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ABSTRACT   

An innovative three-story timber building, using self-centering, post-tensioned timber shear walls as the main horizontal 
load resisting system and lightweight non-composite timber-concrete floors, has recently been completed in Nelson, New 
Zealand. It is expected to be the trailblazer for similar but taller structures to be more widely adopted. Performance based 
standards require an advanced understanding of building responses and in order to meet the need for in-situ performance 
data the building has been subjected to forced vibration testing and instrumented for continuous monitoring using a total 
of approximately 90 data channels to capture its dynamic and long-term responses. The first part of the paper presents a 
brief discussion of the existing research on the seismic performance of timber frame buildings and footfall induced floor 
vibrations. An outline of the building structural system, focusing on the novel design solutions, is then discussed. This is 
followed by the description of the monitoring system. The analysis of monitoring results starts with a discussion of the 
monitoring of long-term deformations. Next, the assessment of the floor vibration serviceability performance is outlined. 
Then, the forced vibration tests conducted on the whole building at different construction stages are reviewed. The 
system identification results from seismic shaking records are also discussed. Finally, updating of a finite element model 
of the building is conducted. 

Keywords: Timber structures, structural health monitoring, dynamic testing, dynamic response, seismic response, model 
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1. INTRODUCTION  
Modern multistory timber buildings, six to nine stories high, have been constructed in countries including Germany, 
England, Canada and Sweden. An example of this trend is the construction of an innovative three-story office structure, 
using self-centering, post-tensioned timber shear walls as the main horizontal load resisting system and lightweight non-
composite timber-concrete floors, recently completed in New Zealand for the Nelson Marlborough Institute of 
Technology (NMIT). The preliminary design concept won a funding contribution from the New Zealand Ministry of 
Agriculture and Forestry (MAF) in competition for a timber government building of a commercial scale. The project is 
expected to be the trailblazer for similar, possibly taller, structures to be more widely adopted locally. 

Performance based design requires the understanding of structural responses to the various loads acting on structures. In-
situ, full-scale structural monitoring and testing can provide invaluable insights and help avoid the many simplifications 
and assumptions present in analytical or numerical simulations and laboratory experimentation. Modest MAF funding 
was obtained to install permanent instrumentation into the building investigating several aspects of structural 
performance relevant for timber structures in a strong seismic and wind environment. One-off, ambient and forced 
dynamic tests were also conducted. Dynamic performance of floors due to occupant induced vibrations is also being 
monitored. A separate monitoring system collects data on long-term timber element deformations as well as temperature 
and humidity.  

The outline of this paper is as follows. Firstly, a brief literature survey is included that highlights previous research 
attempts aiming at a better understanding of the issues in dynamic performance of timber frame buildings. Issues in 
footfall induced vibrations of lightweight floors and their monitoring are also covered. Then, the NMIT building and its 
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structural systems are described with the focus on the seismic and wind load bearing shear walls and non-composite 
timber-concrete floors. The comprehensive monitoring system designed for the building and comprising sensors to 
measure both long-term and slowly varying timber deformations due to creep and temperature and humidity variations, 
as well as dynamic responses produced by wind, ground shaking and, in case of floors, footfall is described. The results 
from the monitoring of long-term effects and behavior are discussed. Next, the assessment floor vibration serviceability 
performance is outlined. Then, the forced vibration tests conducted on the whole building at different construction stages 
are reviewed. This is followed by system identification results from seismic shaking records. Finally, finite element (FE) 
model updating is conducted. 

2. LITERATURE REVIEW 
This section presents a literature review that surveys existing research into the dynamic performance of timber frame 
buildings and footfall induced vibrations of lightweight floors – two topical areas that the dynamic monitoring system of 
the NMIT building is targeting for real-life data. 

2.1 Dynamic performance of timber frame buildings 

Strong earthquakes, such as the 1994 Northridge earthquake and the 1995 Kobe earthquake exposed the vulnerabilities 
of timber frame structures. These were attributed to the lack of adequate performance based design procedures for 
timber1. Such procedures need to draw on full-scale experimental data, however, few full-scale seismic tests have been 
conducted to date on multistory light-frame timber buildings and even less on medium to heavy-frame buildings2. Some 
representative tests and their conclusions are reviewed below with emphasis on the influence of non-structural elements 
on seismic response and amplitude dependence of natural frequencies and damping. 

