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Introduction
On the 25th of October, 2017, the department of Civil and Natural Resources Engineering
(CNRE) held a research conference showcasing 85 research projects undertaken by 167
third-professional year students. The projects were for the most part done in pairs and at
the conference, students presented the results of their research via both oral and poster
presentations which academic staff assessed. The conference attracted many industry
partners including Christchurch Transport Operations Centre, Calibre, Aurecon, Beca,
BMC, Opus, Arup, and McMillan Drilling.
The papers presented at the conference covered a wide range of topics which reflects the
broad research undertaken by the academics within the department of CNRE. These included fields as diverse as studies of steel, concrete and timber structures, travelling fires,
earthquake landslides, liquefaction, nutrient and energy in food waste, raindrops, and
the feasibility of using Microsoft HoloLens on construction sites. The disciplines covered
include architectural engineering, earthquake engineering, ecological/hydrological engineering, energy engineering, environmental engineering, fire engineering, fluid mechanics,
geomechanics, engineering management, materials engineering, structural engineering,
and transportation engineering. Many projects were not only academically- oriented, but
they were also relevant to the engineering industry in New Zealand. Fifteen projects were
proudly sponsored by industry partners including Arup, Aurecon, Beca, BMC, BRANZ,
Burnham Military Camp (NZDF), Calibre, Dunning Thornton, NZTA, Opus, Tonkin +
Taylor, and XLam.
While conducting the projects, students acquired a unique set of research skills aimed
to complement those learned in the more structured lecture and laboratory environment.
These skills included independent thinking, self-motivation, time management, and communication skills. The effort made by the students towards the projects was about 300
hours in total for each student with many students devoting much more time than that.
With such effort, the quality of their research work was usually fabulous, and the outcomes and results of the projects were in some cases novel. Indeed, some projects will
be able to lead to publications in national and international conferences and journals, as
has been the case from a number of projects in previous years.
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This research conference is particularly memorable since it was held for the first time in
the new Engineering Core Block. The old Core had been closed for a number of years
due to the 2011 Christchurch earthquakes and had only been opened since February of
2017 after being completely rebuilt. The modern teaching and learning facilities in this
block have greatly improved the delegates experience in attending the conference. The
Recharge Lounge at Level 2 also provided a great space for students, staff and industry
partners to interact socially while viewing posters during lunch and coffee/tea breaks.
It is therefore my great pleasure to present the proceedings of this conference to you.
The papers are grouped by disciplines to help readers find the papers with ease. The
electronic version also contains hyperlinks and bookmarks for easy browsing. I hope you
will enjoy reading the work of our students and find the results interesting, challenging,
and intriguing. This document contains abstracts only. Full papers are available upon
requests.

Dr Chin-Long Lee
Department of Civil and Natural Resources Engineering
University of Canterbury
Conference Convener
Christchurch
December 2017
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Evaluating the Trimble HoloLens as a Construction Checking
Tool
S. Lyne and G. M Steer
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisor(s): L. Bellamy, C.-L. Lee and S. Ralston
Keywords: Trimble HoloLens, mixed reality, construction monitoring, model anchoring
ABSTRACT
Trimble HoloLens (HoloLens) technology is currently used by architects and engineers as a design visualisation tool.
This technology could save time and money on projects as it has the potential to detect construction errors earlier and
faster than conventional methods. The aim of this project is to evaluate the use of this device as a construction checking
tool. The initial aim of the project was to analyse the HoloLens’ ability to identify construction errors. Based on the results
of initial tests, the project’s focus shifted to assess the capability of the HoloLens to anchor a virtual model to a real
physical structure.
Three tests were conducted to fulfil the revised project objective. The first test evaluated apparent dimensional
discrepancies between real building surfaces and a virtual model of these surfaces (with exactly the same dimensions).
The second test tracked movements between real surfaces and overlayed virtual models of these surfaces with the viewing
position of the HoloLens user. The last test determined the minimum panel width that can be recognised as a distinct
plane by the HoloLens. From the results of these tests it was determined that the HoloLens’ spatial mapping function
caused significant dimensional discrepancies between the location and size of real building surfaces and their virtual
counterparts. Model anchoring was affected by the movement of the HoloLens user. With every 1 m the user moved, the
superimposed virtual model moved an average of 4 cm in the same direction. Further development of HoloLens
technology is required before it can be used as a robust construction checking tool on building sites.
1.

INTRODUCTION

methods. Additionally, it has the potential to improve
communication and coordination on building sites,
allowing different stakeholders to visualise and interact
in building design and construction decisions.

1.1. Background
The Trimble HoloLens (HoloLens), shown in Figure 1,
is an innovative device with the potential to disrupt
design and construction processes in the building
industry. It is a self-contained, holographic computer that
enables the user to view digital images and the real world
at the same time. This mixed reality technology can
overlay a virtual model of a building onto the real
building.

The HoloLens has been used mainly for visualisation,
allowing users to immerse themselves in a scene of a
proposed building and to experience it as if the building
existed. At the time of writing, there was no record of the
HoloLens being used as a construction checking tool, and
no experiments had been conducted to test the accuracy
of the device in this context. A review of relevant
literature indicated that augmented reality was being used
in a range of workplace applications, including
healthcare, education, sport and the construction
industry.
Where HoloLens experiments have been conducted in
the past, it has been observed that object detection and
depth data provided by the HoloLens is too coarse and
inaccurate to be used for detailed calibration (Ren, Liu,
& Ruan, 2016). Where detailed object detection is
necessary, an external depth sensor can be used, such as
Intel RealSense, to communicate with the HoloLens and
provide more detailed mapping of the surroundings
(Garon et al., 2016). For construction applications, it
must be assessed whether the standard object and
surrounding detection capabilities of the HoloLens

Figure 1. HoloLens Device.
The HoloLens has the potential to improve the speed and
quality of construction, by enabling better detection of
construction errors and by allowing the user to check
construction
accuracy
faster
than
traditional
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Affordable Housing 1: BYB
D. Kaufman and R. Clough
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisor(s): L. Bellamy and C. L. Lee
Keywords: Modular, eco-friendly, sustainable, versatile, housing.
ABSTRACT
With the changing state of the world, there is an urgent need to redevelop the urban environment to ensure that the needs
of society may be balanced with the needs of the natural environment. BackYardBeauty offers a holistic approach to
combat urban sprawl, aiming to provide a backyard housing solution which is versatile and environmentally friendly.
Through intensive research, the vision for BackYardBeauty has been developed. The key design objectives which have
formed the success criteria for the project include maximising versatility, space utilisation, user experience,
transportability and self-sustainability, while minimising lifecycle impact, project duration, and economic cost.
Throughout the creative conceptual design process, potential internal space configurations and structural forms were
investigated and analysed in accordance with the project success criteria. The concept that was selected for further
development achieved a score of 178.5/290 in the success criteria analysis. Through the design development process, the
structural form was refined and detailed engineering design was undertaken to ensure that the structure optimises its
potential. This included specific design of the modular, water, electrical, and structural systems. Subsequently, the
developed solution achieved a score of 210.5/290 in success criteria analysis. Overall, BackYardBeauty provides a
housing solution that makes steps towards balancing the effects humans have on the natural environment. Through further
developments into the field of green building technology, there is the potential to reinvent the post suburban city for the
21st century.

1.

Concurrent with the green building movement, there has
been a growing movement towards smaller homes.
History has shown that increasing the living space
available tends to decrease the proportion of space being
used regularly by occupants (Friedlander, 2014).
Additionally, it tends to lead to the accumulation of more
material possessions. People are now choosing to reduce
the space in which they live for reasons including
environmental concerns, financial concerns, and the
desire for more time and freedom. More efficient use of
space, with focus on quality over quantity is part of the
responsibility humankind has to ensure responsible use
of our planet and ecosystem.

INTRODUCTION
1.1. Background

Although the built environment represents just 3% of
Earth’s landmass, it is responsible for 40% of the world’s
energy consumption, 30% of the world’s carbon footprint
emissions, and 14% of the world’s drinking water
consumption. Additionally, the world’s urban population
is increasing by approximately 70 million per year
(NZGBC & Bayleys Realty Group, 2017). The expansion
of urban areas is wreaking havoc on the natural
environment and is causing housing to become
unaffordable. There is an urgent need to reconsider and
develop more appropriate living conditions that balance
the needs of both society and nature.

1.2. Project Objective
There is a great demand and an urgent need to reinvent
the post suburban city for 21st century living, and
BackYardBeauty (BYB) aims to address this. The aim of
the BYB project is to develop a housing solution that is
versatile and environmentally friendly. Through a
modular design approach, it aims to build incrementally
into backyards or other urban areas to satisfy diverse user
profiles. Rapid provision of reliable housing is a key
objective of the project. This allows the BYB to be
implemented as a temporary housing solution or an
emergency shelter in response to a crisis. BYB uses a
holistic approach considering the needs of the users and
the natural environment. By bringing a feeling of
connection to nature through architecture, the design

There is a growing green building movement around the
world. It is recognised that sustainable building design is
an integral part to a sustainable future. Green building
design aims to reduce or eliminate the negative impacts
on the natural environment and human health during the
lifecycle of buildings. Efficient use of energy, water, and
other resources are of primary concern. Additionally,
consideration of materials, waste and pollution are
important to limit the extent of environmental
degradation associated with the building process.
(NZGBC & Bayleys Realty Group, 2017).
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Affordable Housing 2: SUB
D. S. A. Morrison and J. G. Wallan
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisor(s): L. Bellamy and T. Nees
Keywords: Affordable housing, modular, pre-fabrication, adaptability, alternative, structurally insulated panels
ABSTRACT
This project explored the concept of Storage Unit Building (SUB) with the aim to develop an affordable housing model.
SUB was a concept first developed by architect Shigeru Ban in 1995 in his design known as 'Furniture House'. His design
used full height shelving units that performed as both load bearing members and functional storage. The design developed
in this project took the design principles from the 'Furniture House' and applied them to produce a different solution. The
key principles focused on were affordability, adaptability, sustainability, and usability. The final design consisted of a
collapsible, lightweight steel frame which formed the skeleton of each individual module. Structurally Insulated Panels
(SIP) were then fitted to the skeleton to form the complete structure. Each module measures 1.5 m wide by 3 m long with
a mono-pitched roof of 2.6 m climbing to 3.2 m tall. The building can be scaled from a one-bedroom apartment to a multibedroom home by connecting adjacent modules. Modules can also be connected to form a dual pitched roof which extends
the living space width to 6 m. The SIP used consisted of bio-based foam core sandwiched between sheets of low density
fibre board. The structural design met national standard criteria NZS1170 and the living spaces were designed to meet
the NSW Apartment Design Guide. Based on an 81 m2 floorplan (2 × 9 modules) the estimated material cost for the SIP
module design was $44,000 while the material cost of an equivalent timber frame house was $39,500. The cost of
materials were slightly greater however, this was negated by a reduction in labour costs and by energy savings.
Construction time was expected to be reduced by over 55% based on estimates from builders currently using SIP. The
design solution to the SUB project met all design specifications and provides an affordable housing model that applies to
a variety of useful applications.

