and repaired with gypsum plasterboard.
Figure 21: Internal dining to lounge doorway opening
damage in House 4.

At significant load levels the window frames distorted
and at near maximum load the glass in some windows
separated significantly from the frame itself as shown
in Figure 22.

Figure 22: Window distortion at 200kN of load applied to
House 4.
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Figure 24 shows the extent of the opening between the
lounge and the dining room (view from lounge). The
reverse curve in the ceiling is due to load distortion
and the floor deformation is partly due to liquefaction
and floor movement on the piles. Significant cracks
initiated at the corners of the opening were visible.

Figure 24: Repaired House 4 lounge to dining doorway
at 190kN load. Safety props are non-structural in the
direction of load.
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On larger wall panels the gypsum plasterboard repairs
were installed horizontally. The cracked plaster was
removed but the sheet was refixed over the top of
the timber laths. Figure 25 shows a repaired wall that
was a major part of the load resisting system between
Bedroom 1 and Bedroom 2. A crack was observed when
the house was at 150kN of load and the lower sheet
buckled and burst when the load system was pulling
at 190kN. Following this failure the house reduced in
stiffness and the test was soon discontinued.

Figure 27 shows another 1.2s of record from a later
test, where the stiffness of the house and foundation
have been degraded and the fundamental period was
0.32s.

Figure 27: Snapback test on House 4 at 20mm displacement
fundamental period 0.32s. The series colour match
locations of Figure 26.

5 DISCUSSION

Figure 25: Bedroom 2 gypsum plasterboard repair over
lath in House 4: initial cracking at -150kN and burst off at
-190kN.

4.5 DYNAMIC RESPONSE - 1923 HOUSE 4
Snap-back tests were undertaken at 5 different load
levels during the cycles of load applied to the house.
This work is still being evaluated but preliminary
results for two of these series are shown. Figure 26
illustrates the initial offset deformation as zero and
then 1.2s of record as the house oscillation decayed.
The dominant frequency of the initial decay sequence
representing the fundamental period for the house
was 0.25s. Secondary frequencies may be due to the
instrument support system.

Figure 26: Snap-back test on House 4 released at 12mm
deformation, with a fundamental period of 0.25s. The
different series are at different locations around the

On-site testing has many variables and complexities
that require site specific solutions. The test rig and
load system was progressively improved to effectively
apply the major load levels that a typical timber
framed house can resist. The stiffer steel reaction
frame and piled foundation system was required to
apply maximum house loads. Simpler tests provided
less comprehensive damage and cyclic data and did
not achieve maximum loads.
5.1 HOUSES 1 AND 2
The load system for Houses 1 and 2 was simple and
unidirectional and was quite difficult to precisely
control. It was however effective for the initial tests.
As concluded in Section 2.3, a more rigid reaction
system and higher capability load system was required.
5.2 1970’s HOUSE 3
For the 1970’s House 3 the load system was intended
to be rigid but was flexible due to the offset of the
piles, meaning a true A-frame was not effective. The
proposed 200kN of load was not achieved due to the
reaction system deformations at 120kN exceeding the
stroke of the hydraulic actuators and the load beam
detaching from the plywood in the ceiling. The results
at this level of load were successful, particularly the
snap-back tests at higher deformations.
A comparison of design, applied and actual earthquake
loads was undertaken. The 2011 Christchurch
earthquake was reviewed by Bradley and Cubrinovski
[1] who produced pseudo spectral acceleration plots of
various recording stations around Christchurch. Figure
28 shows the pseudo-acceleration response spectra

house.
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for the Pages Road (PRFC) stations, and a similar graph
for Heathcote Valley (HVSC) was considered. By using
the calculated period of 0.24 seconds from the test
house structural properties in Table 1, Figure 19 was
used which corresponded with a value of 1.05g from
PRFC and 1.25g from HVSC. HVSC was nearer to the
rock and recorded the largest accelerations during
the 2011 Christchurch earthquake. However PRFC is
close to the site location and on similar soils, so is
likely to be very close to the ground motions at 1970’s
House 3 and 1920’s House 4.