Filiatrault et al.3 performed uni-axial shake table tests on a near full-scale two-story light-frame timber building. The 
building was tested as the bare frame and then with interior and exterior finishings. The fundamental frequency of the 
building was found to be dependent strongly, a decrease by 40%, on the presence of non-structural elements. Viscous 
damping for the structure with finishing materials was found to be 7%. The simple structure including finishing materials 
displayed a near linear response.  

Camelo4 conducted a series of ambient and forced vibration tests on existing multistory light-frame timber houses with 
different configurations and heights. Fundamental frequencies found from ambient vibrations were shown to be higher 
than those obtained from the forced vibration tests; this was attributed to amplitude dependence of modal frequencies. 
An analysis of the data from the shake table tests performed by Filiatrault et al.3 showed a large discrepancy in the 
damping estimates, with 15%-20% critical damping compared to Filiatrault et al.3 

Sutoyo5 extended on the work done by Camelo4 by investigating the performance of light-frame timber buildings at high 
shaking levels. The study used earthquake records from two instrumented light-frame timber buildings. Experimental 
shake table records from a two and three-story timber frame house were also used. The results showed amplitude 
dependence for both fundamental frequency and damping estimates. The fundamental frequencies dropped at higher 
amplitudes and the damping ratios increased for stronger motion. Hysteretic loops were extracted from the earthquake 
records and from the shake table records. This worked well for the shake table data, however, less so for the earthquake 
data. Modal parameters of the shake table records were compared to the hysteretic loops and their validity discussed. 
When a linearized model is used to estimate modal parameters of a timber building experiencing large seismic motions, 
damping ratios of 12-20% can be expected. For a timber building displaying linear behavior damping ratios of 5-10% 
can be expected. A non-linear model with a custom hysteretic model would use a viscous damping estimate of 5-10%. 
This explains the discrepancies seen in damping estimates in Camelo4 and Filiatrault et al.3  

A representative FE model was constructed with the help of various model updating techniques. The model was used as 
a validation tool to assess the accuracy of extracting the building’s hysteretic loops from earthquake records. The 
hysteretic loops extracted from the updated FE model were shown to be more consistent with current knowledge of 
timber frame structures than those extracted from the earthquake records.  It was concluded that a substantial amount of 
information about the hysteretic behavior of timber frame buildings could be extracted from earthquake records such as 
hysteretic curves, structural deformations and amount of energy dissipated. The seismic record database would however 
substantially benefit from placed strategically multi-axial sensors. The integration of model updating into the 
investigations was seen as highly useful.  

Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http://SPIE.org/manuscripts

Return to your MySPIE To Do List at http://myspie.org and approve or disapprove this submission. Your manuscript will not be published without this approval.
Please contact author_help@spie.org with any questions or concerns.

8345 - 93 V. 1 (p.2 of 19) / Color: No / Format: A4 / Date: 2012-03-15 10:30:45 PM

SPIE USE: ____ DB Check, ____ Prod Check, Notes:



 

 

Mosalam and Mahin2 conducted seismic testing on a typical, near full-scale, asymmetrical, three-story light-frame 
residential timber building with discontinuities in elevation. The building was tested using a multi-directional shake table 
without finishes, with finishes, and after retrofitting. The testing confirmed the tendency for the building to twist about 
the vertical axis and form a weak story mechanism in the lower floor where the tuck-under parking was located. The 
magnitudes of these tendencies were significantly reduced with retrofit and finishing materials. 

Filiatrault et al.6 tested a full-scale, two-story, light-frame town house building on two tri-axial shake tables operating in 
unison. The influence of internal gypsum wallboards and external stucco was investigated. These were shown to improve 
the seismic response substantially, reducing the first floor drift by 66%. Looking at hysteretic response of the centre of 
the roof indicated that the wall finishes not only reduced its displacement, but also changed its overall hysteretic 
characteristics. The timber-only building showed a moderate non-linear response, whereas the other configurations 
showed an almost linear response. It was concluded that the development of a performance based seismic design method 
taking into account the effect of wall finishing materials was urgently needed. The building also displayed a weak story 
mechanism and significant torsional response due the garage opening on the first floor. 

Van de Lindt et al.7 tested a full-scale, light-frame, seven story timber building on the Japan’s E-Defense largest shake 
table. The objective of the test was to assess the seismic performance of mid-rise light frame timber building with a steel 
moment resisting frame in the first story. The testing showed that the mid-rise light frame timber building performed 
better than what was expected from current guidelines and codes. 

