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ABSTRACT
The NMIT Arts building completed in 2011 in Nelson is the first three storey building using Expan type technology with
energy dissipating rocking shear walls constructed from laminated veneer lumber (LVL). The long term wall post
tensioning, wall shortening, and concrete composite floor deformations have been evaluated in more detail from April
2011 until October 2011. An overview is given of the building and overall instrumentation systems. Detail is given on the
long term instrumentation on-site data logging systems, data transfer, Auckland monitoring equipment, data extraction
and development of the web interface. The instrumentation is temperature sensitive but gross variations are predictable
and corrected. The data will provide further opportunity to investigate hygro-thermal response. Preliminary results for
the rate of compressive deformation were 0.4 to 1.4 mm in five months till mid October 2011 and the post tension loss is
between 8 and 14.5 kN over the same five months. The post-tension losses since June 2010 vary from 13.9 to 20.6%.
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1. INTRODUCTION
1.1. THE NMIT BUILDINGS AND MEASUREMENT
SYSTEMS
A three storey timber building was completed in January
2011 for the Nelson Marlborough Institute of Technology
(NMIT). The preliminary design concept won a funding
contribution from the Ministry of Agriculture and
Forestry (MAF) in a competition for a timber government
building of a commercial scale. Subsequently, MAF
funding was obtained to install a network of sensors to
measure the dynamic response and long term
deformations.
Wind
and
seismic
dynamic
instrumentation was predominantly installed by GNS
Science, the preliminary analysis has been reported
elsewhere [1] and is undergoing further analysis that will
be reported separately. This paper is focussed on the
static measurement systems and in particular, the shear
walls.

The NMIT building complex has three seismically separate
sections, the Media building, Workshop building and the
three storey Arts building as shown in Figure 1. The
Workshop building is a reasonably conventional structure
of exposed laminated veneer lumber (LVL) and sawn timber
but is not instrumented. The Media building has a haunched
LVL portal frame with epoxy dowel knee joints and is
instrumented for knee joint deformation and mid span
deflection.

1.2. LONG TERM PERFORMANCE OF TIMBER
Deformations are significant for design in all structures.
For timber the long terms effects can be very significant
and inelastic creep may exceed twice the elastic
displacements. In all post-tensioned structures there is a
loss of pre-stress that occurs due to creep in the tendons
or rods and in the compressed structural member such as

Arts
Media
Workshop

Figure 1– NMIT Arts and Media centre in Nelson New Zealand showing the different buildings within the complex. View facing east.
(Irving Smith Jack Architects)
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concrete. In the NMIT building the post-tensioning loads
on the LVL shear walls are large, so the post-tension
losses and the LVL timber wall compressive
deformations are of significant interest.
The strength and deformation performance of timber is
also dependent on moisture, moisture content changes,
and to a lesser extent on temperature (in the normal
indoor range). Monitoring temperature adjacent to the
main structural components as part of the long term
system will provide environmental information to obtain
thermal expansion. Monitoring humidity allows
calculations to estimate LVL moisture changes and the
resulting swelling, and strength and stiffness changes.
This recorded data is relevant for the performance of the
post-tensioned shear walls and for the long term
deformation performance of other LVL members and
LVL concrete composite floor beams.

2. NMIT ARTS BUILDING
2.1. BUILDING CONCEPT AND SHEAR WALLS
The major building of interest is the Arts building which
has dual shear walls in both directions which are post
tensioned. Shear walls link to the frame and lateral load
is transferred through the concrete floor diaphragm.
Figure 2 shows the Arts building with shear walls at both
ends, and perpendicular shear walls in the middle. The
majority of the upper floor area uses the “Potius”
proprietary LVL system for secondary floor spans with a
concrete topping, the remaining cantilever part of the
floors is reinforced concrete.

Vertical load is carried by the LVL frames without
moment connections at the column joints. The main
floor beams are double units 750 mm deep by 89 mm,
with a sawn pre-camber, spanning in the north-south
direction with shear connectors to provide composite
action with the floor in the main span direction. The
secondary infill floor system topping was cast
independently with a membrane beneath the concrete to
minimize composite action. Shrinkage was allowed to
occur before the main beam infill toppings were poured.
The key innovation is the post tensioned LVL shear walls
189 mm x 3 m x12 m that are designed to rock from side
to side in a major earthquake with U-shaped flexural
plate energy dissipating devices between the two panels
of each shear wall pair as shown in Figure 3. The walls
have a full height void 63 mm deep where the posttensioning rods are placed. An opening near the top of
the wall provided equipment space for post tensioning
the four 32 mm rods to 348 kN each. An opening at the
bottom of the wall allows access to the post tensioning
couplers. The structural design by Aurecon [2] is based
on technology developed by the University of Canterbury
and as part of Structural Timber Innovation Company
(STIC) consortium [3,4,5]. The lateral deformation is
expected to be up to a maximum of 130 mm and the
shear walls will uplift as much as 50 mm. There is
specialized detailing to allow the freedom of movement
and this includes the major lateral load transfer via
cylindrical connectors so rotation does not induce
moment as shown in Figure 3b. The locating bolts
restrain the panel flat against the structure but are
slotted to allow vertical movement.

