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ABSTRACT: It is generally accepted that older timber framed buildings have 
significantly greater strength and ductility than can be shown through conventional 
assessment procedures.  

A destructive testing programme was undertaken in order to better understand the 
performance of Housing New Zealand Corporation timber framed “multi” units. The data 
was analysed to determine the actual available strength, ductility and damping in the 
structure. The study informed the development of more realistic seismic assessment 
parameters which result in less conservative seismic assessments than a conventional 
assessment using the current NZSEE AISPBE Guidelines. 

1 INTRODUCTION 

Since early 2011, Housing New Zealand Corporation (HNZC) has been undertaking a project to assess 
the earthquake risk to its portfolio of multi-unit, multi-storey buildings. A large number of these are 
two-storey, four unit timber framed buildings, generally referred to as “multi” buildings. The 
performance of such buildings in the 2010 and 2011 Canterbury earthquakes in combination with 
previous research suggested that current methods of assessing the life safety risk posed by these 
buildings are conservative. A destructive testing programme was undertaken to better understand the 
capacity and behaviour of these buildings. 

2 PAST PERFORMANCE OF TIMBER FRAMED BUILDINGS IN EARTHQUAKES 

2.1 Historic performance of timber framed buildings in earthquakes 

In previous earthquakes two-storey and single-storey timber framed buildings have largely been 
shown to meet the life safety criterion required by design standards, with fatalities predominantly 
occurring in larger (three to four-storey) timber framed buildings or as a result of external hazards. 
Some soft-storey failures of older two-storey buildings have been observed in significant earthquakes, 
however these typically did not result in full collapse. Relevant studies include Rainer and Karacabeyli 
(2000), Pender and Robertson (1987), and Buchanan et al (2011). 

2.2 Performance of HNZC “multi” buildings in 2010 and 2011 Canterbury earthquakes 

Throughout 2012 engineers surveyed 56 “multi” buildings in Christchurch as part of the Detailed 
Engineering Evaluation process. The buildings were generally constructed between 1940 and 1980. 
Recorded peak ground accelerations close to each site were in the range of 0.5g to 1.0g (GeoNet, 
2011). The 0.5 second period response spectrum accelerations were in the range of 0.4g to 1.1g 
(Thurston, 2012). “Multi” type buildings are typically assumed to have a natural period of less than or 
equal to 0.5 seconds. 

The majority of the buildings exhibited no significant structural damage resulting from strong ground 
shaking. A number had damage to wall linings at joints, around openings and at corners. In general the 
observed damage did not significantly reduce the lateral strength of the building; however, a reduction 
in stiffness is likely to have occurred in a number of instances. 

Observed damage to ceiling and floor diaphragms was generally minimal. Damage or collapse of brick 
veneers and brick chimneys was commonly observed in buildings of all ages. 
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Uniform and differential settlement due to liquefaction was commonly observed. In affected buildings, 
foundation cracking and cracks propagating vertically through the superstructure were common; 
however, liquefaction induced damage did not cause collapse or significantly compromise the life 
safety performance of the buildings. 

Using conventional detailed seismic assessment (DSA) methods returns the result that a large number 
of these buildings have a theoretical capacity below 33%NBS, corresponding to a capacity to resist 
peak ground accelerations of less than 0.112g for a building founded on subsoil type D and a hazard 
factor (Z) of 0.30. Clearly this result is incompatible with the level of damage observed. 

3 CURRENT SEISMIC ASSESSMENT METHODS 

3.1 Building analysis and loading 

Horizontal seismic loads acting on timber framed buildings are generally calculated using either the 
equivalent static method to NZS 1170.5:2004 or a bracing line approach to NZS 3604:2011.  

The structural ductility factor (μ) used is commonly between 2.0 and 2.5 for buildings constructed 
prior to the introduction of NZS 3604:1978 (NZSEE, 2013; Ministry of Education, 2013). Estimates of 
available ductility are somewhat subjective as the bracing walls in older buildings are not typically 
consistent with a ductile capacity design. The ductility values approximately take account of the 
additional system strength, redundancy and damping observed in the behaviour of such buildings. 

The structural performance factor (Sp) is typically calculated in accordance with NZS 1170.5:2004, 
resulting in values between 0.7 and 1.0. 