Ellis and Bougard8 dynamically tested a six-story medium-frame timber building at different stages during construction. 
The purpose of this was to quantify the difference between the stiffness of the bare timber frame of the building, which 
was used in the dynamic design, and the stiffness of the complete building. Ambient and forced vibration tests were used 
to measure the characteristics of all the fundamental modes at three key stages of construction: the bare timber frame, the 
timber frame with staircase, plasterboard walls and ceiling lining, and when the building was completed including the 
masonry cladding. Results from the experiments showed that the stiffness was increased five-fold for torsion due to the 
addition of the masonry cladding. The plasterboard and the stairway also had a large effect on the translational stiffness 
of the building. Results also showed that with increasing seismic amplitudes, the modal frequencies decreased and the 
damping ratios increased. The authors concluded that an important method for the understanding of the building 
behavior is using numerical modeling combined with experimental measurements at various stages of construction. 

Filiatrault and Folz9 discussed how timber frame buildings are generally designed as individual components without due 
consideration for their mutual interaction; unlike the design of steel and concrete buildings, for which capacity design 
principles have been developed. They reasoned that timber frame building design would therefore benefit greatly from a 
rational performance based seismic design procedure. The procedure developed used the direct displacement design 
method as a basis. The procedure did take into account damping due to non-structural components, however, it did not 
take into account any additional stiffness due to non-structural components. 

Pang and Rosowsky10 built on the procedure proposed by Filiatrault and Folz9 by considering a multi degree of freedom 
model. Interstory drift limits were determined for three different performance levels: immediate occupancy, life safety 
and collapse prevention. The procedure, however, is only applicable to timber frame buildings with a relatively 
symmetric plan and regular shape. An advantage of the procedure is that it avoids the necessity of a non-linear push over 
analysis as an equivalent viscous damping ratio is not necessary for calculations; however, it does require information 
about shear wall backbone curves.   

Filiatrault et al.1 proposed a simple equation for the variation of global viscous damping against building drift to 
facilitate the use of direct displacement design. To do this, a FE model was developed to model the global load-
displacement behavior and the variation of the global equivalent damping with displacement amplitude. The model was 
then validated against the results from shake table testing. It was found that the global equivalent damping ratio against 
building drift displayed consistent behavior. For building drifts less that 0.4%, it was found that the damping ratio 
increased linearly to around 18% of critical damping. For building drifts more than 0.4%, the damping ratio stayed 
relatively constant around 18%. This, however, did not take into account damping from non-structural elements or 
structural elements other that the parameter shear walls, and to account for this an additional damping ratio of 2% was 
added. 

In conclusion, experimental investigations on the seismic performance of light timber frame buildings show conclusive 
results on the amplitude dependence of both damping and fundamental frequency, significant effect of non-structural 
elements on stiffness, the tendency for a weak story mechanism to form, and the effect of asymmetry on torsional modes. 
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Design procedures have been developed for light-frame timber buildings, however, they do not take into account the 
effect of wall finishings on global stiffness and hysteretic performance. Further studies need also to be done on the effect 
of non-structural elements on the hysteretic performance of buildings. Less research has been performed on medium to 
heavy timber frame buildings, however, there are some similar seismic characteristic to light-frame timber buildings, 
such as amplitude dependence of both damping and fundamental frequency and increasing global stiffness due to non-
structural elements. The usefulness of combining numerical modeling with experimental measurements at various stages 
of construction to deepen the understanding of seismic performance has also been established but needs to be more 
vigorously pursued. 

2.2 Footfall induced floor vibrations and their monitoring 

Improved mechanical properties of construction materials have enabled engineers to design lighter and more slender 
structures. In addition to economic factors, this is often driven by the desire to achieve more aesthetically pleasing 
architectural expression. The current push towards stronger and lighter materials and structural systems is resulting in 
increasing liveliness of long-span floors in buildings. Modern floors with large spans are lightweight constructions with 
low stiffness and low natural frequencies, and are therefore more easily excited by dynamic footfall loading. With an 
increasing number of floors failing in their vibration serviceability11, robust methods for the assessment of floor vibration 
have become essential.  Footfall induced loading has proved to be the major source of floor vibration disturbance. 
Excessive floor vibrations due to walking and similar activities can be considered as probably the most persistent floor 
serviceability problem encountered by designers. 

The difficulty in vibration design is the poor correlation between the outcome of computations at the design stage and the 
response of the floor constructed accordingly. In addition to the uncertainties inherent in material properties, damping 
characteristics and boundary conditions, the level of vibrations perceived by individuals, the vibration that is considered 
objectionable, and the force and frequency of foot drop are all highly subjective and/or prone to large variations12. 