Figure 2. The NMIT building complex in Nelson with the Arts building in the background. Shear walls at both ends and in the middle.
(Irving Smith Jack Architects)
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3. INSTRUMENTATION OVERVIEW

Figure 3a - Shear walls at end of building illustrated to show
post tensioning rods.

To maximize learning from this new generation of timber
structures the University of Canterbury is investigating
the cost and the carbon and energy sustainability
aspects and monitor temperature and heating [6] . GNS
Science have included this building into their GeoNET
real-time instrumentation network within the structure
programme which has implemented modern systems of
sensors into other buildings in Wellington and in
Christchurch [7]. The GNS Science NMIT Arts building
instrumentation has 3-D accelerometers distributed
within the building to obtain lateral and torsional modes.
A reference free field accelerometer for input
earthquake ground motions is placed in the best
available location and an anemometer is installed on the
roof [8]. A number of LVDT’s are installed to record the
shear wall rocking response under severe seismic loads,
these measure uplift at the base of the shear walls and
the offset deformation of the energy dissipating devices.

3.1. UNIVERSITY OF AUCKLAND INSTALLATION
An overview of the University of Auckland sensor
network that was installed during the building
construction is shown in Figure 4. The instrumentation
will complement and correlate with the GNS Science
system. Temperature and humidity’s are recorded in the
major spaces relevant to the shear walls and
instrumented beams as well as within one shear wall
cavity on wall line E. Vertical accelerometers are located
at positions where maximum floor dynamic response is
expected. Gauges labelled with a prefix D are portal
deformation gauges to measure crushing at the beamcolumn interface.

Figure 3b - Shear walls showing the cylindrical shear
connector with Teflon spacer, slotted location bolts, and Ushaped flexural plate energy dissipaters

The long term instrumentation on the University of
Auckland system is sampled at 30 minute intervals.
LVDTs are turned on for a short time to warm up before

Figure 4. Arts building instrumentation by the University of Auckland on transparent view. The frame on grid H is shown dashed with
floor beam measurement LVDT 2 under floor level 2, LVDT 11 is on grid G and LVDT 3 on secondary Potius beam between grids G&H.
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ten readings are averaged. Dynamic load cells and
accelerometers measuring floor vertical accelerations
are sampled at 100Hz. The data is transferred to
Auckland every 30 minutes but the data logger and
instrumentation is battery powered and beyond
nominated acceleration trigger levels data will be stored
locally. Key data is retained if there is an interruption to
the power or data network due to a major wind storm or
seismic event.

centre of the load bearing plate and can be lifted clear to
make room for re-tensioning equipment. Measurement
for the compression of the wall are therefore located
inside the wall at the base with LVDT’s measuring to the
underside of the cylindrical weight as shown in Figure
5b.

4.2. ARTS BUILDING FLOOR BEAM INSTRUMENTATION

4.2.1. Deformation measurements using the Weighted

4. ARRANGEMENT OF LONG TERM SYSTEMS
4.1. ARTS BUILDING SHEAR WALL INSTRUMENTATION

Figure 5a. Shear wall instrumentation schematic for long
term response. 3 of the 6 energy dissipaters are illustrated.

(b)

(c)
Figure 6. Schematic of main beam measuring system, with
detail of LVDT measurement onto weighted trolley .

Stretched Wire System

Figure 5b. Amplifiers at the top of the wall, Load cells and
weight hanger on the bearing plate.
Figure 5c. Weight and long term LVDT at bottom between the
post tensioning rods and couplers.

As shown in Figure 4 and Figure 5 shear wall E has a
large number of sensors for both dynamic and long term
measurements. The 100 Hz dynamic monitoring of the
two amplified load cells will determine any changes in
post tension during a major wind or earthquake event.
All other load cells are on the static system.
The long term post tension is monitored using annular
load cells on top of the bearing plate. They have
additional capacity to allow for stressing operations
during installation and should re-tensioning be required.
The system for measuring deformation of the walls is
more unconventional and uses hanging weights within
the post tensioning wall cavity to a ground level
measurement reference. The weights hang from the
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The long term floor sag along the major beam line is
monitored using a Weighted Stretched Wire System to
provide as baseline for the measurement reference. The
secondary floor system is also monitored. Details of the
system, the accuracy and the results will be reported in
a companion paper.

