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Abstract. The political and economic pressure from the aftermath of
the Canterbury earthquakes is creating a wave of building opportuni-
ties in New Zealand. A growing realization that on-site construction of
timber framed buildings is an inadequate response to the pressures of
rebuilding 10,000 houses has meant that new systems of design, con-
struction, and off-site prefabrication are being sought for the whole of
the construction industry. This paper looks at one recent, highly inno-
vative, and potentially cost-effective method of constructing build-
ings. Drivers for this project include the need for high efficiency, high
quality, high speed, and more affordable housing, especially in an
over-heated housing market, as well as a response to construction in a
seismically active zone. The parametric-based nature of the cladding
system not only supports flexible design options, but also supports
sustainable construction with the high rate of carbon sequestration of
the massive timber and the minimization of time spent on site. The
paper reports on the completed project and discusses issues that arose
in fabrication both off site and on site.
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1. Introduction: The Design Hypothesis

Given a series of disasters that destroyed the city and housing stock of a ma-
jor New Zealand city, rapid replacement of housing, using high-quality de-
sign methods for accurate off-site construction are important for a timely re-
construction of the city. The project discussed is one response, addressing
many of the issues facing homeowners involved in the rebuild.
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2. Background: The Canterbury Earthquakes

On 4 September, 2010, a severe earthquake (magnitude 7.1) hit the city of
Christchurch on the Canterbury plains in New Zealand (NZ). Many build-
ings were damaged, but there was no loss of life. This was followed by a
continuous swarm of other quakes, including one (magnitude 6.4) on Boxing
Day 2010, and then a particularly dangerous, devastating earthquake (magni-
tude 6.3) on 22 February 2011 when 185 people died in building collapses.
This included the complete structural collapse of two modern concrete build-
ings where most of the loss of life was concentrated, and structural collapse
of most unreinforced masonry buildings (URM). Canterbury has since been
subject to several thousand smaller aftershocks in the region.

The role that the Government played is noted briefly: the establishment
of the Canterbury Earthquake Recovery Authority (CERA), which concen-
trated on demolition and focused primarily on the rebuild of infrastructure
and commercial buildings. A Royal Commission was held into the collapse
of buildings in Canterbury (Canterbury, 2012), and the New Zealand Build-
ing Code (NZBC) has been subject to several upgrades to implement the
findings of the Royal Commission.

Timber-framed housing, by contrast with URM, performed exceptionally
well in the quakes, with inherent flexibility and ductility built into the timber
structural system based on NZ Standard 3604. Not one single person was
killed in a timber house in Canterbury (although as a precaution, most brick
chimneys have since been removed); however, many timber-framed houses
with concrete-slab-on-grade suffered badly from liquefaction of the ground
plane, frequently leading to demolition and rebuilding with expensive new
reinforced concrete floor slabs. While these matters are covered in greater
depth in series of predominantly Engineering-led publications (Wood et al,
2010), the Canterbury earthquakes are having a great effect on architecture
in New Zealand as well.

NZ Government residential response measures in the provision of emer-
gency relief housing to provide homes for the displaced and dispossessed,
were unfortunately poorly thought through, badly implemented, and timing
of relief services has been incompetently programmed (Fulton, 2014). The
resulting housing-demand vacuum and confidence-boosting activities have
been addressed largely by private initiatives (Bennett et al, 2012). Prefabri-
cation of the replacement housing is one of the key initiatives aimed at as-
sisting the residential construction sector to meet the pent-up demand for
new / replacement housing. The following project is one that addresses a
number of identified needs for faster, better, factory-built housing.
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3. Design Genesis

Following Pamela Bell’s Kiwi Prefab thesis work (Bell, 2009), the Kiwi Pre-
fab exhibition and book (Bell and Southcombe, 2010), and the ensuing es-
tablishment of PrefabNZ as an industry advocate body for Prefabrication
within New Zealand (PrefabNZ, 2010), there has been a strong interest in
prefabricated construction by academia, the building industry, and the archi-
tectural profession, especially given the rebuilding issues faced by the build-
ing industry in Christchurch, and housing shortages in Auckland.

The success of the 2011 Victoria University of Wellington (VUW) pro-
ject First Light House played a key part in the belief at VUW that full-scale
architectural interventions can be made to work as a valuable learning tool.
In that project, the university backed a group of students to produce a design
and enter an international competition, the US Department of Energy Solar
Decathlon competition (Solar Decathlon, 2011). The Meridian First Light
House was fabricated in Wellington, then disassembled and shipped to
Washington DC where it took part in the competition, winning 3" place
overall (Smith, 2010). On completion, the house was disassembled, shipped
back and assembled on a permanent home site in NZ (Koones, 2014). In-
tense media interest meant that this has been one of the most successful
housing projects ever achieved in NZ, and its influence continues to be ex-
erted on the student body today, including Ben Sutherland (Farrow, 2010;
Jagersma, 2010; Marriage, 2010, 2011, 2012; Nuttall, 2010; Officer, 2010).