During walking, a pedestrian produces a dynamic time varying force which has components in all three directions: 
vertical, horizontal-lateral and horizontal-longitudinal. The vertical component of the force is relevant for floor 
vibrations and has been experimentally quantified. Andriacchi et al.13 measured single step walking forces in all three 
directions by means of a force plate. Hechler et al.14 measured the step frequency of 200 persons passing the entrance 
hall of an administration building. It was noted that all footfall loading parameters are highly different for different 
persons but some general conclusions can be drawn. 

A reliable statistical description of normal walking frequencies was given by Matsumoto et al.15, 16, who investigated a 
sample of 505 persons. They concluded that the frequencies followed a normal distribution with a mean pacing rate of 
2.0 Hz and standard deviation of 0.173 Hz. Leonard17 concluded that the normal walking frequency range is 1.7–2.3 Hz, 
which is in broad agreement with the findings of Matsumoto et al. There are also some proposals as to the typical 
frequency ranges for different human activities (running, jumping, bouncing, etc.), e.g., Bachmann et al.18 defined typical 
frequency ranges of 1.6–2.4 Hz for walking, 2.0–3.5 Hz for running, 1.8–3.4 Hz for jumping, 1.5–3.0 Hz for bouncing 
and 0.4–0.7 Hz for horizontal body swaying while stationary. 

For an open plan office, an upper limit of 2.1 Hz for walking pace is acceptable. For low height partitioned office spaces 
and labs, 1.8 Hz is more appropriate. In the absence of more detailed information, a walking frequency of 2 Hz is 
recommended. Being periodic but non-sinusoidal, walking forcing functions have significant higher harmonics in 
addition to the fundamental one. Frequencies of these are integer multiplies of the fundamental walking frequency (1.5-
2.5 Hz) and have the potential to excite the fundamental or other vibration resonances12. In design and analysis, the 
inclusion of several loading harmonics and higher structural modes is often necessary.  

While floor dynamic testing has relatively rich literature, comprehensive in-service floor vibration studies through long-
term monitoring are comparatively less frequently undertaken, indicating the need for more such research.  Samarajiva 
and Choudhuri19 monitored structural vibrations in a fitness center area and adjacent computer server room. Aerobic 
activities were simulated by people spot jogging on the floor. Vibration levels were monitored inside the computer server 
room, the proposed aerobics area and at a location close to the proposed treadmill area. The vibration levels due to 
simulated aerobic activities in the computer server room were significantly above the acceptable threshold for the 
computer equipment room. It was recommended that the floor system be modified to reduce floor vibrations.  

Salyards et al.20 investigated complaints of disturbing vibration levels from the occupants of a newly constructed 
academic building. A remote monitoring system was used for floor vibration monitoring. Analysis of the collected data 
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a) b)  

Figure 5. Shear wall instrumentation: a) overall view, and b) LVDT to measure deformation of energy dissipater. 

 
Figure 6. Locations of floor accelerometers (denoted VA1 through VA3). 

sensors through Ethernet wiring. The stored data are continuously transmitted to GeoNet data centre through a dedicated 
IP connection. The system has backup battery power and beyond nominated acceleration trigger levels the data will be 
stored locally. In this way, key data are retained even if there is an interruption to the power or data network due to a 
major wind storm or seismic event. The system was designed to be robust, moderate cost, low maintenance and protected 
against component obsolescence.  

3.2.2 Instrumentation for monitoring of shear wall responses 

Figure 5 shows the instrumentation of one of the shear walls. For the shear walls, both dynamic and long-term responses 
are of interest. Dynamic instrumentation consists of RDP Group DCTH LVDTs located at the corners of the wall to 
measure uplift when the wall rocks, and an additional LVDT measuring deformation across a U-shaped passive energy 
dissipater. For long-term behavior monitoring, a custom modified CCG series annular ring 450 kN load cells from 
Applied Measurements Ltd were installed prior to the preliminary post tensioning of the wall and the initial load 
deformation due to full post tensioning was recorded. Steel weights of 50 mm diameter were hung from a wire attached 
at the top of the wall to form a reference for measuring long-term wall shortening. These measurements are taken using 
LVDTs fixed to the wall foundation. Temperature and humidity are recorded in the major spaces around the shear walls 
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Figure 9. Monitoring knee rotations with “portal” strain gauges. 

Also between the beams, a small trolley reduces dynamic wire flutter for the LVDT contact. A similar system without a 
trolley monitors deformation for the 6 m span floor system. 