1.

provide shelter but there was a lack of longer term
options to provide further security and comfort.

INTRODUCTION

This project draws inspiration from the concept of the
Storage Unit Building (SUB) which was developed by
Shigeru Ban Architects (1995). His ‘Furniture House’
series centred on the use of furniture as the structural
elements in a building where full height shelving units
formed both the internal walls and the structural
framework. They were prefabricated off-site and could
be installed by a two-man team with minimal tools. This
multi-use thinking resulted in cost savings, eliminated a
significant amount of on-site waste, and reduced
construction complexity.

This project aimed to develop a solution to the housing
crisis and for disaster relief housing in the form of an
affordable housing model. Taking inspiration for Shigeru
Ban’s SUB model, the objective of this project was to
design a modular structural unit that can be prefabricated
and installed in a range of conditions. Focus was given to
reducing construction costs and increasing the rate of
construction. This paper explains the processes that lead
to the final solution, details the features of the final
solution, and draws conclusions and recommendations
for further work.

New Zealand is currently experiencing a housing crisis
As Patterson (2016) discusses this crisis is due to a
shortage of affordable housing, especially in large urban
centres such as Auckland and Wellington. Fuelling this
shortage is the increasing trend in house prices and a lack
of new affordable houses being constructed. The median
house in Auckland is $860,000 (REINZ 2017) and is out
of reach of many middle class families, highlighting the
need for urgent action. The need for quick construction
methods was seen after the 2011 Christchurch earthquake
when so many were displaced from their homes.
Temporary marquee structures were erected quickly to

2.

DESIGN PROCESS

To design an effective practical solution for the
affordable housing project, a well-reasoned design
process was followed. The first stage was to identify the
problems to address, and to understand the context of
their causation. This was carried out through extensive
research on previous designs in the areas of modular
housing, prefabrication, and disaster relief housing.
Various case studies were analysed and inspiration was
drawn from this previous work.
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Controlling The Post-Earthquake Damage In Pier-To-Deck
Integral Connections For Ladder Deck Steel Composite
Bridges
D. J. Robertson and J. D. Stewart
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisor(s): A. Palermo, A. Sarkis Fernandez, B. McHaffie

Keywords: Steel ladder deck bridge, moment resisting connection, low damage technologies, double bending pier,
bridge earthquake resilience
ABSTRACT
Steel-concrete composite bridges, especially steel ladder decks, are growing in popularity within New Zealand. This is
due to the weight and cost savings that can be achieved when using a composite design in the correct circumstances.
Although these bridge designs are already efficient, they can be improved with good quality design and innovation. The
use of moment resisting connections and low damage technologies can be implemented into the design of a bridge to
optimise the performance of elements. In the case of the Kawarau Falls Bridge tender design submitted by OPUS
International Consultants, the use of a moment resisting pier-to-deck connection reduced the pier from a 2m diameter pier
with 32xHD32 reinforcement bars to a frame using 2 x 1.2m piers with 12xHD32 reinforcement bars per pier. The use of
a moment resisting connection resulted in a smaller pile required, which was beneficial for drilling into the hard rock at
the construction site. By decreasing the size of the piers and piles, there were some cost savings made with decreased
material demands. There is also a decreased risk surrounding the construction of the piles. This is because drilling a
smaller hole in hard rock reduces the risk of causing issues with construction machinery. Conceptual solutions for a
prefabricated and cast on site connection were compared. It was decided that a prefabricated design is more appropriate
due to its constructability. To improve the seismic resilience of this design further, dissipative controlled rocking could be
implemented. However, to design this, further research must be completed into the design of rocking structures.
1.

The possibility of using a MRC on a steel ladder deck
bridge was first proposed in a tender design offer from
OPUS for Kawarau Falls Bridge near Queenstown. Here
a MRC would have been beneficial, as the smaller pier
sizes arising from the split moment distribution would
have decreased the required foundation pile size. This is
beneficial as smaller bore holes are easier to construct in
the hard rock on site. Tangible and intangible costs
associated with each design must be considered to
understand the feasibility of choosing a MRC over a
typical bearing connection. In line with this, the main
objectives of this project are to:

INTRODUCTION

The focus of this project is on steel-concrete composite
bridges within New Zealand, with an emphasis on steel
ladder deck composite bridges. The popularity of the
steel ladder deck bridge arrangement is growing within
New Zealand as its cost and weight-saving benefits are
becoming more understood.
The project sponsor, OPUS International Consultants,
have indicated an interest in understanding the
feasibility of using a Moment Resisting Connection
(MRC) on the pier to deck connection of a steel ladder
deck bridge. There are two main connection types for
the pier to deck connection type. The first is to use a
bearing type connection. Using a bearing puts the pier
into single bending, where the bearing doesn’t allow for
any moment transfer from the pier to the superstructure.
The second option is the use of a moment resisting
connection. This connection causes a fully rigid joint
between the pier and deck, putting the pier into double
bending. This allows forces to be transferred into the
deck as well as the foundation. It also means an
expensive bearing is not required.
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Investigate steel composite bridges, with a
particular focus on steel ladder deck bridges
Compare conventional bearing connections
with researched MRC to observe the benefits
and drawbacks to current practices
Investigate options for a MRC on a steel
ladder deck composite bridge
Investigate the intangible and tangible cost
effects caused by using a MRC over a bearing
connection
Investigate Dissipative Controlled Rocking
(DCR) technology for use with a MRC

Unreinforced Masonry Buildings: How can we better
preserve New Zealand History in a seismic context?
L. J. Goodman and L. K. Schwass
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisors: A. Palermo, W. Batchelar (BMC), G. McDougall (BMC)
Keywords: Heritage, unreinforced masonry, seismic vulnerability assessment
ABSTRACT
The seismic assessment of Unreinforced Masonry (URM) buildings has long been undervalued in education and research,
with lack of consistency in approaches internationally and an overreliance on computationally intensive, ‘black box’
modelling approaches. Given that URM buildings represent a significant portion of New Zealand’s architectural heritage,
and the devastating results observed in the Canterbury earthquakes, developing better assessment strategies is essential.
The objectives of this research are to improve industry understanding, through a state of the art, and provide
recommendations for furthering the development of assessment approaches. This has been achieved in two phases,
considering probabilistic and detailed assessment methods. These were then evaluated using a case study of East Taieri
Presbyterian Church. The probabilistic phase considered the traditional ISA, as well as the vulnerability methods
developed for New Zealand in an EQC project, while the detailed phase considered a critical review of international
approaches: New Zealand, Eurocode, and ASCE/SEI. From this analysis, it was determined that the East Taieri Church
is less than 34%NBS (‘earthquake prone’) and would likely sustain severe structural damage in an earthquake of similar
intensity to the Christchurch 2011 earthquake. The critical structural weaknesses are the gables, longitudinal wall piers,
and tower. This research has resulted in three key recommendations: use of the vulnerability index method to prioritise
seismic interventions across a portfolio of heritage buildings; implementation of the macroelement collapse mechanisms
to the New Zealand Technical Guidelines to provide engineers with a greater conceptual understanding of URM
behaviour; and a fundamental shift in approach towards performance-based assessment for heritage buildings.

1.

increased the seismic vulnerability of structures (Dizhur
et al., 2011; Magenes and Penna, 2011). These increases
in vulnerability are predominantly due to the direct
implementation of strengthening solutions primarily
developed for steel and concrete buildings. To protect
URM buildings and develop effective strengthening
interventions, it is important to establish a detailed
understanding of the seismic behaviour of the building.

INTRODUCTION

Unreinforced Masonry (URM) represents a significant,
but endangered, portion of New Zealand’s architectural
heritage. These structures were designed and constructed
prior to seismic considerations in code and therefore
represent the greatest risk in earthquakes. This was
highlighted in the devastating events of the 2010/2011
Canterbury earthquakes, in which 85% of the demolished
structures were of URM typology (Dizhur et al., 2011).
In this way, URM heritage buildings embody a rapidly
shrinking aspect of New Zealand’s cultural past. This
makes URM construction and appropriate seismic
interventions a key research area.

Advances in NZ seismic codes have set a precedent that
priorities life safety while minimising cost (Goodwin et
al., 2009). This mindset fails to recognise the value that
heritage buildings provide to society besides their
function. In many instances, demolition, rather than
strengthening, has been put forth as the desirable course
of action. This research is motivated to reverse this trend,
and ensure preservation of New Zealand’s built history.

Despite being one of the oldest forms of construction,
there is limited documented knowledge regarding the
complex seismic behaviour of URM buildings.
Internationally there is a lack of consistency in the
seismic assessment of URM structures, and an inability
to undertake comprehensive detailed assessment without
computationally intensive modelling (D’Ayala et al.,
2015). In the past 50 years this has resulted in
strengthening interventions globally which have often

The primary objectives of this research project were to:
•
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Establish a State of the Art on URM seismic
performance, considering lessons learned from
previous seismic disasters, to develop better
industry understanding;

Steel Moment Frames Slab Effects on Column Demands
K. Kosinanonth and G. L. R. Webb
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisor(s): G. A. MacRae and T. Chaudhari
Keywords: Earthquake engineering, moment frames, overstrength, panel zones, structural steel, composite slabs
ABSTRACT
Beam column joint subassemblies in steel moment frames often have simply-supported gravity beams framing into the
joint in the perpendicular direction. When these subassemblies undergo lateral displacement, moments enter the column
from the beams. Some of these moments are directly applied from the in-plane beam and slab stresses as they contact
the column, and additional moments occur as the slab causes the perpendicular simply supported beams to twist. In
most design codes around the world, no explicit consideration of these moments is performed even though they may
increase the likelihood of column yielding and a soft-storey mechanism. This paper quantifies the magnitude of these
perpendicular beam twisting moments in typical subassemblies using inelastic finite element analysis. It is shown that
for beam-column-joint-slab subassemblies where the primary and secondary beams are fully welded to the column, the
addition of slab effects significantly increases the total stiffness and strength of the composite frame structure. In
addition to this, it is also shown the twisting moment demand of the secondary beams increased the frames strength by
approximately 2% for an imposed drift of 5% for the subassembly investigated when no gap was provided between slab
and the column. It was also shown the twisting moment demand of the secondary beams increased the frames strength
by approximately 10% for a maximum imposed drift of 5% for the subassembly investigated when a gap was provided
between the slab and the column.