5. LONG TERM INSTRUMENTS
The University of Auckland instrumentation is designed
to monitor the performance of the shear walls for loss of
pre-tension in the post-tensioning rods and the axial
compressive creep of the LVL. Floor beam mid-span
deformations and edge support deformations are
monitored as well as temperature and humidity. The
best long term deformation measurement systems use
optical fibre systems which were investigated but are
still too expensive.

5.1. DEFORMATION SENSORS – PORTAL GAUGES
Beam support crushing deformation is measured with
NEW ZEALAND TIMBER DESIGN JOURNAL VOL 20 · ISSUE 1

“Portal gauges” developed by Associate Professor
Richard Fenwick at the University of Auckland in the
1970’s. These devices derive deformation based on
strain gauges and have a response that is similar in
linearity to LVDT’s for +/-10 mm but with a higher signal
noise level but around 20% of the price of LVDT’s. Portal
gauges will have some strain gauge drift with time but
have good temperature stability in the room temperature
range. For the very small deformations it was
considered that contact potentiometers were at risk of
intermittent sticking.

5.2. DEFORMATION SENSORS - LVDT’S
A linear variable differential transformer (LVDT) is a type
of electrical transformer used for measuring linear
displacement. It is a robust, high resolution
displacement sensor since it has no electrical contact
between the moving armature element and the
secondary coils and thus are suitable for long term
systems. The LVDT’s used are from RDP Group (UK)
DCTH and their linearity error is < ±0.5% of the scale
factor (SF).

(a)

(b)

Figure 8a. National Instruments Compact Rio CRIO-9022.
Figure 8b. Cabinets for Auckland and GeoNET dataloggers.

5.5. DATALOGGER
The data logger as shown in Figure 8 is a National
Instruments Compact Rio chassis with 533 MHz CRIO
9022 power pc embedded controller with 1GB of onboard memory and appropriate connection modules
installed. National Instruments embed a version of
“Laboratory Virtual Instrumentation Engineering
Workbench” (LabVIEW) software within the device which
can be remotely updated and uploaded to the controller
and this graphical software is also used for the initial
analysis and data display. It has an in-built web interface
and was programmed to be able to be viewed remotely
for verification. LabVIEW uses a proprietary TDMS data
format which is used for file transfer. The same software
is used on University of Auckland computers for data
extraction.

6. INSTRUMENT ACCURACY AND
VALIDATION
6.1.1. Instrumentation accuracy
Figure 7. Custom manufactured load cell and amplifier.

5.3. LOAD SENSORS
The load cells from Applied Measurements Ltd (UK) are
custom modified CCG series annular ring 450 kN strain
gauge load cells with approximately 1.5% linearity and
1% repeatability. As shown in Figure 7, two load cells are
also used for dynamic measurement at 100 Hz and are
fitted with amplifiers. The best load cells for long term
applications use vibrating wire strain measurement but
would not meet the space limitations. The devices used
will have some minor long term strain gauge drift.

The manufacturer’s details of the sensors and
installation are given above. The sensor accuracy is
summarized in Table 1 together with the installed
system error. This includes allowance for the hardware
systems, electrical noise and other effects. In Table 2,
the daily variability is shown which includes the
temperature effects which are discussed in detail later.
Table 1. Instrumentation accuracy.

Sensor Accuracy
LVDT

±0.5% Scale Factor

±0.05mm

Portal Gauge

±0.06mm

±0.02mm

Load-cell

±1% for identical
mounting position
(Temperature -20ºC
to +70ºC)

±0.5kN

Temperature

±0.8ºC over
temperature range
of -10 to 60ºC

±0.15ºC

Humidity

±3% RH to 90% and
±5%RH to 98% with
a stability of 2% RH
over 2 years

±0.2%

5.4. TEMPERATURE AND HUMIDITY SENSORS
The temperature and humidity gauges are Vaisala
HMP50 +/- 3% RH to 90% and +/- 5% at98% and are
stable to 2% over two years. The HMP50 is suitable for
long term unattended monitoring and features a fieldreplaceable humidity chip which eliminates downtime
for recalibration. For this application, the accuracy is
expected to be adequate for five years without
replacement.
NEW ZEALAND TIMBER DESIGN JOURNAL VOL 20 · ISSUE 1

System Error

17

6.1.3. Temperature and humidity variability

Table 2. Typical daily variation.