The Media building has four simple haunched portal frames that are a modest span. As shown in Fig. 9, the 
instrumentation uses linear “portal” type strain gauges to determine crushing and joint rotation with a vertical LVDT 
connected to a baseline wire to monitor deformation. Clearance limits mean that a trolley could not be used and the tip of 
the LVDT is directly fixed to the wire. 

4. POST TENSION LOSSES AND TIME DEPENDANT DEFORMATIONS 
4.1 Data validation, variation and environmental factors 

Most of the deformation instrumentation as outlined above is recorded based on averaging 100 readings at 10 minute 
intervals. For two load cells and one floor beam the data is logged at 100 Hz. The data was compared and the 100 
readings for the moving average was validated as representative. The electrical noise sensitivity and the system error was 
calculated as ±0.05 mm for the LVDTs, ±0.5 kN for the load cells, ±0.2% for relative humidity and ±0.15  for 
temperature. This is small relative to the daily variations. 

The wall compressive deformation measurements and the thermal extension of the post tensioning steel are temperature 
sensitive. Temperature variations within the wall cavity are more stable, over a sample week exterior temperature varied 
by 13  but inside the wall by just 3.5 . A temperature profile was measured within the wall from 21.2  to 
22.2  while the adjacent ambient temperature was 23  , the changes were clear at every floor level. Humidity has a 
major impact on the timber moisture content which causes shrinking and swelling. Daily variations of humidity will 
therefore change the wall length and post-tension stress. 

Figure 10 shows the analysed load change values due to temperature and humidity compared to the measured load 
changes over a month. Note that the load scale for temperature is 20 times the load scale for humidity. The temperature 
effect is much more significant and correlates very closely with weekly prediction. The effect of humidity is about 5% of 
the temperature effect and has a slightly lower direct correlation. Over the month, the temperature and humidity effects 
result in a zero change. The trend for the actual load is a loss of 3 kN. 

While the variations are significant and largely predictable, the trends over months of time are still clear prior to detailed 
data correction. 

4.2 Wall deformations and post-tension losses 

Wall deformations 

In June 2010, a post-tensioning load of ~348 kN was applied; the immediate elastic deformation was approximately 
2.5 mm. On site manual deformation measurements were not precise. The next reliable data was taken in April 2011. 
From April 2011 to July 2011, the deformation trend of the shear walls was 0.2 mm to 0.6 mm. One LVDT in the shear 
wall deformed considerably more at 1.5 mm. The shear wall deformations are subject to daily measurement variation 
which is well correlated to the interior temperature. 

Table 1 shows the post tension losses with time. The initial post tensioning target was 348 kN and was achieved within 3 
kN but the load then varied as adjacent rods were tensioned, load cell LC4 dropped by 11.7 kN 10 minutes after 
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tensioning. Loads values are given after 1 day then from April 2010, when the monitoring system was fully functional, 
May, July, and the most recent values from October 2011 after 16 months. The overall load changes are expressed as 
loss percentage of the initial load after all rods were tensioned and jacking was complete; additionally losses as a 
percentage after the first day are noted. 

A direct comparison of deformations with similar lead up temperatures and the same temperature at the time of reading 
over 6 months in May 2011 and again in October 2011 gave the results shown in Table 2. This was selected for similar 
temperature surrounding all instrumented shear walls. Wall 6 is on the North side and may be subject to more thermal 
and humidity changes in the Southern hemisphere. It had the greatest deformation and this has corresponded to the 
greatest post-tension losses. 

Post-tension loses 

As outlined in Table 2, loads changed reasonably consistently with the deformation change. The values for one load cell 
over a month are shown in Figure 11 which highlights the daily and weekly variations. (The heating was turned off for 
the weekend). The trend of the load changes is shown by plotting the difference from the value at 1 April in Figure 12. 

 
 

Figure 10.  Load prediction from temperature and humidity variation compared with measured post-tension. 

 
Figure 11. Post tension load trend for load cell LC6 over a month showing daily and weekly variation. 
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Figure 13 plots the long term deformation from April 2011 to March 2012. It shows the major composite beams have a 
larger creep deflection compared to the secondary non-composite Potius floor beam. Over almost a year, the composite 
beams had a deflection of 3 to 4 mm over a 9.6 m span and the non-composite beam had 1 mm over a 5.5 m clear span. 
This is equivalent to 30% and 15% of their respective theoretical elastic deflections due to gravity load only. The overall 
trend is increasing in downward deformation, the deformation variation synchronized closely with the humidity 
variation. 