1.

INTRODUCTION

there is no gap between the column and the slab. In this
non-isolated case, all mode effects of the slab are active
and provide additional strength and stiffness to the
frame. Because slab forces increase demand on the
connection, panel zone and column, they increase the
risk of undesirable inelastic deformation mechanisms
forming. Therefore, there are potentially benefits in
separating the slab from the column.

Composite slab design has increased in popularity for
large industrial buildings because of its recognised
material and construction efficiency. Composite slabs
consist of a profiled steel deck supporting a reinforced
concrete slab. In addition to providing formwork when
the slab is cast, the decking can also provide shear
resistance because of their special profiled shape and
embossments. This allows the two materials to act
together compositely, improving the slabs structural
performance by reducing weight and allowing for
longer spans. This type of construction is also quick and
easy which makes it popular in commercial, industrial
and residential buildings.
When a composite slab structure undergoes lateral
displacement, there are three modes of force transfer
caused by slab effects defined in Eurocode 8 (1998).
These three modes as illustrated by Figure 1. As
illustrated, Mode One is caused by the slab bearing on
the outer flange, Mode Two is caused by the slab
bearing on the inner flange, and Mode Three is caused
by torsion of the secondary beams. Whether or not these
effects will contribute is dependent on the interaction
between the slab and the column, whether the secondary
beams are components of the frame subassembly and
how these beams are connected to the column. Most
common design practice is to cast the concrete so that

Figure 1. Three mode effects. Image adapted from
Eurocode 8 (1998).
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ABSTRACT
Buckling Restrained Braces (BRB’s) have become common in seismic frames in earthquake areas. If a BRB performs
as desired the steel core may yield but it is not easy to know the degree of yielding, or how much of the BRB
earthquake life has been used up.
To determine whether such a brace should remain as is, or whether it needs to be replaced, an inexpensive and simple
measuring device that reports the deformations undergone is required.
This paper discusses a study undertaken to develop such a device. Firstly, a literature study was undertaken and
candidate devices were selected. Using Subjective Quantitative Analysis (SQA) and specific performance objectives the
most appropriate of these was chosen. This device was then constructed and tested in a controlled environment. This
mechanical device performed well through various stimulated earthquake cycles and events, is cheap, simple to install,
and small. It provides cumulative and maximum displacement estimations and will be beneficial to the industry in postevent decision making.

1.

earthquake needs to be developed. Such a device will
help improve the speed and accuracy of structural
assessments. Current devices are either too expensive or
complex to be implemented widely. The key questions
addressed in this report include:

INTRODUCTION

Buckling-Restrained braces (BRB’s) are popular in
seismic construction because they carry compressive, as
well as tensile forces. A typical BRB has a steel core,
which provides tensile capacity, this is surrounded by a
concrete cylinder which restrains the steel member from
buckling under compressive loading (Black, Makris, &
Aiken, 2004).

1.
2.
3.
4.
5.
6.

BRB’s act as a special form of hysteretic dissipater.
During severe lateral shaking the brace may be exposed
to large deformations causing the steel to yield. The
yielding of the steel dissipates energy, limiting the
forces on the beams and columns within the structure,
keeping them within the elastic region (Iwata, Kato, &
Wada, 2000).

2.

What criteria must the device satisfy in order to
be viable?
What methods are currently available to
measure BRB deformations?
What design should be further investigated?
How can the developed design be constructed?
How does the device perform?
How can it be applied?

PRELIMINARY INVESTIGATION

2.1. Key Performance Criteria
Following consultation with Michael Anderson
(Aurecon), Michael Simcock (Calibre Consulting),
Didier Pettinga (Holmes Consulting) and Gregory
MacRae (University of Canterbury) the following key
performance criteria were decided upon.

AISC design guidelines require a BRB to sustain a
cumulative inelastic displacement of at least 200 percent
of the design story drift (AISC, 2016). After an
earthquake, it is not always clear how much damage has
been sustained. Without this knowledge, the remaining
earthquake life is unknown. If the peak and cumulative
displacement experienced by the BRB during a seismic
event were known, then the damage to the BRB could
be estimated.

1.

2.

In order to address this issue, a simple measuring device
that can be easily fitted onto BRB’s in a structure to
provide information on the displacements following an
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To ensure data collection is efficient, the
device must measure the maximum and
cumulative displacement of a BRB in both
longitudinal directions.
The cost of current devices has been identified
as a key restricting factor for wide use. The
final device must be cheap to make, install,
maintain and operate.

Earthquake induced damage to wastewater pipelines
J Penaia-Smith and Z Chye
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisor(s): M Cubrinovski and M Hughes
Keywords: Earthquake, pipelines, infrastructure, cumulative measures
ABSTRACT
The Canterbury Earthquake Sequence (CES) consisted of four major seismic events. These events caused significant
damage to infrastructure in Christchurch and, the wastewater network. The objective of this study was to investigate the
damage to the wastewater pipelines inflicted by the CES. Comparisons were made between the cumulative and peak
earthquake demand measures and correlated with the observed damage. The observed damage has been quantified using
repairs data. Three key datasets were investigated to achieve this: the pipe network, repair works undertaken following
the events and seismic demand measures recorded throughout the city. Utilising the Geographic Information Systems
software, ArcGIS, these datasets were analysed individually and then superimposed. The repair datasets show damage
to the wastewater network was widespread throughout the city with initial emergency repairs being completed
near/within the red zone area. Due to the variable source locations of each event, earthquake measures such as arias
intensity (AI) and the cumulative absolute velocity (CAV) were determined to encompass the cumulative effect of all
four events. Out of the four events, the February 22nd event was the most damaging and hence is expected to contribute
the most to the cumulative demand measures. Repair rates calculated for the February event show a similar trend to the
overall cumulative plot for both AI and CCAV. Additionally, the February event shows the peak value for both AI and
CAV suggesting in comparison to the other events, it will contribute more to the cumulative plots. The range of values
for each event also provide information for the location and magnitude of the given event. With regard to the September
event, we observe a small range of values for the AI plot. However, for the February event a much larger range is
observed. This may have explained by the proximity to the city of each source and the ability for the location of the
source to influence the energy dissipated throughout the city. Repair rates for both AI and CAV provide larger values
than their cumulative counterparts. A larger repair rate suggests the density of repairs are confined to specific contour
intervals. Considering this we have observed the peak event in the CES to provide a stronger correlation in terms of
repair rate, than the cumulative effect of the CES. Overall, this study investigated various demand measures and repair
data resulting from the CES. There are relations between the peak event in a series of earthquakes, such as the February
event, and the damage observed following the entire series.
1.
1.1.

replacement (Cubrinovski et al., 2011). The wastewater
system was also uniquely vulnerable to liquefactioninduced damage over the potable water system due to its
much larger depth of embedment (Cubrinovski et al.,
2011). This would prevent the system from functioning
as intended and require significant repair work to a
greater depth.

INTRODUCTION
Background

The Canterbury region was hit with a series of four
strong earthquakes between September 2010 and
December 2011. The largest events occurred on 4
September 2010 (Mw = 7.1) and 22 February 2011 (Mw
= 6.2). For each of the four events, the faults involved
were close or within the Christchurch city boundaries
and thus, very large ground motions were generated
throughout the city. Significant damage, accruing to
nearly NZ $3 billion was inflicted upon the local
infrastructure (Hawken, 2015). This included significant
damage to the horizontal infrastructure network.

Previous research in this area has been led by the
University of Canterbury. A focus on liquefaction, and
its effects have shown a larger number of repairs occur
in areas with low liquefaction resistance (M
Cubrinovski, J Noonan, & Sampedro, 2015). This has
been caused by liquefaction providing a differential
settlement across a given section of pipe, resulting in a
loss of grade. Quantifying the liquefaction resistance
has been achieved using the Liquefaction Resistance
Index (LRI) developed by (Cubrinovski et al., 2011).

The Christchurch wastewater network is comprised of
approximately 1800 km of pipelines which transport
sewerage to the Bromley treatment plant. Due to the
relatively flat grade of the Canterbury plains, the
Christchurch wastewater system is largely gravity
driven. As a result of the CES, several hundred
kilometres of the pipe network required repair or
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ABSTRACT
The purpose of this study was to find a potential relationship between the cumulative effects of the Christchurch
earthquakes and damage to Christchurch’s potable water network. In order to do this seismic intensity measures that could
be cumulated were used- Arias Intensity (AI) and cumulative absolute velocity (CAV). By using the data of fourteen
strong motion stations during the four events, the seismic demand measures were calculated at each point using
Seismosignal. They were then interpolated across Christchurch in ArcGIS by using inverse distance weighted method, a
method that assumed greater accuracy when the distance to known points was less. There were two datasets of repair data
this was compared to- uncorrected data that was divided into individual events and data corrected by the Stronger
Christchurch Infrastructure Rebuild Team that had no dates attached. The uncorrected data was used for comparing the
number repairs during individual events to intervals of the cumulative seismic demand measures of those events. In these
comparisons the repair data was divided by the length of pipe within the same interval to account for the network being
non-uniform in its spatial distribution. The results of this data manipulation showed strong relationships between the
repair count and AI, but these relationships were different when different LRI zones were considered. The CAV graphs
showed no strong correlations. This disproved the possibility of CAV being representative of potable pipe damage and
while there is a potential relationship between AI and pipe damage this would require further investigation.
1.

representing the entire earthquake motion. Other
potential acceleration measures considered were route
mean squared (rms) acceleration and Arias Intensity (AI).
RMS is defined by Kramer (1996) as:

INTRODUCTION

Christchurch’s potable water network contains
approximately 26000 individual pipes. There is a great
variety of materials and installation dates for these, with
metal, cement and plastic pipes being used and records of
pipes being laid as early as 1900. From September 2010
to December 2011 there were four major earthquakes that
affected Christchurch, causing widespread damage and
liquefaction. These occurred in September 2010,
February 2011, June 2011 and December 2011. This
caused significant damage to the city’s infrastructure,
including the potable pipe network. As this network was
pressurised, damage was noticed and repaired quickly.
This meant that damage to the network would be repaired
before the next major event and could be related to
specific events. The purpose of this report was to
examine the effects that multiple earthquakes would
cumulatively have on Christchurch’s potable pipe
network. In order to do this, three types of data were
needed- the pipe network itself, the seismic demand of
events and the damage to the network.