3.2 Element capacities 

For pre-1978 buildings only limited data is available for evaluating the bracing capacities of individual 
wall elements. Bracing capacities are commonly estimated from NZSEE (2006), Thurston (2013) or 
previous editions of NZS 3604. 

The capacities of the individual bracing elements are summed together to provide the overall bracing 
capacity of the building. It is not common to include a systems effect factor to account for the 
increased performance of a system of walls. 

4 DESTRUCTIVE TEST PROGRAMME 

Due to the apparent limitations of the current seismic assessment methods, a destructive testing 
programme was conducted to allow observation of the behaviour and calculation of the actual strength 
of a “multi” type building subjected to simulated earthquake actions. 

4.1 Building description 

The test building, a “multi” sub-type 11/92 designed in 1954, is the most common type of “multi” in 
the HNZC portfolio and is typical of a number of other 1950s sub-types. It is one of the lightest sub-
types, with a very short length of bracing walls. Figure 1 shows a ground floor plan of the building.  

 
Figure 1. Ground floor plan. 
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Each block was primarily timber construction with asbestos cement sheet cladding to the ground floor, 
timber weatherboard cladding to the first floor and a corrugated iron roof. The internal linings were 
generally gypsum plasterboard, with hardboard used in the kitchens, laundries, toilets and bathrooms. 

The ground floor was a reinforced concrete slab on grade. The first floor was timber framed and 
supported on various internal and external walls. 

The party walls between units were partially filled reinforced concrete block supported on their own 
strip foundations and bolted to the first floor and ceiling diaphragms either side. 

4.2 Conventional seismic assessment 

A DSA of the building was undertaken based on conventional engineering methods and commonly 
used element capacities. The effective length for sheet bracing elements was taken to be the 
uninterrupted length between openings. The capacities of hardboard linings and asbestos cement sheet 
cladding were ignored due to the insufficient fixings to the wall framing and the expected brittle nature 
of failure. The concrete block party walls were assumed to be supported out of plane by the first floor 
and roof diaphragms, but to resist load in plane in conjunction with the timber framed walls. 

The calculated capacity was 11%NBS in the longitudinal direction and 59%NBS in the transverse 
direction. 

4.3 Estimated actual capacities 

To estimate the actual expected performance of the building, the strength was recalculated assigning 
capacities to the hardboard linings and asbestos cladding, where present, and summing sheet and 
diagonal bracing values. A contribution of 9.8 kN per wall from the flexural strength of the party walls 
was also included. The estimated total strengths were then multiplied by an overstrength factor (øo) of 
2.0 (for timber shear walls) to design the test apparatus. The estimates, while at best a well-informed 
guess, confirmed that the test rigs would have sufficient capacity to load two units. The assessed DSA 
capacity (FDSA) and estimated capacities (Festimate) are summarised in Table 1. 

Table 1. Assessed structural capacities 

Test øFDSA 
(kN) 

Festimate 
(kN) 

Transverse 12.6 28-55 
Longitudinal  24.4 86-171 

4.4 Test methodology 

Two tests were carried out, one in the transverse direction and one in the longitudinal direction. Photos 
of the test setups are provided in Figure 2. Layouts for the tests are shown in Figure 3. 

Lateral load was applied using the hydraulic ram of a house moving truck located at each end of the 
building. Application was through bearing of steel beams at the first floor diaphragm level, because 
the ground floor strength limits the overall building strength. Load was applied gradually in alternating 
directions, incrementally increasing the load with each full cycle. 

4.4.1 Transverse test 

The test unit was prepared to reduce the contribution of secondary and non-structural elements as far 
as possible, aiming to determine the capacity of a system of timber framed walls. There were no 
windows in the direction of loading and only one door which was open during testing. The exterior 
asbestos cement cladding and the stairs, including the stringer, were removed. 

The steel loading beams acted in bearing onto the face of the boundary joists. Timber blocking was 
installed between the floor joists along the north and south faces of the building to prevent premature 
buckling of the joists. Diagonal timber braces were installed across the east and west wall openings to 
prevent a side sway failure perpendicular to the test direction. 
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Figure 2. (a) Transverse test setup (b) Longitudinal test setup. 

 
Figure 3. (a) Transverse test arrangement (b) Longitudinal test arrangement. 