Figure 14 is a plot of typical daily variations which was as much as 1.0 mm in July; the weekly pattern is also visible 
with significant changes at weekends. Deflection variation is predominantly due to environmental changes with some 
possible influence from live load changes. This figure shows that the composite beams have larger variation compared to 
the non-composite Potius secondary beams, because they respond more to the environmental factors. The environmental 
factors are similar for the two major beams, but the live load situation is different with two different rooms above them. 

Table 1.  Post-tension load changes with time. 
Time June 

2010 
 April 

2011 
May July  October Losses Losse

s 
Losses 

 Initial 
kN 

1 day 
kN 

10 
Months 

kN 

11 
Months 

kN 

13 
Months 

kN 

16 
Months 

kN 

 
kN 

% 
Initial 

% 
from 
day 1 

LC6 341 334.4 293 287 277 272.7 68.3 20.0 18.4 
LC5 347.9 344.7 290 287 282 276.3 71.9 20.6 19.8 
LC4 350.5 337.5 320 315 306 301.8 48.7 13.9 10.5 
LC3 348 347.6 294 291 290 282.4 65.6 18.8 18.8 

 
Table 2.  Changes in compressive deformation and post tension May to October 2011. 
Shear wall Deformation 

sensor 
Compressive 
deformation 
change 
(mm) 

Load sensor Post-tension 
loss (kN) 

Wall 6 LVDT 4  1.36 LC6 14.5 
Wall 8 LVDT 5  0.77 LC4 13.3 
Wall 8   LC5 11.2 
Wall L LVDT 6 0.41   
Wall L LVDT 7 0.53 LC3 8.5 

 

 
Figure 12.  Post-tension load changes over 4 months showing range of trends. 
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person, ISO2631-1:1997(E)29 requires raw measured acceleration to be frequency weighted to account for the variable 
sensitivity of humans to vibrations. Frequency weighting Wk, a complex function of frequency whose magnitude is 
shown in Fig. 15, is to be applied to vertical vibrations producing weighted acceleration aw(t). Vibration levels for 
comparison with acceptable limits are to be calculated using frequency weighted data. It can be seen from Fig. 15 that 
vibrations in the range of frequencies between 0.7 Hz and 13 Hz would be perceived particularly strongly. 

The quantity to be used to characterize an average level of vibration is the root mean square (RMS) of weighted 
accelerations. To take into account the often-encountered spikiness of response, the RMS value for the worst 1 second of 
weighted acceleration can be used which is calculated as: 

 ( )
1

2
,1

1max
1

t s

w s wall t
t

RMS a t dt
s

+

= ∫  (1) 

The RMSw,1s value for the worst 1 second of vibrations is used to calculate the response factor30: 

 ,1
20.005

w sRMS
R

m s
=  (2) 

Comparison of the response factors with their corresponding thresholds can serve as a way of assessing vibration 
serviceability, despite the fact that available advice on threshold values varies widely in the available literature31.  

5.2 Floor modeling and preliminary monitoring data analysis 

The floor was modeled using the FE software ABACUS. The LVL beams were modeled using beam elements and 
concrete topping using shell elements. Columns of the stories above and below were also included in the model to take 
into account their influence on floor vibrations. Young’s modulus and density were 10.7 GPa and 570 kg/m3 for timber 
and 30 GPa and 2,400 kg/m3 for concrete, respectively. 

Modal analysis revealed that there were 22 modes below 12.5 Hz. These are in the range that could be excited by footfall 
harmonics and also in the range of elevated human perception (see Fig. 15). Figure 16 shows several of the lowest 
frequency modes. It can be seen that due to irregularities and openings in the floor they are localized in either the lower 
part of floor, where several small classrooms are located, or in both upper corners used for offices and galleries. 

Figure 16a shows, as an example of typical trends, peak weighted accelerations for 30 minute intervals for a single day, 
Monday, May 3rd, 2011. A clear pattern can be seen where any appreciable activities occur, as expected, only between 
7.00 am and 8.30 pm. The peak weighted acceleration values are typically less than 1.5 m/s2, though at times they are 
exceeded up to nearly 2.0 m/s2. Figure 16b shows peak daily weighted accelerations for a period of nearly three weeks 
starting Saturday, May 1st, 2011. Another expected pattern is confirmed where a much larger level of response, up to 
approximately 2.0 m/s2, occurs during weekdays, with much smaller vibrations during weekends. (The increased levels 
of vibration starting on Friday, May 13th, 2011 are probably due to some construction works being carried out.) Figure 
17a shows RMS values for the worst 1 second of weighted acceleration (Eq. (1)) extracted from 30 minute long intervals 

 
Figure 15. Magnitude of frequency weighting function Wk for vertical vibrations. 
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Figure 16. Selected lowest modes of floor vibrations by FEM analysis. 

on Monday, May 3rd, 2011. The maximum values of up to approximately 0.2 m/s2 occur around mid-day. Figure 17b 
shows the corresponding response factors (Eq. (2)) reaching maximum values of up to nearly 40. 