1

T

a rms = √ ∫0 d[a(t)]2 dt
T

(1)

d

Where Td is the duration of the earthquake and a(t) is the
acceleration time series. As rms intensity is a derivative
of acceleration over time it would not have the issue of
being affected by spikes in acceleration as PGA would.
However, this method is highly sensitive to the definition
of duration used. AI is defined by Kramer (1996) as:
AI =

π ∞
∫ [a(t)]2
2g 0

dt

(2)

Where g is gravitational acceleration. As the acceleration
is not divided by the earthquake’s duration how this is
defined is unimportant and the cumulative effect of event
could be found. Similarly, a method for defining velocity
was needed. While peak ground velocity (PGV) did not
have the disadvantage of PGA of being associated with
high frequencies, it could not be accumulated. For this
reason an alternate measure, cumulative absolute
velocity (CAV), was used. CAV is defined by Reed and
Kassawara (1988) as:

In order to observe the effect of multiple earthquakes it
was important that the chosen seismic demands were
relevant and could be expressed in cumulative terms.
While the peak ground acceleration (PGA) is the most
commonly used seismic demand measure, it is greatly
affected by short spikes in acceleration rather than
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ABSTRACT
Sea-level rise (SLR) due to anthropogenic climate change poses a significant hazard to our coastal communities and built
environments. Associated rises in ground water level (GWL) will influence soil liquefaction susceptibility in earthquakeprone areas, potentially leading to changing spatial footprints of hazard zones. We examined SLR-influenced liquefaction
hazard in Christchurch, New Zealand, via liquefaction triggering analyses using available geotechnical Cone Penetration
Test (CPT) data, and GWL and seismic models. Impacts of SLR on future liquefaction hazards were determined in two
sites: Site 1 in North New Brighton adjacent to the Avon River; Site 2 in Ferrymead, near the Heathcote River and the
Avon/Heathcote Estuary. During the 2010-2011 Canterbury Earthquake Sequence (CES), Sites 1 and 2 experienced
overall subsidence and uplift, respectively, due to tectonics and liquefaction-induced ground deformation. We calculated
settlement and liquefaction severity number (LSN) at CPT point locations across the sites, and interpolated these across
the sampling areas. To model 0.5 m and 1.0 m SLR effects, the depth to groundwater parameter in the liquefaction
triggering analysis was raised by these values. Liquefaction triggering was modelled using two Peak Ground Acceleration
(PGA) scenarios: recorded (regional) 4th September 2010 Darfield Earthquake; modelled Alpine Fault event with a
southern initiation zone. An increase in GWL at both sites led to increased settlement and LSN values. Liquefaction
triggering using Darfield Earthquake PGA produced greater settlement and larger LSN values than the modelled Alpine
Fault event. Both earthquake scenarios led to increased flood hazard across the study sites. Further research is required to
quantify how future SLR-influenced liquefaction will threaten residential properties and infrastructure lifelines, and will
inform community adaptation to future coastal processes and hazards.
1.

the Green Party. This report concludes that $19 billion
worth of buildings including approximately 43,000
homes will face higher levels of coastal risk exposure
because of rising sea levels (Bell et al., 2017).

INTRODUCTION

Globally, sea level is rising due to anthropogenic climate
change. Sea-level rise (SLR) is one of the greatest issues
facing humanity, the effects of which will cause
disruption to society, particularly coastal communities.
Modelling shows sea level rises within the range of 0.5
to 1.0 m over the next century (Wong, et al., 2014), and
other recent research suggests the current rate of SLR is
increasing (Church, et al., 2013), (Dieng, et al., 2017),
(Chen, et al., 2017), (Dangendorfa, et al., 2017).

Eastern Christchurch’s low-lying communities and built
environments will in future be threatened by changes in
sea-level. A little-considered consequence of SLR is the
impact on earthquake-induced soil liquefaction hazard,
and how associated ground subsidence could further
exacerbate SLR impacts. Commencing on 4th September
2010, Christchurch City was rocked by a series of
earthquakes now known as the 2010-2011 Canterbury
Earthquake Sequence (CES), in which widespread
tectonic and liquefaction-induced ground deformation
has led to increased flood and sea-level hazards (Hughes,
et al., 2015), (Quigley, et al., 2016). Because the soil
profile must be saturated for liquefaction to occur,
ground water level (GWL) is key parameter in
liquefaction triggering. Due to hydraulic connectivity,
GWL will change as a result of SLR. This is likely to
change the spatial extent of areas in Christchurch
vulnerable to liquefaction and associated increase in
flood hazards (Quiler, et al., 2015), (Monk, et al., 2015),
(Risken, et al., 2015).

The regional SLR in New Zealand has been similar to the
global trend over the past century (Bell et al., 2015). In
New Zealand 0.5% of the land area is within the 0 – 1.5
m elevation bracket and is at a direct risk from SLR (Bell
et al., 2015). In Christchurch, the coastal suburbs and
areas around the Avon River are particularly vulnerable
(Parliamentary Commissioner for the Environment,
2015). Although SLR has been recognised as a major
issue facing New Zealand, little action has so far been
taken in response to this. The costs associated with
responding to SLR were quantified in a report (Bell et al.,
2017) written for the Ministry for the Environment, and
leaked before the New Zealand Government elections by
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ABSTRACT
In this paper, a structural seismic evaluation of the St Gerard’s Monastery in Wellington is performed to assess its
structural components and identify the key deficiencies. The monastery is a Category One heritage building that was
primarily constructed from reinforced concrete in 1931. The buildings current material condition was assessed through a
site inspection, steel testing at the University of Canterbury, and via a thorough concrete durability assessment undertaken
by Opus Research. Material assessment concluded that the structure possesses a residual life of several decades, provided
proper maintenance is completed. Typical structural details were extracted from the drawings and assessed against the
requirements set out in the New Zealand Concrete Structures Standard, NZS 3101. This assessment highlighted that
typical structural elements had near or below minimum longitudinal and transverse reinforcing steel. A major frame
component and a major structural wall were analysed. The frame is located on the top floor and supports only the
lightweight roof structure; hence it was assessed using analysis by parts. The most likely failure mechanism for the frame
was determined to be flexural failure of the columns, with a capacity to demand ratio of 0.43. The most likely failure
mechanism for the wall was determined to be a flexural failure at the first level, where the wall changes in length, with a
capacity to demand ratio of 0.48. The preferred retrofit option involves the construction of a new wall system that is tied
into the existing structural system to take seismic forces. A wall system was deemed to be more appropriate than a frame
system, ensuring deformation compatibility with the relatively stiff existing structure. The most damaged elements of the
old structural system should be reinstated to maintain their integrity to carry gravity loads.

1.

INTRODUCTION

cultural or historical significance. The monastery is
currently used for religious purposes and accommodation
(Heritage New Zealand, 2017).

1.1. Background
This project involves a structural seismic evaluation of St
Gerard’s Monastery. The monastery is located on Mount
Victoria, Wellington and is shown in Figure 1. This
project is sponsored by Dunning Thornton Consultants,
who will be undertaking a full structural assessment of St
Gerard’s Monastery.

The Monastery’s location on Mount Victoria is
approximately 200 m south of the Wellington Harbour
shoreline and follows the direction of the prevailing
wind. Based on the New Zealand Concrete Structures
Standard, NZS 3101, this proximity to the shoreline
places the geographic location of the monastery within
the ‘B2 – Coastal Frontage’ zone for specification of
durability performance requirements (Opus Research,
2017).
The natural slope that the monastery sits on comprises of
a colluvium/residual soil layer that overlies greywacke
rock. The colluvium/residual soil layer is expected to be
less than 3 m thick across the site. The soils are not
expected to be susceptible to liquefaction and the seismic
subsoil class in accordance with NZS 1170.5 is ‘Class B
– Rock’ (Tonkin and Taylor, 2013).

Figure 1. St Gerard’s Monastery (Courtesy: Flickr).
St Gerard’s has both national and international
significance through its connections with the Catholic
Church. St Gerard’s was the first purpose-built
monastery established by the Redemptorists in New
Zealand. In recognition of this, St Gerard’s Monastery is
classified by Heritage New Zealand as a Category One
heritage building, which means that it is of special

Construction of the monastery began in 1931 and was
completed in 1932 as an extension to an existing 1908
church. The monastery was designed by Frederick de
Jersey Clere with a gothic architectural style to match the
existing church.
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ABSTRACT
In addition to the life safety target of modern seismic design, there is and increasing demand for minimizing financial
losses causes by earthquakes. In order to provide more information to help clients for their decision-making, one of the
possible approaches is to actually estimate the financial losses associated with repairing different level of damage. The
main objective of this work is to develop a general loss function for different common types of cladding for different
types of buildings. In details, this function can generate the potential loss range, in terms of financial loss, after an
earthquake. The form of the function is in terms of engineering demand parameter, which is story drift ratio, and the
estimated repair or replacement cost, in terms of per floor area. Three surveys have been conducted to make the function
more precise, which is including building survey to identify commonly used types and density of cladding, sourcing
fragility functions from literature, and survey of contractors to identify cost of damage repair. To the research, the common
types of cladding has been identified as glazing, monolithic, masonry veneer and precast concrete. In order to estimate
the total financial loss due to damage cladding system, for each type of cladding system, the probabilities of each damaged
states under a range of story drift ratio was combined with their associated repair cost, generating some cumulative
distribution curves associated to each cladding system. The final cumulative curves are suitable for estimating the cladding
repair cost around Christchurch and other cities similar market.
1.

INTRODUCTION
Additionally, because a building cannot operate without
a proper cladding system, any damage on cladding
system will result in a long time shutdown, which will
lead to a large amount of income loss for both
commercial and industrial buildings. However, because
of the large variation of the income rates for different
buildings, the downtime loss estimation is difficult to be
generalized. This study will only focus on the estimation
of the cladding system repair cost.
A good study case would be the Mw 7.1 earthquake
located in Christchurch during 2011. This event caused
serious damage to many buildings around Christchurch
city. According to the report, the total rebuilding cost was
estimated to be around $30 billion NZD, more than half
of the buildings around CBD area was damaged and
forced to close for more than 2 years (Stevenson et al.
2011).