4. Material interest

While undertaking his M. Arch (Prof) thesis at Victoria University, post-
graduate student Ben Sutherland was keen to explore means of addressing
the inefficiencies within the New Zealand construction system. Sutherland
also wished to explore the use of new timber products coming to market, in-
cluding the structural use of Cross Laminated Timber (CLT) for major de-
sign elements. Working with supervisor Guy Marriage, his thesis Design
Fabricate (Sutherland, 2014) examines the traditional role of the master
builder and notes how far away from this role the modern architect has be-
come. Arguing that architects need to re-establish themselves in the con-
struction phase of building by using parametric design systems to create
buildings with more flexibility and design adaptability, Sutherland proposed
a construction solution using digital methods of production in which to fab-
ricate housing systems.

CLT as a material has only recently become available for use within New
Zealand, utilising the abundant plantation-grown timbers pinus radiata (Ra-
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diata pine) and pseudotsuga menziesii (Douglas fir). CLT involves the crea-
tion of a sandwich panel of 3, 5, or 7 layers of finger-jointed solid timber
clears glued together under pressure, with alternate layers having their grain
laid perpendicular to layers above and below. As a finished product, the CLT
panel can be used as an engineered solution for slabs or walls, with a crush-
strength almost as high as concrete but with far less weight. Seismicly, this is
a good solution, allowing dimensional stability, quality control, and with the
right machinery, precision cutting of the end product.

In 2012 a CLT manufacturing plant was established in Nelson by XLam,
with production of planks of engineered timber being used in the New Zea-
land construction industry by 2013 (Xlam, 2014), and the first fully CLT
building (the Warrander Studio) being produced in 2014 by Sutherland and
his start-up company Makers of Architecture (MoA).

At its most basic, CLT buildings are composed of a series of flat planks
of CLT, screw-fixed together at the junctions between wall and floor. The
CLT product comes ready finished to site, with a smooth, high quality, con-
tinuous timber finish, which can be left as is or stained to suit. Fixing of the
panels is simply achieved with hand-held rechargeable electric drills and
long screws. The methods of construction on this project employed active
use of Building Information Modelling (BIM) to control the Computer Nu-
merically Controlled (CNC) routing of the solid timber structure. While this
type of construction / assembly system is common knowledge in Europe due
to the long-standing availability of CLT from KLH Massivholz and other
European CLT manufacturing companies (KLH, 2014), the recent start-up of
XLam meant that the project was very new to NZ architects (XLam, 2014).

5. System Genesis

Design Fabricate sets out the philosophical reasoning behind the develop-
ment of Sutherland’s construction system used at MoA, exploring the tradi-
tional role of the master builders and their absolute knowledge of all parts of
the construction on a site, while contrasting that with the current role of the
architect who is increasingly used as a coordination service for integrating
different proprietary construction systems, and the on-site builder who - all
too frequently - has disdain for the abilities of the architect with relation to
the actual construction of the building. While work on this project originated
as a student Masters thesis, it transformed from theory into practice during
the thesis research period and was then deployed in Christchurch as a full-
scale building.

As with the First Light House, a full 1:10 scale model was made of the
proposed system to test the assembly, and a full 1:1 scale prototype panel
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was tested in the VUW workshop to confirm the viability of Sutherland’s
system. Dimensionally proportional timber plywood was laser-cut to file siz-
es 10x smaller than the full-size panels, and the building panels clipped to-
gether. Tolerances at full scale were thus tested accurately at small scale.
Having passed the assembly / disassembly test several times, Sutherland
sought (and rapidly gained) a client willing for a full-scale housing trial:
namely the Warrander family with a small building to replace their earth-
quake damaged home in Christchurch: the Warrander Studio (Houses, 2014).

The Warrander Studio project was exceptionally unusual in that Suther-
land undertook all these roles himself, not only developing the construction
system, and creating the digital files that fabricated the system, but also op-
erating the CNC routing machinery for the cassettes and completely assem-
bling the project on site (refer to Figure 1). Sutherland (2014) argues that the
reclaiming of the role of the architect must be inclusive of that master build-
er function as well, although it must be acknowledged that not all architects
also have building training.
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Figure 1. Assembly axonometric of Warrander Studio (Sutherland, 2014).

6. Construction System

The Warrander Studio is the first such digitally produced construction in
New Zealand and a first in several other fields as well. It is the first building
within New Zealand to be 100% fabricated from CLT, with floors, walls,
and roof all made from engineered timber planks cut by computer-controlled
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machine; it is the first building to be clad in a parametric-responsive external
clip-on "cassette" insulated panel system that adjusts to changes in window
position and external walls etc; and also the first within New Zealand to use
CNC routing machinery to create the plywood cassette panels that contain
the external insulation and waterproofing layer. In short, it is New Zealand's
first predominantly digitally fabricated building, with all aspects of the con-
struction completely under the control of the architect / designer, and
demonstrates a refreshingly new attitude towards the blurring of the bounda-
ry between architect and builder.