Daily variation
LVDT – shear wall

0.3mm

LVDT – portal frame

0.2mm

LVDT – secondary floor beam

1.2mm

Portal Gauge

0.06mm

Load-cell

3kN

Temperature

8ºC

Humidity

10%

6.1.2. Static load data averaging
To obtain comparable results and minimize the impact of
noise, averaging was used to smooth the data. Figure 9
shows the outcome of the averaging analysis and
indicates a moving average of 100 samples (10 seconds
of data) to remove spikes from the data.

External temperature sensors on the NMIT building are
still to be commissioned so Nelson airport temperatures
were used as an outdoor reference [9]. Inside the
building, nine sensors are located mostly at ceiling level.
Daily temperature variations cause a difference of
around 6ºC between the upper floors and a lag of about
six hours to the external. The single sensor inside the
shear wall cavity is near ground level and has much less
daily variation as shown in Figure 10.
While the temperatures are moderated within the wall
cavity, the temperature is critical for load and
deformation measurements. The temperature profile,
shown in Figure 11, was measured in three minute steps
down and then up the wall cavity. It shows that there is
an increase in temperature when there is a change in
floor level. The two “0” measurements at the top are
outside the wall at the beginning and end of the
measurement sequence.
Figure 12 shows that the variation of room humidity is
about 10%, that the variation inside the wall cavity is
about 5% and the external humidity is about 40%. There
is a lag time of about 18 hours for the humidity variation
inside the wall compared to the outside and external
humidity.

6.1.4. Temperature and humidity effects on load
measurement
Figure 13 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
Figure 9. Influence of sample number on the averaging.

Temperature (ºC)

Temperature Comparison

Time
External

Inside shear wall

Level 2

Level 3

Figure 10. Temperature changes over 1 week in winter showing the differences between outdoor, indoor and inside the wall cavity.
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Temperature profile inside
the shear wall

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.

7. DATA TRANSFER AND DISPLAY
7.1. DATA TRANSFER AND EXTRACTION
The sensors are continuously monitored with the
dynamic data collected at 100 Hz. The static data is
collected every 10 minutes and it is an average of 100
samples taken at 100 Hz. A full set of data of 11Mb in
TDMS format is transmitted to the university of Auckland
FTP server every 30 minutes. The LabVIEW graphical
programming system was used to extract the various
dynamic and static data components into separate files
in comma delimited .csv format that can easily be
opened in a spreadsheet. The data files are extracted as
shown in Figure 14. This process has been well defined
[10,11] but is yet to be automated.

Figure 11. Temperature profile inside the wall cavity.

Humidity (%)

Humidity Comparison

Time
External

Inside shear wall

Level 2

Figure 12. Humidity changes over one week in winter showing the differences between outdoor, indoor and inside the wall cavity.

Load (kN) - humidity effect

Load (kN) - temperature effect & actual measurements

Load Cell Change Prediction

Time
Temperature effect

Actual measurements

Humidity effect

Figure 13. Load prediction from temperature and humidity variation compared with measured post-tension.
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Figure 14. Data extraction and naming of long term data files.

7.2. WEB BASED DATA ACCESS AND PRESENTATION

8.1.1. Wall deformation

The data is transferred to a postgreSQL database and a
web interface was constructed using the PHP language.
From the web browser, users can view the current state
of the NMIT structure performance. Users can select the
date range and sensors that they would like to view,
graphs are then generated from the web server to
visualise the performance. A screen shot of the graph for
temperature is shown in Figure 15. Data series can
optionally be removed from the display. The raw data
can be selected for download by authorized users.

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. LVDT 4 in the shear wall on gridline 6 deformed
considerably more at 1.5 mm. The shear wall
deformations are subject to daily instrumentation
variation which is well correlated to the interior
temperature.

8. LONG TERM RESULTS

A direct comparison of deformations with similar lead up
temperatures and the same temperature at the time of
reading over six months in May 2011 and again in
October 2011 gave the results shown in Table 3. 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 change. It
had the greatest deformation and this has corresponded
to the greatest post-tension losses.

8.1. SHEAR WALLS
The instrumentation related to the shear walls is shown
in Figure 16. The abbreviation LC refers to the load cells
that are located at the top of the walls on Level 3, LVD
refers to the static LVDT’s, and TH refers to the
temperature and humidity sensors. TH5 and TH8 are in
the ceiling of level 2, and TH7 inside the wall cavity on
Level 1.