For modern buildings, non-structural components
(NSCs) account for a large share of the overall building
cost. NSC include ceilings, infill walls, claddings and
pipes equipment provided for services like heating,
ventilation, air conditioning, plumbing, electrical, fire
control etc. As one of the most important components in
a building, any damage on NSC will result in buildings
operation problem. According to resent experiments,
even a small to moderate level of ground motion can
force a building to experience long downtime due to
NSCs damage, even without noticeable structural
damage. As one of the main component of NSCs, the
cladding wall damage can cause serious financial loss in
two main aspects; as direct repair cost and loss of income
due to downtime. The examples of NSCs damage after an
earthquake are shown in Figure 1. Based on detail repair
cost estimation, the building cladding walls account for a
large portion of the overall repair cost.

Figure 1: The damage of glazing, masonry veneer, monolithic and precast concrete cladding system (Andrew, 2015)
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ABSTRACT
In this study, a number of seismic assessment methods, outlined in new technical guidelines, were applied to a
hypothetical case study building. The methods considered were Equivalent Static Analysis, Modal Response Spectrum
Analysis, Non-Linear Static Pushover Analysis, and Non-Linear Response History Analysis (NLRHA). From these
assessments, the probable percent of New Building Standard (%NBS) of the structure was ascertained. The assessments
were performed on a structure described in a New Zealand Society for Earthquake Engineering (NZSEE) case study,
modified to focus on structural assessment by omitting geotechnical conditions and modifying structural geometry.
Seismic weight was determined in preliminary calculations and a Simple Lateral Mechanism Analysis (SLaMA)
determined the stiffness, strength, and displacement capacity of each structural system. An estimate of %NBS was made
by performing a simplified Non-Linear Static Pushover Analysis with the values obtained. Due to structural modifications
as well as differences in seismic weight and the results of SLaMA, comparisons of seismic assessment methods could not
be made with the NZSEE case study. To complete the assessments, models were developed in the finite-element
modelling software, SeismoStruct. For displacement-based approaches, SeismoStruct models were used to complete
iterative loading on the structure. From the assessments, all systems were found to have sufficient capacity to withstand
an Ultimate Limit State event, excluding the Equivalent Static Analysis of the structure’s frame system. Pushover analyses
produced varying results, but final values proved less conservative than NLRHA. Whilst NLRHA provided sensible
results, there was a high level of variability between values derived from different ground motions which highlights the
requirement for a rigorous approach to this type of analysis. Based on these findings, there is no definitive evidence to
suggest that performing time-consuming analysis will yield more or less conservative results, however given limitations
of NLRHA, a more rigorous study may clarify this outcome.
The presence of displacement-based procedures in the
code represents a shift in the focus of structural analysis
away from structural force capacity and towards inelastic
structural behaviour and potential loss of gravity support.
Using a draft of the EAGs, the NZSEE performed a case
study (2016) on a theoretical, pre-1976 reinforced
concrete building located in Whakatane. A Simple
Lateral Mechanism Analysis (SLaMA) was completed
by that study, as well as some of the recommended
displacement and force-based seismic assessment
methods to determine the structure’s seismic
performance in terms of Percent of New Building
Standard (hereby referred to as %NBS).

1. INTRODUCTION
On 1 July 2017, Technical Guidelines for the Seismic
Assessment of Existing Buildings (hereby referred to as
the Engineering Assessment Guidelines or EAGs)
formally came in to force as the official methodology for
the assessment of potentially earthquake-prone, existing
structures. The EAGs were created by the NZSEE, the
New Zealand Geological Society, and the Structural
Engineering Society of New Zealand. In Section C2 of
the EAGs, a number of seismic assessment techniques
are specified which evaluate the actions required to
assign a seismic rating to a given existing structure.
Table 1 shows the methods considered in this study.

In this study, a modified structure, based on the NZSEE
case study, was assessed using the methods described in
Table 1. The overall aims of the analysis were to critically
analyse each method’s ability to assess the level of
structural compliance; comparing its ability to resist
lateral loading relative to a new building in the same
conditions. SeismoStruct, a versatile finite element
modelling software capable of considering dynamic
effects, non-linearity, and large displacement behaviour,
was chosen to perform the analyses.

Table 1. Seismic Assessment Methods

Force-based
(Linear)
Displacementbased
(Non-Linear)

Static
Dynamic
Equivalent Static
Modal Response
Analysis
Spectrum Analysis
(ESA)
(MRSA)
Non-Linear
Non-Linear Response
Static Pushover
History Analysis
Analysis (NLSPA)
(NLRHA)
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ABSTRACT
The recent earthquakes in Canterbury have illustrated the seismic risk that New Zealand’s infrastructure faces. High
performance seismic technologies which mitigate this risk have been available in New Zealand for decades, yet very few
buildings have implemented them. This project discusses the key motivators for the lack of mainstream use of these
technologies. Research was undertaken through two means. A literature review was first conducted of journals, reports,
opinion pieces and international building codes. This informed the next stage of research, which was surveying the
opinions of the New Zealand public, commercial and industrial building owners, and engineers. Due to time constraints
on the project and university policy, only the public survey was distributed.
The results of the research lead to the conclusion that there is public appetite for the use of high performance seismic
technology, but there are barriers to its use. Perceptions around cost need to change, the implementation of specific design
codes, and better access to professionals and resources will help overcome the barriers to mainstream use. The need for
shorter downtimes and closures with less repair and rebuild costs will be directly addressed by the adoption of this
technology. It appears that public are not driven by these cost considerations, so it would be interesting to attain responses
from the other survey groups to address this. The public are instead driven by safety, with the majority of respondents
willing to pay more for safer buildings, as well as being able to know more about the seismic risk of the buildings they
inhabit.
There is an opportunity for more research to be undertaken within this topic. Further distribution of the public survey
would provide better insight and the responses from building owners and engineers would provide a more complete
picture.

1.

Recent history offers a unique opportunity for research,
with new perceptions around seismic performance
emerging following the 2010/11 earthquake sequence in
Canterbury which caused widespread damage in the
Christchurch CBD, and the 2016 Kaikoura Earthquake
which damage to buildings in the Wellington CBD. This
research intends on capturing the ideas of the people who
are at the forefront of the decisions that influence the
earthquake resilience of the country: structural engineers,
commercial and industrial building owners, and the New
Zealand public themselves.

INTRODUCTION
1.1. Context

Seismic risk to the built environment exists throughout
New Zealand. The number of high performance seismic
technologies that can be implemented to reduce this risk
are increasing. Despite this, the structures that dominate
the landscape are predominantly built using traditional
construction solutions. Base isolation, a specific high
performance seismic technology that was examined
during this research, shows this trend. Approximately
forty (Wellington City Council, 2017) to fifty (Walters,
2015) buildings in New Zealand utilise base isolation
today. The reasons for the lack of widespread uptake are
neither obvious nor well researched.

1.2. Objectives
The principle aim of this project is to identify the main
drivers for the use of high performance seismic
technology. This involves the key objectives to:


This project focuses on the commercial and industrial
buildings in central business districts (CBDs) throughout
New Zealand, which appear to have the greatest to gain
from the use of high performance seismic technology.
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Provide research into the current use (or lack of
use) of high performance seismic technology,
with particular focus on the reasons that
underpin this.

Investigating the Influence of Vertical Acceleration Demands
on Sprinkler Piping Systems
W.R. Jones and K.T. Symmes
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisor: T.J. Sullivan

Keywords: Fire sprinkler piping system, vertical acceleration demand, non-structural elements, nonlinear timehistory analysis
ABSTRACT
In considering the effects of vertical accelerations demands on non-structural elements, the New Zealand Earthquake
Structural Design Actions code (NZS1170.5) makes a simplified estimate based on horizontal earthquake actions. The
horizontal acceleration is scaled by 0.7 based on studies by Newmark that gave a vertical to horizontal ratio of 2:3.
However, more recent studies found that as the magnitude of an earthquake increases the vertical to horizontal ratio
becomes nonlinear. Therefore, NZS1170.5 is not considered sufficient in predicting vertical acceleration demand for
larger magnitude earthquakes. This paper investigates the effects of vertical accelerations on fire sprinkler piping systems
and assesses the appropriateness of design code for a large earthquake producing strong vertical ground motions. The
MW 6.3 Canterbury earthquake sequence of 2010-2011 produced strong vertical ground motions, so was considered
appropriate for use in this study. Nonlinear time-history analysis was conducted for a simple four storey building model.
Response spectra were developed for the structure at a range of ductilities for horizontal ground motion only, vertical
ground motion only and combination of the two. Results suggest that NZS1170.5 underestimates peak acceleration
demands for non-structural components for modes of vibration of less than 0.35 seconds at level one and 0.25 seconds at
the roof. The majority of fire sprinkler modal periods fall within this range so are exposed to the large earthquake actions
present. As expected, increasing the ductility capacity of the sprinkler part resulted in lower acceleration demands. With
increased ductility capacity NZS1170.5 continues to underestimate these demands.
1.

The Canterbury earthquake sequence of 2010-2011
included strong horizontal and vertical ground motions.
In many cases, the vertical ground motion amplitudes
exceeded the corresponding horizontal amplitudes
(Bradley et al. 2011). Although there were no known
sprinkler piping system failures, the data recorded from
this sequence provides an opportunity to investigate the
potential effects when an earthquake epicentre is located
close structures with fire sprinkler piping systems.

INTRODUCTION
1.1. Motivation

Earthquake engineering has historically concentrated on
the effects of ground motions on the structural
components of buildings, but few have investigated the
effects on non-structural elements (Poveda, 2016). Fire
sprinkler piping systems and their bracing components
are non-structural elements of particular interest. Past
earthquakes from around the world have caused sprinkler
pipes to rupture during significant ground motions with
large vertical components (Poveda, 2016). The 2010
Chile earthquake resulted in many instances of failed
sprinkler bracing, joints and dynamic interaction of
sprinkler heads with ceilings as shown in Figure 1.
Fire sprinkler systems are integral to life-safety systems
within buildings. Their continued resilience and function
at ultimate limit state (ULS) is critical in post-earthquake
scenarios, due to an increased fire risk and leakage that
results in damage to important non-structural building
components such as hospital life support devices.