Cassette Fabrication

Figure 2. Cassette fabrication of Warrander Studio (Sutherland, 2014).

All building products were computer-cut to length and shape by CNC di-
rectly from files drawn by the architectural team (refer to Figure 2), so ena-
bling them to retain full control over the construction process at all times.
Sutherland (2014) notes that:

Within the digital model, each CLT panel and cassette is digitally con-
structed parametrically. This allows the panels to be customised to al-
most any design, and arranged to accommodate window and door
openings simply by changing the panel dimensions. More importantly,
having parameter based properties allows design changes and tweaks
to be made with ease e.g. if a panel needs to be extended the dimen-
sions are readjusted and the pre-set parameters inform the panel to re-
adjust to the new dimensions. This also makes updating the model
easy as there is full control over each building component, e.g. if the
cavity batten spacing needs changing the required dimensions are
simply typed in. This automatically re-generates the cavity batten
spacing in the entire model. [p102].



NEW DIGITAL HOUSING TYPOLOGIES 389

With the planks composing not only the floors and the walls, but the roof
structure also, the structural enclosure of the building took only 2-3 days to
assemble in the field, straight from the factory to a finished product on site
(refer to Figure 3). Assembly involved a small extendable crane fixed on the
delivery truck, and fixing of the 120mm floor panels and 90mm wall panels
was achieved solely with hand-held rechargeable electric drills and screws
(150mm long 14-gauge bugle-headed Spax T-star screws into the cross-grain
of the CLT structure at 250 centres). This creates a tight and strong continu-
ous join between panels, creating a strong box-like structure with seismic
bracing levels far in excess of what is required by the NZBC. Subsequent
earthquakes in Canterbury have proven that the rigid box construction is
greatly appreciated by the occupants, with none of the flexing apparent in a
traditional timber-framed residence, and with zero damage to the structure.

Figure 3. On-site assembly of the Warrander Studio (Sutherland, 2014).

The assembly system is completely new to the Christchurch City Council
(CCCQC), and was treated in the drawing package as an Alternative Solution,
requiring engineering calculations to be submitted. Remarkably, no issues
were encountered with the consenting process at the CCC, despite notable
delays on numerous other projects due to loss of Certification powers by
CCC. Full structural sign-off was undertaken by a registered certified Engi-
neer, and peer-reviewed where necessary. Full architectural sign-off was also
undertaken by the registered architect at First Light Studio (FLS).
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Over-cladding of the CLT system is made with a series of insulated panel
cassettes which are composed of treated timber plywood that has been CNC
cut to create a shell to hold the fibre insulation. The building therefore has a
continuous structural inner surface, and an almost entirely continuous exter-
nal insulation layer, ensuring excellent insulation results for the envelope.
The cassettes are assembled by hand with a rubber mallet, and gravity
clipped into place: no screws are necessary, nor any great amount of skill.
Plumbing and electrical services are run in this external insulation layer,
keeping the interior layer free from wiring and piping, and allowing addi-
tional services to be added later by removal and replacement of the external
cladding panels. This differs from the approach that KLH take with their
CLT building systems, where electrical services are routed into the CLT
substrate, and the external insulation is permanently fixed in place and plas-
tered to provide the final waterproof layer. At present XLam does not have
this ability to router those channels, although by 2015 they may be able to:
regardless, the desirability of flexibility led to the selected design solution.

The external faces of the cassette panels are clad in Rigid Air Barrier
(RAB) which forms the effective weathering face of the building. This face
was detailed to provide a fully E2-compliant system — ie fully complying
with the External Moisture (E2) clause of the NZBC. This waterproof facade
system was installed by two men (Sutherland and one other) in a matter of
days, again cutting down on work taking place on site.

Windows are installed at this stage on site and again, due to the highly
accurate machine-led precision cutting of openings, construction tolerances
can be made very tight and accurately crafted fittings can be obtained. Con-
ceivably, if the CNC files for the openings can be incorporated into the win-
dow manufacturer’s CAD software, further accuracy and assembly speed
could be obtained. It is conceivable that the entire house could be erected
and made watertight in just over a week, compared to a typical period of
several months for a ‘normal’ NZ house-build.

Over the top of this RAB-clad system is a lightweight timber rain-screen
which gives the building its finished appearance and good looks, but the
building could conceivably be completed without the final layer, and the
RAB layer simply paint finished.