4.4.2 Longitudinal test 

The test aimed to quantify the total system capacity including the strength of all secondary elements. 
The adjacent units were demolished entirely, with the party walls remaining. No demolition was 
undertaken within the two test units. The exterior asbestos cement sheet cladding remained in place. 
The building was initially tested with the windows closed, although in the latter stages a number of 
load cycles were undertaken with the windows open. All doors were open during testing. 

At one end the steel loading beam was bearing on the weatherboard cladding and at the other end it 
was bearing on the reinforced concrete block party wall. 

4.4.3 Data acquisition 

Applied load was recorded in real time using load cells fixed to each tendon, with a third load cell at 
the end of each yoke which measured the total applied load. A rotary potentiometer was fixed to the 
building at first floor level to measure the displacements. 

Building displacements were also surveyed using two total stations and a series of prisms and rulers at 
each end of the building. Survey readings were taken at peak loads and in the zero load condition. 

4.4.4 Observations 

The building was inspected externally during and after each load cycle and the interior was inspected 
periodically in the zero load condition. Two video cameras were also installed inside the building. 
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5 TEST RESULTS 

Plots of load against potentiometer displacement for each test are shown in Figure 4. Table 2 provides 
summary test results. 

For the transverse test, the summary results are derived from the half cycles to the east, on the basis 
that the building exhibited a lower strength in this direction. This may have been due to the orientation 
of the diagonal braces. 

For the longitudinal test, the summary results are derived from the half cycles to the south because the 
hydraulic ram capacity was reached when pulling to the north, but not to the south. The observed 
behaviour was very similar in the north and south pulls. There was no apparent reduction in stiffness 
when the windows were opened. 

The serviceability load (FSLS) corresponds to 0.67% inter-storey drift, suitable for gypsum walls. The 
yield strength (Fy) has been calculated using BS EN 12512:2001. 

The maximum strength achieved (Fmax) is defined as the maximum average load achieved. The 
average load for each cycle is the average of the data points at the maximum displacement for each 
cycle. The maximum average load has been considered because the peak measurements were only 
achieved momentarily and thus may be subject to measurement error. 

 
Figure 4. (a) Transverse test hysteresis and (b) Longitudinal test hysteresis. 

Table 2. Tabulated predictions and results 

Test øFDSA 
(kN) 

Festimate 
(kN) 

Fy 
(kN) 

FSLS 
(kN) 

Fmax 
(kN) 

Transverse 12.6 28 - 55 45 51 62 
Longitudinal 24.4 86 - 171 188 180 247 

6 POST-TEST ANALYSIS 

6.1 Assessment of systems effects factor 

To quantify the systems effects the building capacity is recalculated considering the actual behaviour 
observed during the tests (øFrevised), following the method used in section 4.2, except as follows. 

The out of plane contribution from the party walls was calculated based on the wall flexural capacity. 

In the transverse test it was evident that the diagonal braces and the plasterboard sheets both 
contributed to the building capacity and as such the capacities are summed together. The test also 
showed that a lean-to wall contributed to the lateral strength, as well as the plasterboard lining on the 
external face of the stair wall, hence the contribution from these elements has been taken into account. 
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The behaviour of reinforced concrete block walls is well understood, and is not expected to be 
significantly affected by systems effects. Therefore, to calculate the systems effects factor (SEFt) for 
the timber framed components, the following formula is used: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡 = 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚−∅𝑜𝑜𝐹𝐹𝑝𝑝𝑝𝑝
∅𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−∅𝐹𝐹𝑝𝑝𝑝𝑝

 (1) 

where the overstrength factor (øo) is taken as 1.25, and Fpw is the party wall contribution. The overall 
systems effects factor, including the party wall contribution (SEFo) is: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜 = 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
∅𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

 (2) 

Table 3 indicates that timber framed walls in the building have strength approximately 2.37 times the 
calculated capacities, which can be considered as the lower bound systems effects factor. In the 
longitudinal direction the strength is approximately 4.41 times greater than calculation, or excluding 
the party wall contribution 6.65 times greater. The difference between the systems effects factors for 
the transverse and longitudinal tests can primarily be attributed to the additional capacity provided by 
secondary elements, including cladding, windows and fittings. 