Figure 1. Sprinkler pipe bracing failure (G. Mosqueda, 2012).
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ABSTRACT
Urban catchments contribute pollutants such as sediment and heavy metals to stormwater runoff, adversely affecting the
health of aquatic ecosystems. The transformation of such pollutants within a stormwater network influences their effect
on the receiving waterways, as well as the methods required to remove them. This study aims to identify where and how
these transformations occur, and from these results infer appropriate stormwater treatment options. A catchment within
the University of Canterbury was used to collect stormwater samples at four sites within a single stormwater network.
These sites included a galvanised roof, a sump within an asphalt carpark, a manhole, and the outlet into the Avon River.
Samples were collected over multiple rain events under both first flush and steady state conditions. The samples were
analysed for pollutant concentrations, as well as pH, conductivity, alkalinity, and turbidity. Total suspended solids (TSS)
and copper concentrations were highest at the carpark sump, whilst elevated zinc concentrations were found in the roof
runoff. The roof was a constant source of high concentrations of zinc. Copper partitioning between dissolved and
particulate form was found to be relatively constant across all sites, as copper binds to smaller particles and is more
difficult to remove from the system. Conversely, zinc was found to reduce in particulate partitioning over the length of
the stormwater network, indicating removal via settling and filtration. These results indicate the need for source reduction
of both copper and zinc, and improved removal of fine particles. Strong relationships between TSS and turbidity as well
as TSS and particulate metals were found, suggesting that easier in-situ monitoring of turbidity can be used to infer both
TSS and particulate metal concentrations. The study concluded that pollutants transform both temporally and spatially
within a stormwater network, and this characteristic requires an informed approach to pollutant management.

TSS includes all particles (such as fine sediment) in
stormwater, as well as contaminants (such as heavy
metals) that are adsorbed to these particles and can be
transported through the environment (Rossi et al., 2013).
A study by Charters et al. (2016) was carried out to
characterise the stormwater quality generated by
different roof, road, and carpark surfaces in the Okeover
catchment directly northwest of the upper Avon
catchment in Christchurch. The results from this study
found that sediment was the largest contributing
pollutant, with road contributions larger per area
compared to roof surfaces. The main source of sediment
on roads and carparks is from car tyre and brake pad
wear, with contributions from surface degradation
(breakdown of asphalt) and atmospheric deposition,
where atmospheric deposition is the main source of
sediment for roof sites. TSS is a major stressor of aquatic
organisms, smothering aquatic plants and reducing the
amount of light that can that penetrate through the water
(Australia New Zealand Environmental Conservation
Council, 2000). It is therefore important to research the

1. INTRODUCTION
Runoff from impervious surfaces in urban catchments
contributes a significant amount of pollutants to urban
waterways, adversely affecting the receiving water
quality and health of aquatic organisms (Barbosa, et al.,
2012). An example of an urban catchment affected by
stormwater pollutants is the reach of the Avon River that
runs through the University of Canterbury campus, in
western Christchurch, New Zealand. This catchment
includes a variety of impervious surfaces such as roofs,
roads, and carparks that are likely to contribute a wide
range of pollutants during rain events.
A study by Christchurch City Council (2016) names
pollutants such as copper, zinc, and total suspended
solids (TSS) to be of high importance for instream
waterway health. The study found that pollutant
concentrations were elevated in-stream, which highlights
the importance of reducing contributions from urban
runoff.
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ABSTRACT
This report focused on quantifying the quality of stormwater within the Christchurch CBD by identifying the
individual impermeable surfaces and their respective contribution of contaminants using the MEDUSA model.
The recent earthquakes have presented an opportunity to re-design impermeable areas of the city while considering
water sensitive urban design. These areas were identified as hotspots of stormwater pollution that can be treated
in order to make the greatest reduction to stormwater contamination. Impermeable surfaces were broken into roads,
carparks and roof surfaces in order to quantify the TSS (TSS), zinc (TZn) and copper (TCu) loadings generated
during actual rain events. The annual loads of TSS, TCu and TZn were 62,559 kg, 686,353 g, and 33,332 mg
respectively. These values could all be expected to increase by 12% under future increases in rainfall intensity due
to climate change, calculated by increasing the rainfall intensity in the model using data provided by HIRDS of
the effects of a 2˚C temperature increase. Treatment devices were found to greatly decrease the current contaminant
loads as well as in the future despite the effects of increased rainfall intensity. Galvanised roof surfaces were the
primary contributors to TZn loads so by replacing all old and painting moderate galvanised roofs the load reduced
by 66%. Carparks and roads were major producers of TSS and TCu and if all were treated with TSS capturing
devices the load would be reduced by 66%. Changing brake pads to copper free could reduce TCu loading by 88%.

1.

This modelling work is important because the quality of
urban waterways is largely determined by the quality of
stormwater runoff that enters it. Stormwater typically
enters waterways untreated contributing high levels of
TSSs and metals. Once in the environment, dissolved
metals are toxic to aquatic animals and can cause ill
health and death. TSS can also block sunlight from
reaching photosynthesising plants, clog the gills of fish,
and reduce visibility (O’Sullivan et al., 2012).
Contaminants from stormwater also reduce the aesthetic
of the stream and options for recreation because of health
and safety.

INTRODUCTION

An event-based contaminant load model, Modelled
Estimates of Discharges for Urban Stormwater
Assessments (MEDUSA) (Fraga, et. al. 2016, Charters et
al., in review), has been used to predict the amount of
total suspended solids (TSS), total zinc (TZn) and total
copper (TCu) that are produced during different rainfall
events from roofs, roads and carparks. These common
stormwater contaminants are generated from
impermeable area sources and expected contaminant
loads vary greatly from surface to surface due to material
type, condition, and use (Davis et al., 2001). For example
galvanised roofs release zinc and cars directly deposit
copper from brake pads, zinc from tyres, and fine TSS
onto roads and carparks (Egodawatta et al., 2013).

The MEDUSA model allows site specific management of
stormwater contaminants by identifying ‘hot spots’ for
treatment prioritisation. MEDUSA also allows treatment
effectiveness to be explored for individual sites. The
treatment techniques that can be modelled in MEDUSA
include policy changes to enable source reduction as well
as installing ecological treatment systems which
incorporate water sensitive urban design principles.
The Christchurch rebuild is a unique opportunity to redesign the city to better manage impermeable surfaces to
reduce the stormwater pollution entering urban
waterways such as the Avon River. Modelling
stormwater runoff quality can aid in this planning to
make the city more water sensitive and can be used to
guide better stormwater management of the central
business district (CBD).

The model uses rainfall event factors such as pH,
intensity, antecedent dry days and event duration. These
influence runoff from different surface types and
materials as contaminants build up on surfaces in
different ways and respond differently to the
characteristics of each individual rainfall event. Intensity
is particularly important as more intense rain can
dislodge more particulate matter from a surface,
especially asphalt surfaces were TSS is entrapped in the
large void spaces (Egodawatta et al., 2013).
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ABSTRACT
A stormwater harvesting system can increase the resilience of water supplies by replacing potable water used in nonpotable water processes with harvested stormwater. This study investigates the feasibility of harvesting stormwater for
reuse at Burnham Military Camp. Site visits and ArcGIS ArcMap software were used to determine the total hardstand
and roof area and to identify any surfaces that would be unsuitable for harvesting. The volume of stormwater available
for harvesting was quantified with a mass-balance model. The available runoff was compared with the current non-potable
demand of the camp to determine non-potable water savings that would result from stormwater harvesting. The future
change in the ability of a stormwater harvesting system to supply the non-potable demand was explored for four different
scenarios which incorporated both the effects of climate change and the potential future population increase of the camp.
This was achieved by altering the current rainfall trend to account for the precipitation change predicted for 2040. 157,910
m3 of stormwater runoff was determined to be available for harvesting for a representative average year. From this it was
estimated that 65% of the non-potable demand could be met with stormwater. The quality of the runoff from the surfaces
at Burnham Camp was expected to be of suitable quality for non-potable reuse. Climate change was found to have a
minimal effect between the present day and 2040 on the availability of stormwater to supply the demand. The predicted
population increase would reduce the percentage of the non-potable demand able to be met with runoff by 29.4%.
However, the total irrigation demand of the camp could be met with stormwater in both present and future scenarios. It is
therefore recommended that the New Zealand Defence Force considers implementing a stormwater harvesting system to
strengthen the resilience of Burnham Military Camp.

1.

heating system. The substitution of potable water with
stormwater would relieve the current demand put on the
bores (Table 1). The majority of stormwater runoff from
the camp currently drains directly into soak pits where it
infiltrates into the ground. There is potential for this
stormwater to be harvested and reused for the water
processes at the camp which do not require potable water.
This would reduce the demand on the fresh-water supply
and create an alternative water source on-site.

INTRODUCTION

Burnham Military Camp is the South Island’s main
military base and accommodates approximately 1500
people both throughout the day and as overnight stays
(New Zealand Defence Force, 2016). As a military camp,
there is a requirement for the site to be self-sufficient and
act as an ‘island’ by demonstrating resilience in the event
of any emergency. The New Zealand Defence Force
(NZDF) is preparing to expand and upgrade the site with
the population expected to double in size by 2040.

Table 1. Burnham Military Camp bore water intake.

Currently all water used within the camp is sourced from
potable water extracted from five active bores located onsite. Two of these bores are designated for irrigation use
while the remaining three are treated with processes of
chlorination and fluorination for potable water use (New
Zealand Defence Force, 2017). The water demand at
Burnham Military Camp can be broken down into
domestic use for the residents living in on-site housing
and barracks, irrigation use and miscellaneous water
uses. The miscellaneous water uses are comprised of
excess irrigation from potable water use bores, vehicle
wash-down and workshop use, swimming pool use,
training activity use and water for the current boiler

Bore
Number
M36/2693

Domestic use

Daily Intake
(m3/day)
257

M36/5777

Domestic use

295

M36/2692

Irrigation use

58

M36/0078

Irrigation use

56

M36/2694

Domestic use

444

Use

Burnham lies 29 km southwest of Christchurch in the
Canterbury Plains, an area that has a relatively low
annual rainfall trend consisting of lengthy dry periods
and infrequent bursts of low intensity rainfall. The
rainfall pattern of Burnham has remained consistent over
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ABSTRACT
Ecosystem services have a considerable influence on all components of human well-being, so efforts should be
made to protect and enhance them. Increases in the adverse effects of human activity on ecosystems requires that
the effective management of ecosystem services is widely practiced. LUCI (Land Utilisation and Capability
Indicator) is a new tool which has been developed to assist in the management of landscapes and identify
opportunities for improvements to ecosystem services delivery. This paper focuses on ecosystem services
provision within the Selwyn catchment The LUCI framework was used to assess the current provision of flood
mitigation, agricultural productivity, and erosion and sediment delivery mitigation within the Selwyn catchment.
The trade-off function within LUCI was used to identify areas where improvements to flood mitigation could be
made without compromising on the delivery of the other services. The results of this research suggest that there
is significant area (around 22% of the studied area) within the Selwyn catchment that provides an opportunity for
improvements in flood mitigation delivery. It was noted that adjustable parameters within the framework can have
a significant influence on the model results. Documentation of these parameters within LUCI is currently poor and
a user with no knowledge of the purpose and relevance of these parameters would likely struggle to confidently
produce relevant and accurate results.
1.