The design and actual loads described above represent
the cladding interacting with the frame. Under
earthquake loading the heavy brick cladding will apply
lateral load to the frame. In the lateral loads applied
directly into the frame “Test (Push)” and “Test (Pull)”
loads represented in Table 1 are larger in comparison
to the loads estimated on the house during the 2011
Christchurch earthquake.
5.3 1923 HOUSE 4
Analysis and data processing is still progressing for
House 4 and a 1990’s house tested in September 2014.
Preliminary results indicate that the load system
worked well but the data capture was not complete
for some sequences.
The house had a lightweight roof and walls and so
would have been subject to moderate seismic loads.
Some pre-existing damage was due to differential
foundation movement. Testing caused damage well in
excess of that and the damage is still to be correlated
with applied deformation and load data.

Figure 28: Extreme ground motions observed at Pages Road
(PRPC) in terms of pseudo - acceleration response spectra
[1].

The bracing demand of House 3 was reviewed from
the timber framed building standard NZS 3604:2011
[9] and the structural design actions from NZS
1170.5:2004 [8]. The design actions were calculated
based on the initial Christchurch zone factor of 0.22
before the earthquakes and the revised zone factor of
0.3 after the earthquakes. The revision of this factor
closely represents the loads at which new damage
started to occur during testing.

Table 1: Design, Earthquake and Applied Lateral Loads for
House 3
Source

Acceleration

Applied

Coefficient

Lateral Loads

NZS 1170.5:2004

0.66

58kN

NZS 1170.5 - revised

0.99

87kN

NZS 3604:2011

-

61kN

PRFC

1.05

93kN

zone factor
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HVSC

1.25

110kN

Test (Push)

-

113kN

Test (Pull)

-

122kN

The testing on this house succeeded in loading well
into the non-linear range and successfully applied
loads well beyond what any credible predicted
earthquake would apply. The stiffness of the house
was in a similar range to high values observed in
the other houses, and the house had significant load
capacity in excess of 200kN.
After the house was damaged a successful repair was
undertaken and achieved over 150kN of lateral load
resistance.
It is clear that light timber framed houses of regular
form have significantly more strength than tests of
wall components would predict. It is likely that minor
repairs would be adequate to satisfy the strength
requirements of damaged houses.
The observed damage to houses at loads well below
their strength threshold has been cosmetically
significant and required significant repairs. The
general damage distribution was investigated in a
study by Thomas et al. [10]. This data needs to be
evaluated alongside other reports and combined with
test data to provide useful repair and risk fragility
curves. From the study the strength of typical regular
historic small housing is likely to be adequate, so
future work will need to take into account low level
serviceability requirements and further testing needs
to document damage at low levels of load.
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6 CONCLUSIONS & RECOMMENDATIONS
A series of tests have been undertaken that show
that the strength and stiffness of typical light timber
framed houses, after real and simulated earthquake
damage, are still greater than current standards
require.
1. For House 3 the maximum deflection obtained was
approximately 20mm and was located on the central
internal wall, and maximum deflections were similar
for both push and pull tests.
2. Test loads applied were larger than the loads
experienced during the 2011 Christchurch earthquakes,
and these were determined from average recorded
accelerations.
3. The stiffness obtained from the static deflections
correlated with the natural frequency of the dynamic
responses. All houses were very stiff which is
significant in determining the seismic coefficients and
design loads.
4. The maximum load achieved in House 4 was well
in excess of design levels and maximum credible
loads. The loading was also much higher than strength
predictions based on current standards would
calculate.
5. For all houses tested the residual strength after
the Christchurch earthquake was well beyond the
requirements of the loading standards and what would
be required to resist further similar earthquakes.
6. The damage observed after loadings greater than
required in the standards was adequate for load
resistance but was not cosmetically acceptable.
7. Fragility of timber houses needs to be determined
and further testing is needed to evaluate more recent
houses with a focus on damage detail at serviceability
level loads.
8. This work contributes to an understanding of the
real loads that houses have experienced but further
evaluation of the data is needed to determine the
thresholds at which damage occurs.
9. Acceptable stiffness for serviceability performance
of light timber framed buildings needs to be
determined and further tests carried out.
10.
Cosmetic damage needs to be determined
relative to loading for determining fragility curves for
financial risk.
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