7. Cost, Time and Quality

Considerable time and energy were put into the project by Sutherland, and
details of this are noted in Design Fabricate. Indeed, for a project that was
premised around the use of a faster method of building, it would be remiss
for this not to be taken into consideration. Sutherland therefore sets out the
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full cost-breakdown of the MoA system, and then compares that to a full
breakdown of the exactly same building if it was to have been designed in
‘traditional” NZS 3604 timber framing.

The comparison between the results is revealing. Sutherland notes that
the MoA system took 70 days for fabrication and assembly, with 55% of all
work being undertaken in the factory, and a total of only 4% of the time for
CLT assembly on site. In comparison, traditional NZS 3604 construction
would take an additional 45 days (38% more time) with almost all that work
undertaken on site, in the traditional inaccurate muddy site conditions (Suth-
erland, 2014). Some of the issues encountered with the build are related in
Design Fabricate, such as potential ‘CLT Assembly Improvements,” where
it is noted that:

o For future builds, a durable weather proofing system will be required to seal
off vulnerable penetrations in the CLT such as openings for windows and
doors where necessary. Alternatively the roofing iron needs to be fixed in
place before enclosing the walls. Bad weather is bad news for CLT. The end
grain of the CLT is particularly vulnerable to water absorption and needs to
be covered to avoid capillary action. In good weather this should not be an is-
sue.

e MEP holes were not pre-fabricated into the CLT panels and there was no way
to run the MEP through the internal walls as they are solid CLT timber. This
area could possibly be improved by introducing stick-framed partition walls
as opposed to CLT interior partition walls.

e Time could be reduced if the CLT panel stacking arrangement was correct,
less bowing in the timber and also less time in storage, using the correct
hardware to fix timber, little tricks that were developed to improve CLT
placement.

o Inbuilt tolerances, digital fabrication.

o Keeping surfaces clean and free from dirt and damage. [p179]

The financial comparison between the systems is also revealing. Suther-
land notes that the MoA system cost $1600/m? and this included the manu-
facture of the bulky CLT panels absorbing 33% of the budget. In compari-
son, traditional NZS 3604 timber framing would only absorb 24% of the
budget, but the overall cost would rise to $1680/m* (Sutherland, 2014).

8. Critical evaluation

As a test case of a new construction system, the process of assembly of this
small house revealed shortcomings in some areas, which future MoA pro-



392 G. MARRIAGE AND B. SUTHERLAND

jects are factoring in to their design. Weather-proofing at time of assembly
remains the most crucial point, especially in New Zealand’s changeable se-
vere weather climate. Vulnerable, open assembly times must be kept to a
minimum, and more time spent in the factory overcomes erection time on
site. Although the erection of the CLY base structure only took 2.5 days, the
installation of windows took place later in the project, leaving voids for
weather to enter and potentially damage the interior. Close coordination, or
even pre-installation of the windows is therefore being factored into future
builds of this kind. Simple measures with no time or cost implications are
also planned into future builds, such as the taping of all external joints in
CLT panels to avoid any moisture seepage into the end-grain of the timber.
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Figure 4. Warrander Studio - completed (Sutherland, 2014).

Routing of wiring and services is a larger, more problematic issue. KLH
and others use full in-panel routing for the provision of wiring services, a
step that could not be taken on the Warrander studio due to fabrication re-
strictions, but instead, services were situated on outer walls in this design so
that they could be simply drilled through to connect externally (covered by
the cassettes). Additionally, the installation time of external services has a
detrimental effect on the finished project in terms of time. While this method
can work well on a small building like this, on a larger project, different sys-
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tems would need to be designed to gain access to internal walls, such as edge
channels or skeleton structures within certain CLT panels.

9. Future Options

Of interest to the authors is where this type of construction system can be
taken next. MoA continue to gain clients interested in the construction sys-
tem shown here (refer to Figure 4), while FLS are also exploring the use of
CLT with clients on other projects. Other, parallel explorations into the use
of multi-story apartment buildings are ongoing with other students at VUW,
such as Jared Shepherd’s thesis Interlocking: the Phenomenological Apart-
ment and Emily Batchelor’s thesis Stepped-ness in Medium Density Housing
(Shepherd, 2014; Batchelor, 2014). The eventual aim will be to combine the
two streams of design research so that the advantages of CLT housing are
utilised in multi-story construction for medium density housing. Continued
application of cutting edge timber technology is the aim of the authors as
well as the respective design teams involved.

10. Conclusion

This paper has taken a short look at a rather large Masters ‘Design by Re-
search’ project, and has followed the genesis and construction of the system
as it morphed from a simple student design project into a full residential con-
struction project. It has to highlighted how, in the case of the Warrander Stu-
dio, a post-graduate student design project can evolve through the applica-
tion of strong research skills, multi-skilled work ethic and a passionate belief
in a prototypical design system, to become an industry-leading project capa-
ble of having a positive effect on a industry in need of fresh thinking.
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