1.

INTRODUCTION

Ecosystem services (ESS) are the contribution of
ecosystems to living entities (e.g. plants, animals), and
their non-living environments (e.g. climate, soil) (BISE,
n.d.). ESS influence all components of human wellbeing, hence ESS should be protected and enhanced
where possible. Although naturally occurring, ecosystem
services can be drastically altered by way of man-made
activity. As the adverse effects of human activity, most
notably overpopulation and climate change, become
more and more prominent the need for effective ESS
management increases. The evaluation of ecosystem
services delivery is essential to sustaining the positive
effects the services have. A tool which can effectively
model and evaluate multiple ecosystem services carries
great potential as a decision making framework. LUCI
(Land Utilisation and Capability Indicator) is a new tool,
developed to assist in the management of various
landscapes to maximise their potential. The LUCI
framework can model the current and predicted/optimal
use of several ecosystem services, while also comparing
the trade-offs between these services (Jackson et al. n.d.).

2.

2.

To apply the LUCI framework within the
Selwyn catchment with a focus on the trade-offs
between
flood
mitigation,
agricultural
productivity and erosion and sediment delivery.
To determine the suitability of the LUCI
framework in assessing ecosystem services
within New Zealand landscapes.

BACKGROUND
2.1. LUCI Framework

The LUCI framework has been developed to allow users
to assess the delivery of a variety of ecosystem services
within a catchment. The framework evaluates the
services provided by a landscape in its current state,
estimates the potential of the landscape to deliver those
services, and subsequently identifies areas where change
might be beneficial (Jackson et al. n.d.). LUCI is
designed to produce clear and simple results via colour
coded maps. As a fast, flexible, and easy to use tool,
LUCI could become widely used as a framework for land
management decisions throughout New Zealand. LUCI
is still undergoing development and has not yet been
applied to a New Zealand catchment as an evaluation or
decision making tool. A previous version of the
framework, Polyscape, was applied within a Welsh
catchment to assess the delivery of various ecosystem
services (Jackson et al. 2013). Flood mitigation and
habitat connectivity provision was assessed against two
different land use scenarios. The effect of land use
change on ecosystem service delivery could subsequently

The July 2017 flooding event highlighted the
vulnerability of the Selwyn catchment to flooding.
Improvements in flood mitigation are required, however
this should not be at the expense of other ecosystem
services, such as agricultural productivity and erosion
prevention. This research project consists of two
objectives:
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ABSTRACT
In much of the developing world, water is a scarce commodity and the provision of water is essential to human life.
Rainwater is often an underutilised resource in many developing communities due to their lack of infrastructure for
capturing rainfall. Humanitarian engineers need to gain practical experience in order to teach community members how
to apply engineering solutions in their area. For this reason, a rainwater harvesting system was designed using materials
and methods that could be easily constructed by unskilled community members. The tank was chosen by its price, tools
required and material quantities needed. Following various material testing experiments the final prototype was chosen
to be a cylindrical, ferrocement tank. The prototype was constructed to assess the ease of construction and operability of
the chosen design. From this process the shortfalls of the tank were outlined such as leakage issues, leaching
contaminants and difficulties in mortar application. This allowed for remediation steps in the construction process to be
outlined to ensure that all issues could be mitigated in similar tanks built in the future. Following the successful
construction of the tank prototype, the scalability of the system was assessed by simulating the design of a larger tank
for a family in Rarotonga. Using characteristics specific to the area they live in, such as climate, household members
and roof area, a system was designed to ensure the family could rely on their own source of water during the months
when the public water supply was contaminated. The results from this assessment showed that the rainwater harvesting
system is effective for providing a safe and reliable water supply to many developing communities around the world as
well as increasing potential for economic growth.
1.
1.1.

INTRODUCTION

1.2.

Objectives

Humanitarian engineers need practical experience in
order to teach community members how to implement
similar projects in their area. For this reason, a
prototype tank would be built using no machinery and
restricted resources. The tank design needed to be
simple and cost effective so that it could be easily
implemented in a developing community where
members have limited skills. Design simplicity could be
achieved by using a small range of materials. By
restricting the resources used, the cost would be reduced
and the construction process simplified. This would
mean that unskilled community members are able to
replicate the rainwater harvesting system.

Background

For many developing countries, access to a reliable
source of potable water is scarce. According to UNWater, by 2025 two thirds of the world’s population will
be subject to water scarcity (UN-Water, 2006). This
displays the importance of capturing rainfall as it can be
a source of potable water. Humanitarian engineers are
tasked with developing and optimising schemes that
capture rainfall. These schemes should aim to involve
the community in an effort to form a sense of ownership
and ensure continual maintenance and operation.
Engineers Without Borders New Zealand Project
Manager, Matthew Lillis, says that humanitarian
projects should “leave the local community better
placed to meet future challenges on their own without
the need for outside help” (Rasmussen, 2017).

The tank was designed with a focus on developing
communities. For this reason, a case study was
conducted that modelled the rainwater harvesting
system on the Pacific Island community of Rarotonga.
The proposed storage tank would be built with materials
that are readily available in the area and aimed to
minimise cost.

This project focussed on gaining an understanding of
current rainfall catchment methods and determining
what improvements could be made. Following
investigation, a rainwater harvesting tank could be
designed and constructed. By physically building a
rainwater tank, the materials, construction techniques,
and operability were able to be scrutinised.

In 2015, more than 2.1 billion people (29% of the
world’s population) did not have access to a safely
managed water supply (World Health Organisation,
2017). This shows that providing a high quality water
source is critical for many communities worldwide.
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ABSTRACT
The Hamilton City Council, in conjunction with NIWA and Tonkin & Taylor conducted two studies measuring
the contaminant loads in the stormwater runoff from Hamilton city which discharges into the Waikato River. The
two studies were conducted in 1999 to 2001 and 2015 to 2016 in four separate catchments. Each catchment
represented one of four different levels of traffic activity and level of imperviousness. This study aimed to conduct
a more in-depth analysis using statistical methods and modelling techniques.
There were more frequent rainfall events with higher intensities occurring throughout the 2016 sampling period
compared to 2001, which resulted in overall lower observed contaminant concentrations in TSS, Zn, Cu, Pb and
E.coli. However, the industrial catchment illustrated notable variations in concentrations. This catchment was
then studied in more detail with linear regression models and the MEDUSA model. There were limited data
points to fit the regression model. This was a limitation once the sample rainfall events that were not included in
the data set were compared to the model as it caused the predictions to be unrealistic. The MEDUSA model gave
similar concentrations for all the 2001 rainfall events. Whereas 2016 results had more variable concentrations
due to the rainfall events being highly extreme. Despite this high variation, the MEDUSA model better predicted
the 2016 concentrations compared to 2001. This was because the most recent catchment imagery was used for
the analysis, hence, better suited the 2016 data. The linear regression models were dependent on nonlinear
relationships between concentration with antecedent dry hours, rainfall intensity and duration. This along with
the limited data points caused the regression model to be invalid. It is recommended to the Hamilton City
Council that more rainfall events be sampled in future so clear patterns and consistent conclusions can be drawn.
1.

INTRODUCTION
over four different catchments types in the Hamilton City
area (Figure 1).

1.1. Background
Due to growth of population in Hamilton, the City
Council wants to understand how the concentrations of
contaminants in stormwater is changing over time and
what factors have the greatest influence on the water
quality. Since their stormwater runs off into the Waikato
River, the changes are important to monitor to understand
the impacts that future growth may have on the water
quality.
The presence of heavy metals, in particular Zn, Cu and
Pb, can be of concern to water quality due to their highly
toxic nature and the fact that they do not degrade in the
environment. Urban areas tend to contain significant
heavy metal loads. These high loads are caused by the
traffic-related pollutants and the corrosion of buildings;
particularly of roofing materials (Herngren et al., 2005).
Sediment runoff, which contains TSS has potential to
intensify river deposition and reduce transparency
inhibiting photosynthesis (Goonetilleke & Thomas,
2003).
Two reports have been released which individually
recorded the contaminant levels of six rainfall events

Figure 1. Aerial photograph of Hamilton city indicating
the location of the four catchment areas.
In 2001, the National Institute of Water and
Atmospheric Research Ltd (NIWA) prepared a report
with a study into stormwater quality from 1999 to 2000
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ABSTRACT
Rainfall events are comprised of a distribution of raindrop diameters and velocities. This distribution affects the kinetic
energy of raindrops and thus the energy of rainfall events, which may influence related processes such as erosion. An
investigation of the variation in raindrop diameter, velocity, and thus kinetic energy has been conducted to determine how
these parameters could change kinetic energy, for application in erosion models. The three main objectives of this research
were to: explore seasonal variability in rainfall kinetic energy as well as relationships with climate data; analyse any
discrepancies between two methods of calculating rainfall energy; and investigate uncertainties regarding this particular
study. Raindrop diameter and velocity data from an OTT Parsivel laser disdrometer was characterised for different rainfall
events. This was done using a program developed in MATLAB which also converted raindrop data into kinetic energy
data. Disdrometer data from 2015 was collated to climate data records, analysed across seasons, and compared to
intensity-based rainfall-energy calculations as well as to data from a second OTT instrument. Results showed that
raindrop diameter, velocity and kinetic energy have larger event mean values in winter and autumn compared with
summer and spring. Strong relationships were also found between rainfall parameters and climate data for autumn, but
not for other seasons. The difference between rainfall kinetic energy and rainfall energy based on intensity was largest in
winter and autumn at around 20%, compared to 5% for summer and spring. Event energy values based on rainfall intensity
were also greater during extreme events. A conservative prediction of erosion could be achieved using drop diametervelocity distributions for events less than 5 mm, but using intensity based values for events greater than 5 mm. Uncertainty
in this research is attributed to data processing through event-classification criteria and instrumental error.
1.