Figure 15. Screen capture of the web interface showing a temperature data plot.
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Figure 16. Plan locations of shear walls relative to key long term instrumentation.
Table 3. 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)

Wall6

LVDT 4

1.36

LC6

14.5

Wall 8

LVDT 5

0.77

LC4

13.3

LC5

11.2

LC3

8.5

Wall 8
Wall L

LVDT 6

0.41

Wall L

LVDT 7

0.53

Note: 161 days from 5 May 4AM ( 21.4ºC in rooms TH5 & TH8, 20.3ºC in wall TH7 Relative humidity 53-61% previous 3 days) till 13 Oct
5AM (21.4ºC TH5,TH8, 20.8ºC TH7, RH 42-52% previous 3 days). The initial post-tension force was 348 kN.

Figure 17. Post tension load trend for load cell LC6 over a month showing daily and weekly variation.

NEW ZEALAND TIMBER DESIGN JOURNAL VOL 20 · ISSUE 1

21

LC3 changes

LC5 changes

LC6 changes

LC4 changes

Figure 18. Post-tension load changes over 4 months showing range of trends.

8.1.2. Post-tension

9. DISCUSSION

As outlined in Table 3, loads changed reasonably
consistently with the deformation change. The values for
one load cell over a month are shown in Figure 17 which
highlights the daily and weekly variations (the heating is
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 18.

9.1. TEMPERATURE INFLUENCES

The initial post tensioning target was 348 kN and was
achieved within 3 kN but the load then varied as adjacent
rods were tensioned, LC4 dropped by 11.7 kN 10 minutes
after tensioning. Table 4 shows the post tension losses
with time. Loads values are given after one day then
from April when the monitoring system was fully
functional, May, July, and the most recent values from
October 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.

As anticipated, the long term hanging wire wall
deformation measurement system has significant daily
variation. An analytical correction for temperature
expansion and humidity can be applied although the
deformation changes are still relatively large and graphs
are clearly indicating the trends.
In-house “portal gauges” have a proven history for
electronic measurement of short term deformations in
the laboratory, in this long term application they will be
compared with external reference devices to monitor for
strain-gauge drift.

9.1.1. Load measurement
The load measurement is sensitive to temperature due
to the length of the post tensioning rods. At present, the
load changes are still significant relative to the

Table 4. Post-tension load changes with time.

Time

June
2010

April 2011

May

July

October

Losses

Losses

Losses

Initial
kN

1 day
kN

10 Months
kN

11 Months
kN

13Months
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
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temperature fluctuations, as the rate of losses reduce
this can be analytically corrected.
9.2. HUMIDITY AND MOISTURE CONTENT
Further instrumentation for direct measurement of
moisture content of the LVL should be added although
the humidity is giving good data for the building interior
conditions. Both moisture content and additional
humidity measurement would be helpful inside the wall
cavities and further experiments are proposed. The
moisture movement into Pinus radiata LVL has been
reported as 1/7th of the rate for sawn timber but needs to
be further verified for LVL. [12]

error. The system is temperature sensitive but the
parameters are understood thus the level of accuracy
and comparability of readings can be defined. The long
term data may be monitored from Auckland and can be
displayed or graphed on a local web browser.
The shear walls are deforming under the compressive
load of the post- tensioning rods at rates of 0.4 to
1.4 mm over five months. Over the 15 months since posttensioning, the tension losses were 13.9% to 20.6% from
the completion of loading.
Useful information has been collected on the hygrothermal interaction in the shear wall which will require
further analysis and instrumentation for more detailed
evaluation.

9.3. SIGNIFICANCE OF THE RESULTS

9.3.1. Wall deformation and post-tension
It was expected that post-tensioning would cause
compressive deformation that would be larger than for
concrete and similarly re-tensioning would be required.
The most rapid rates or deformation occur in the first
months. This was during construction and immediately
after and unfortunately monitoring was manual and
unreliable but was approximately 1mm in the first
month. The deformation is continuing at about 1 mm per
five months and a simplified linear reverse extrapolation
would indicate that approximately 3 mm of deformation
has occurred in addition to the 1 mm occurring after the
initial 2.5 mm of elastic deformation. This is crudely
equivalent to a long term NZS 3603 k2 factor of 1.6 at this
time [13].
The post-tension dropped very quickly initially and then
reduced but some walls still seem to be losing posttension at the approximate rate of 4 kN per month. The
rate would normally be reducing but it may be continuing
due to rapid daily changes to the temperature and
humidity from winter heating in the building. The rate
may stabilise when ambient temperatures increase and
heating is no longer required.
As this is the first building of its type, this data is
providing performance information that will improve
specification for future buildings. In particular, it will
assist in expectations for pretension losses and the
requirements for re-tensioning. Preliminary results
indicated that re-tensioning may not be necessary in the
Arts building but it may be still necessary if the losses
continue. The next three months will provide information
of significant value for managing this aspect of the
building.
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