 

6. AMBIENT, FORCE DYNAMIC TESTING AND SEISMIC MONITORING DATA 
ANALYSIS 

6.1 Ambient and forced dynamic testing program and methodology 

A series of dynamic tests were carried out at six constructions stages in order to observe the changes of stiffness in the 
building due to structural and non-structural components. Uniaxial Honeywell Q-Flex QA-750 accelerometers were used 
to measure accelerations for both the ambient vibration testing and the forced vibration testing and two APS Dynamics 
Model 400 ELECTRO-SEIS long stroke shakers were used to excite the building during the forced vibration testing. The 
shakers were capable of a peak 445 N lateral load in the frequency range from 1 Hz to 12 Hz. During forced testing, the 
shakers were placed on the second floor where several modes of interest could be strongly excited simultaneously. 
Generally, several accelerometer setups were used with reference accelerometer(s) in the same location(s), and mode 
shapes “glued” together. The accelerometers were placed on the first and second floor but none on the roof. During 
ambient testing, 60 minute long uninterrupted records were taken, sampled at 100 Hz. Forced testing used either 
10 minute long frequency sweeps in the range from 1 Hz to 8 Hz and from 8 Hz to 15 Hz, or broadband random 
excitation sampled at 500 Hz. Ambient testing was performed for all six stages and forced testing for the last stage. 
Unfortunately, only tests for three of the stages yielded reliable results. Table 3 shows the three stages which gave 
reliable results.  

For seismic monitoring results 10 data sets were obtained for earthquakes over M5.0 on the Richter scale, but with 
epicenters far away from the structure. Several of the records were from the February 2011 Christchurch earthquake 
main shock as well as aftershocks but due to the distance from the epicenters had low peak ground accelerations between 
0.23 mg and 3.35 mg.  
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6.3 Finite element modeling and updating 

A detailed FE model of the building was constructed and later updated using the modal frequencies and mode shapes 
from the forced vibration testing. The model used a mixture of frame, spring and shell elements, with member 
dimensions and sizes taken from building construction plans. Model updating was conducted using the software 
FEMtools. FEMtools uses the sensitivity based updating method35. The procedure is iterative: changes to model 
parameters are applied until the modal properties of the model agree with the experimental ones within acceptable 
tolerance. The response values used for updating were picked by evaluating the correlation between the experimental 

Table 3. Construction stages and types of dynamic testing performed. 

Stage Construction progress Type of test performed 

Stage 1 Completed frames, partial concrete floor on first story (no diaphragm 
action) 

Ambient 

Stage 2 As above + completed concrete floors (diaphragm action), roofing, 
elevator shaft, shears walls post-tensioned, some external cladding 

Ambient 

Stage 3 As above + completed external cladding, most of internal cladding, 
staircase installed 

Ambient and forced 

 

Table 4. Summary of dynamic test results (natural frequencies and damping ratios). 

Stage Frequency Damping 

Stage 1 Mode 1: 1.3Hz* 

Mode 2: 2.8Hz* 

Mode 1: - 

Mode 2: - 

Stage 2 Mode 1: 2.9Hz* 

Mode 2: 3.3Hz* 

Mode 1: - 

Mode 2: - 

Stage 3 Mode 1: 3.45Hz*, 3.52Hz†, 3.23Hz‡ 

Mode 2: 4.10Hz*, 4.07Hz†, 4.28Hz‡ 

Mode 3: -*,           6.96Hz†, 5.64Hz‡ 

Mode 4: -*,           7.42Hz†, 7.80Hz‡ 

Mode 1: -*, 1.6%†, 3.4%‡ 

Mode 2: -*, 2.4%†, 3.5%‡  

Mode 3: -*, -†,        4.9%‡  

Mode 4: -*, 1.8%†, 3.6%‡ 
*Ambient testing, †Forced testing, ‡Seismic monitoring 
 
Table 5. Comparison between experimental and FE results before and after updating. 