Table 3. Revised capacities, test capacities and systems effects factors 

Test øFDSA 
(kN) 

øFrevised 
(kN) 

Fmax 
(kN) SEFt SEFo 

Transverse 12.6 26.2 62 2.37 2.37 
Longitudinal 24.4 56.0 247 6.65 4.41 

6.2 Statistical analysis 

Section 10 of NZS 3603:1993 provides a means of testing structures to demonstrate compliance with 
the standard, by ascertaining the lower fifth percentile population strength. While the testing was 
necessarily not fully in accordance with the standard, the document provides a useful estimate of the 
sampling factor when extrapolating the test results to a population of other 11/92 buildings. Analysis 
for the longitudinal direction only is presented to consider the systems effects in a full building, noting 
also that this is the limiting direction in terms of overall building strength. 

6.2.1 Coefficient of variation 

The suggested range of coefficients of variation for bending strength of framing timber is 0.20 to 0.35, 
and 0.15 for nailed joints. Given that the building resistance is provided by a combination of nailed 
sheet bracing, bending of studs and diagonal bracing, a value of 0.20 is considered to be a reasonable 
estimate for the 11/92 buildings. The large number of elements in a single building mean that this 
value is conservative because variation between the overall strength of buildings will be less due to 
averaging of element capacities. 

6.2.2 Systems effect factor 

Based on the coefficient of variation of 0.20, a sample size (n) of 1, and the test results (Fmax), the 
resulting sampling factor (k32) is 1.66 for calculating the likely ultimate limit state (ULS) capacity of 
the population (FULS). The value of 1.66 is within the range of 1.5 to 1.8, which is the intended margin 
between the ULS and collapse limit state (CLS) (NZS 1170.5:2004).  

The population systems effects factor (SEFP,i) is then calculated using: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝,𝑖𝑖 = 𝐹𝐹𝑈𝑈𝑈𝑈𝑈𝑈−∅𝑜𝑜𝐹𝐹𝑝𝑝𝑝𝑝
∅𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−∅𝐹𝐹𝑝𝑝𝑝𝑝

 (3) 

The resulting reduced systems effects factors for the longitudinal test are provided in Table 4. 
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Table 4. Systems effects factor for the population 

Test Fmax 
(kN) 

FULS 
(kN) 

øFrevised 
(kN) SEFp,t SEFp,o 

Longitudinal 247 149 56.0  3.66 2.66 

This result suggests a systems effect factor of 2.66 to 3.66, depending on the analysis used, could be 
applied to buildings of similar construction to the test building, and that the expected strength of two 
units would be at least 149 kN. 

7 RESULTS DISCUSSION 

The results and analysis show that the actual strength and displacement capacity of the test building 
were significantly greater than a conventional assessment calculates. In addition to the contribution 
from non-structural elements, this was in part due to the behaviour of the wall elements. 

7.1 Wall hold-down 

The hold-down capacity of the walls was not a limiting factor in the tests despite the presence of only 
nominal hold-down connections. Instead, hold-down of walls appeared to be provided by the dead 
load imposed on each wall, the coupling of lintels, and connection to the party walls. Due to the long 
wall lengths at the upper storey and the presence of the party walls the author considers that the 
overturning moments on individual wall elements would only increase minimally if lateral load was 
applied at a greater height. This effect will be less at upper storey walls with lower dead loads, and in 
narrower buildings where the forces arising from global overturning moments are greater. 

7.2 Sheet bracing, cladding and diagonal bracing 

The plasterboard sheets in the test building failed as the nails pulled through the sheets, for walls with 
plasterboard on both one and two sides. This failure mechanism suggests that the wall bracing capacity 
is effectively doubled when lining is fixed to both faces, consistent with the observation in 7.1. 

Hardboard exhibited brittle failure in the test and could not withstand large displacements. It was also 
evident that the asbestos cement sheet cladding was insufficiently fixed to provide a reliable bracing 
capacity. Unless additional fixings have been installed, it is recommended to ignore hardboard and 
asbestos cement sheet cladding as bracing elements. 

The transverse test showed that the diagonal braces acted in conjunction with the plasterboard wall 
linings as the failure of each was gradual. 

7.3 Reinforced concrete block party walls 

Strength was provided by the out of plane resistance of reinforced block party walls. Large 
displacements are required to develop the party wall strength and as such the timber elements of the 
building must have sufficient displacement capacity if this strength is to be included in the overall 
building capacity. It is also necessary to consider the strength and stiffness of the upper storey walls to 
ensure that sufficient resistance is provided to develop the flexural strength of the party walls bending 
about the first floor diaphragm. The rotation capacity of the foundations should also be considered. 