Mode Experimental 
frequency 
(Hz) 

Initial FE 
frequency 
(Hz) 

Initial 
relative 
error (%) 

Final FE 
frequency 
(Hz) 

Final 
relative 
error (%) 

Initial 
MAC 
(%) 

Final 
MAC 
(%) 

Mode 1 3.52 3.71 5.4 3.68 4.6 78 78 

Mode 2 4.07 4.43 9.1 4.14 1.8 25 54 

Mode 3 6.96 6.48 -6.9 6.67 -4.2 72 71 

Mode 4 7.42 6.80 -8.3 7.51 1.3 32 79 

Mean 
absolute 
value 

  7.4 
 

3.0 52 71 
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modes and the initial FE model modes. Only Mode 1 and Mode 3 correlated well and their frequency and mode shapes 
(in the form of modal assurance criteria35) were used as the response values during updating. The total updating error 
was assumed to be the sum of the relative absolute value errors between the experimental and model frequencies and 
modal assurance criteria. Due to the small number of response values, only a small number of parameters could be 
chosen for updating: the stiffness of the LVL, concrete and cladding elements. To choose suitable updating parameters, a 
sensitivity analysis was performed and only parameters resulting in large sensitivities were considered. In choosing the 
updating parameters, the perceived variability in the mechanical characteristics was also taken into account. The elastic 
modulus was used in updating as a parameter. However, any increase/decrease in the elastic modulus of the materials 
indicated in updating could well be due to an error in the material properties, or section properties, or boundary and 
connectivity condition modeling. 

Table 5 shows a comparison between the frequencies and mode shapes (using MAC) identified by forced vibration 
testing and those identified by the FE model before and after updating. While only Mode 1 and 3 were considered during 
updating, improvement in all fours frequencies can be observed. The mean relative difference between the four 
frequencies dropped from 7.4% to 3.0% as the result of updating. Also, the overall agreement in MAC values improved 
markedly from 52% to 71% before and after updating, respectively. The changes in the final element model parameters 
can be summarized as follows. The elastic modulus of the LVL increased by 9% indicating that the LVL members were 
stiffer than anticipated. The concrete stiffness increased by 39%, which is a relatively large increase but could be due to a 
combination of the concrete being stronger than its nominal 28 day strength, the concrete floors being poured thicker 
than what the drawings indicated, and/or some composite action developing between the concrete topping and supporting 
timber members. The stiffness of the cladding dropped by 81%. The plausible reasons for that are the cladding not being 
fully fixed to the structural elements, presence of large openings (e.g. for windows), and/or lower Young’s modulus. 

7. CONCLUSIONS 
An innovative three-story EXPAN timber building, using self-centering, post-tensioned timber shear walls as the main 
horizontal load resisting system and lightweight non-composite timber-concrete floors, has been extensively 
instrumented for continuous monitoring and also subjected to a number of dynamic tests. The continuous monitoring 
system measures both slowly varying structural responses due to timber creep and fast dynamic responses due to 
excitations such as seismic and wind and floor vibrations due footfall loading. To that end, the monitoring system 
comprises about 90 channels of data from strategically positioned sensors measuring structural and ground accelerations, 
wind speed, static and dynamic displacements, strains, temperature and humidity. 

Monitoring of long-term deformations and behaviors confirmed that they are significantly dependent on temperature and 
to some extent on humidity. Pres-stress loses between 10% and 20% were observed. Long-term beam deformations were 
up to 4 mm. 

A series of ambient and forced dynamic tests have been conducted on the building at different construction stages and 
experimental modal identification carried out. These enabled to trace and quantify the effect of the various structural and 
non-structural components, e.g. floor diaphragms, roof, shear wall post-tensioning and cladding on the building 
dynamics. It was observed that the floors, roof and post-tensioning increased the fundamental mode frequency by 123% 
and the second mode frequency by 18%. Cladding increased the modal frequencies by 24% and 17%, respectively. The 
damping ratios for the complete structure at low level elastic response were found to be between 1.6% and 2.4%. For the 
complete building several seismic response records from the permanent monitoring system were available and system 
identifications results from these were compared with the forced vibration testing. The frequencies were generally 
similar, but damping ratios identified from the seismic response were clearly larger, between 3.5% and 4.5%. 

A detailed FE model was crated and updated using a sensitivity-based method. Updating results helped to clarify the 
contribution to structural stiffness from several structural and non-structural elements. It was found that the LVL 
members contribute similarly to the initial assumption, concrete floor are significantly stiffer (39%), but cladding 
contributes very little (80% less than initially assumed). 
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