8 PROPOSED ANALYSIS PARAMETERS 

To calculate a %NBS which better reflects the test results and observed performance of this type of 
building in earthquakes this section proposes parameters to be used for detailed seismic assessments.  

8.1 Ductility 

A structural ductility factor (μ) of 3.5 is recommended for loading in the longitudinal direction of 
buildings where the primary bracing elements are plasterboard lined walls. A structural ductility factor 
of 2.0 is recommended for loading in the transverse direction.  

The displacement ductility values achieved in both tests exceeded the recommended values by more 
than the ULS to CLS required margin of 1.5 to 1.8. 
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8.2 Structural performance factor 

A structural performance factor of 0.7 would be “in the right ball park” for a ductile building, 
considering that the average effective acceleration that a building is subject to is 60% to 65% of the 
peak acceleration, for four cycles (NZS 1170.5:2004); although it is noted that this may be non-
conservative for some short period structures. Therefore accounting for the additional damping 
(section 8.3), a structural performance factor in the region of 0.7 to 0.9 is conservative without 
considering the additional strength and redundancy present in the test building.  

To account for the systems effects and strength contribution from secondary elements, a range of 
potential structural performance factors, shown in Table 5, have been calculated using: 

𝑆𝑆𝑝𝑝,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑆𝑆𝑝𝑝
𝑆𝑆𝑆𝑆𝐹𝐹𝑝𝑝

 (4) 

where the base structural performance factor is varied from 0.7 to 1.0 to reflect the uncertainty in the 
effective acceleration and damping of an individual building. The reduced structural performance 
factors have been calculated with and without taking account of the concrete block party walls. 

For ductile buildings it is thus proposed to adopt a structural performance factor of 0.35. The 
transverse test showed a lower systems effects factor, but the hysteretic damping was significantly 
greater. As such the reduced factor is considered appropriate for both primary directions. 

Table 5. Calculated reduced structural performance factors 

Building analysis SEFp 
Reduced structural performance factor Sp,reduced 

Sp=1.0 Sp=0.9 Sp=0.8 Sp=0.7 
Timber only 3.66 0.273 0.246 0.219 0.191 
Overall 2.66 0.376 0.338 0.301 0.263 

8.3 Damping 

The building demand should be calculated from the 5% damped NZS 1170.5:2004 loadings spectra. 
Damping above this level was measured during the destructive tests, however the calculation is 
imprecise due to the coarseness of the data. The increased ductility factor and reduced structural 
performance factor proposed take sufficient account of the additional energy dissipation. 

8.4 Re-assessment of test building using proposed parameters 

The test building has been reassessed using the proposed parameters resulting in a calculated capacity 
of 74% NBS, governed by loading in the longitudinal direction. 

9 ONGOING RESEARCH 

Others including NZSEE and Ministry of Education are continuing to develop more realistic 
parameters for seismic assessments, and have proposed reduced structural performance factors for 
both qualitative and quantitative assessments. Further research may refine the proposed parameters. 

10 CONCLUSIONS 

The past performance of timber framed buildings and “multi” type buildings in earthquakes shows that 
the current means for assessing the life safety risk of such buildings are conservative. 

Destructive testing of a two-storey “multi” type building was successfully carried out to enable a more 
accurate assessment of how the structure would perform in an earthquake. The destructive test 
reinforced the observations made in past earthquakes, with the building demonstrating strength and 
ductility significantly greater than a conventional assessment permits. 

The author proposes the use of a reduced structural performance factor of 0.35 for the seismic 
assessment of “multi” type buildings. This factor may be increased depending on how the capacity is 
derived or when vulnerabilities are present. A structural ductility factor of between 2.0 and 3.5 is 
recommended, with reductions where brittle elements dominate the lateral resisting system. 
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The contribution from out of plane bending of reinforced concrete and reinforced concrete block party 
walls may be included in the analysis when the walls are robustly connected to the timber structure. 

The proposed parameters produce detailed seismic assessment results which provide a much better 
reflection of the life-safety risk of “multi” type buildings. The results of this study form the basis of 
guidelines currently in use for evaluating HNZC owned timber framed buildings. 
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