The aim of this study was to investigate rainfall kinetic
energy and its potential influence on erosion processes.
The three primary objectives of this study were:

INTRODUCTION

Raindrop size and velocity distributions that characterise
different rainfall events will result in a variation in
rainfall kinetic energy. This is important to investigate,
as rainfall significantly impacts erosion processes.
Overland flow of rainfall leads to the degradation of soil
aggregates and transportation of soil particles. Soil loss
prediction models therefore depend on hydrological
parameters such as rainfall energy, typically calculated
using rainfall intensity. The Universal Soil Loss Equation
(USLE) and Water Erosion Prediction Model (WEPP),
annual and event based predictions respectively, are
common examples of erosion models that incorporate
some form of rainfall energy.

i.

ii.

iii.

2.

The kinetic energy of raindrops, defined by their size and
velocity, play a major role in the particle
detachment/disintegration that occurs in erosion (Young
& Wiersma, 1973). Studies have also shown potential
relationships between the characteristics of raindrops, the
energy of a rainfall event and the meteorological
conditions of an event (Marzuki , et al., 2013 ). This
research is paramount to explore how raindrop size and
velocity, as well as its relationship to the local climate,
alters rainfall energy predictions.

To investigate seasonal variability of rainfall
kinetic energy and explore correlations to
climate data.
To explore the differences between rainfall
kinetic energy and energy calculated using
rainfall intensity.
To understand the uncertainty associated with
the data collection and processing methods used
in this study.
METHODOLOGY

2.1. Data Collection
The University of Canterbury’s (UC) department of Civil
and Natural Resources Engineering has collected rainfall
data using an OTT Parsivel laser disdrometer since 2008.
This instrument is located outside the department’s
Environmental Lab. In 2017 the University obtained a
second disdrometer, located a few meters from the first.
This instrument was also used in this study to compare
the output data. Climate data from a weather station
adjacent to the disdrometer was available from 2008.
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ABSTRACT
Infiltration basins are utilised in modern urban design to counter the adverse effects that urbanisation can have on
stormwater flows. They are a green option that incorporates engineered soils and vegetation as a filter to improve
stormwater quality. The aim of this study is to determine if an investigated infiltration basin at the University of
Canterbury is helping to mitigate excess runoff and contamination. The parameters investigated for this study were the
flow rate at which storm water infiltrated through the basin and the ability to decrease contaminant concentrations within
the stormwater itself. The rate of infiltration was determined by placing knowing quantities of water in the basin and
measuring the change in volume over time as water infiltrated. Three individual rainfall events were analysed to establish
the effectiveness of the infiltration basin functioning. Samples were taken of stormwater flowing into the basin and then
once again when leaving the basin. The stormwater samples were tested for dissolved metal concentrations, pH, specific
conductivity and total suspended solids. The infiltration rate through the basin was found to decrease once the soil became
saturated and pounding had occurred. This indicated that the basin’s ability to slow stormwater flows from reaching the
Okeover stream was working as originally anticipated. During the three rainfall events analysed in the lab only copper
and zinc were found to be present at levels that were deemed detrimental to aquatic health. Total suspended solids, pH
and specific conductivity results were found to be significantly lower than expected and to have no correlation to the
basin’s efficiency during this time. From this study, it was concluded that stormwater quality was being improved by the
infiltration basin, but further testing would be required to identify how well the basin would perform over time.
1.

increases the flow rates and therefore first flush reactions
are often larger and more severe. Pollutants such as
copper (Cu), Zinc (Zn) and Lead (Pb) are recognised as
problematic for urban aquatic systems. The use of heavy
metal building materials in roofs and gutters along with
transportation by-products caused by new roads are
common contributors to high levels of pollutants.
Although urbanization is a major contributor to
stormwater pollutants atmospheric deposition is another
pollutant source that affects the health of aquatic
ecosystems. With time atmospheric phase pollutants will
be deposited on the ground or rooftops and then
introduced in to stormwater systems for transportation by
rainfall wash off (Gunawardena, Egodawatta, Ayoko &
Goonetilleke, 2013). Atmospheric disposition can occur
from any number of pollutant producing activates such as
emissions from industrial sectors and transport emissions
along with dust production from construction sites
among others. The conditions surrounding pollutant
producing activity affect the way in which pollutants are
transported (Gunawardena et al,2013). In wet weather
conditions pollutants are transported predominantly by
the buoyancy of individual particles in water causing
larger particles to be transported better. In dry conditions
particles are often lighter due to less moisture around
them. They are transported more readily through the air
via wind. This variation of pollutant sources can be
related to the basin being analysed. In a small system
such as the one outside SEL the source of pollutants can

INTRODUCTION

The main purpose of this project is to assess how well
raingardens and infiltration basins can be utilised at the
University of Canterbury to improve the treatment
efficiency and the water balance of stormwater runoff.
The University of Canterbury has installed one
raingarden and one infiltration basin outside the new
Structural Engineering Laboratory (SEL). This study was
conducted for the infiltration basin located outside the
SEL. The rain garden and infiltration basin are the start
of a campus initiative to install raingardens and green
infrastructure. These are being installed as avenues for
treating stormwater around the campus. The efficiency of
a raingarden can be measured by analysing its
effectiveness at increasing the attenuation period of a
stormwater event and by measuring the change in
pollutant concentrations exiting the basin. By analysing
these factors, a true representation of how effective the
infiltration basin is at improving the quality of
stormwater can be assessed.
Stormwater effects aquatic ecosystems due to
contaminated runoff from impermeable surfaces such as
pavements draining into nearby aquatic systems.
Urbanization has been shown to result in a direct
degradation of aquatic ecosystems (Carter & Jackson,
2007). The introduction of curb and channelled gutters
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ABSTRACT
There have been a number of studies focused on soil erosion and the mechanics behind erosion from water droplets,
including investigations into the effects of water droplets produced by sprinklers. Many models have been developed to
predict erosions caused by rainfall droplets from rainfall events. As rainfall droplets and sprinkler droplets come from
different sources, erosion cannot be predicted effectivity from using the same models. From the limited published data
on sprinkler irrigation-induced erosion, no reference was made to show the recorded data was from an operational centre
pivot. To accurately predict sprinkler irrigation-induced erosion, existing models need to be modified. This paper uses a
modified version of the Revised Universal Soil Loss Equation (RUSLE), because of its ease of use and modification.
Data was recorded using an OTT Parsivel² laser disdrometer under an operating centre pivot and analysed in a
computational model based on RUSLE created using Matlab®. From this study it was concluded that, the amount of
potential erosion increases as kinetic energy and intensity increase linearly long the radial length of the centre pivot.
However, it should be noted that counter intuitively high amounts of potential erosion occur underneath the inner most
span. This is due the speed of the irrigator and the length of time the soil is exposed to the sprinkler droplets. Further
study is needed to generalise the model for use on other centre pivot irrigators. More investigation is required on the
overland flow characteristics of a centre pivot irrigation scheme to be able model the transportation and deposition of
soil particles.

1.

Other studies such as the one conducted by Kincaid
(1996) look at the kinetic energy of droplets as they
impact the soil and show that there is a relationship
between droplet size, kinetic energy, sprinkler pressure
and nozzle size. The model developed in the study is
limited as data was measured from a single sprinkler
which does not represent an operational centre pivot
irrigator where there is overlap between the spray
patterns.

INTRODUCTION

The agricultural industry contributes 5 percent ($10.6
billion) New Zealand’s GPD (Statistics New Zealand
2015) with irrigation contributing $2.17 billion (Corong
et al. 2012). Irrigation is widely used throughout the
agricultural industry to improve the yields of crops and
pasture. Currently New Zealand has 721,400 hectares of
land covered by irrigation (Corong et al. 2012) and
another 550,000 hectares of land in various stages of
consent to be irrigated (Rockpoint 2012). As the demand
for crops and pasture grow and with less flat area
available for development, more hilly areas are being
considered for irrigation. As irrigation schemes are being
developed in more hilly areas it is important to
understand how irrigation effects the erosion on sloped
terrain.

A previous study by Sim (2016) uses a similar
experimental setup to that of Kincaid (1996) to
investigate the potential erosion due to sprinkler droplets.
To calculate the kinetic energy of the sprinklers droplets
the equation developed by Stillmunkes and James (1982)
and used in Carter (1990) was selected. While this
method can give a good approximation of the kinetic
energy it becomes inaccurate with low intensities and
when there is significant variation within the data. This
inaccuracy makes it flawed for use in irrigation as both
these scenarios are present.

Studies have previously been undertaken to look at the
mechanics of soil erosion caused by water droplets. One
study by Carter (1990) looks at soil erosion due solely to
soil splash from a rainfall droplet. It states that erosion is
based on soil type and kinetic energy with kinetic energy
being the most significant parameter. The study does not
consider the slope of the field and it uses the mean droplet
diameter to determine the kinetic energy.

A study by Young and Wiersma (1973) found that
significantly reducing the impact energy without
reducing the intensity resulted in reduction of soil loss of
90% or more. This indicates that the impact energy of
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ABSTRACT
The complete absence of groundwater abstraction regulations in Pakistan has resulted in an increase of tube well
installations throughout the country to supplement the limited surface water irrigation. The majority of these wells have
been installed in areas where groundwater salinity levels exceed those recommended for agriculture. Several groundwater
observation wells have been installed by the International Water Management Institution (IWMI) within the Hakra 5R
area. This study uses the data from these wells to develop two physically based numerical groundwater models in order
to determine the impact of these abstractions on hydraulic head and salinity distribution. The first model is a MODFLOW
Modular Hydrologic Model whereas the second is a self-developed model using the software MATLAB. Both models
use a generalized block-centred finite-difference approximation method and are based on Darcy’s law of groundwater
flow. Fixed heads are used on the western boundary of the domain to help obtain the observed spatial distribution. These
boundary conditions are able to be optimised during calibration for the MATLAB model but remain constant for the
MODFLOW model. As a result, the MATLAB model has greater accuracy in capturing the observed hydraulic head
distribution than the MODFLOW model with squared residual values of 1.5 and 6.5 respectively. However, the MATLAB
model cannot currently be validated as the optimised boundary values cannot currently be predicted. Both models’ outputs
show a general groundwater flow from the east to west. The current collection of abstraction wells are creating large
drawdowns, with cones of depression up to 1,400 m in radius. This is causing substantial groundwater flow to be diverted
back eastward. This poses a significant threat to agricultural development in the area as saline water in the west
contaminates the less saline water in the east.

1.

decades, due to the absence of restrictions over a million
private tube wells have been privately installed
throughout Pakistan (M Aslam & A Anwar, 2014). This
has led to almost all of the new tube wells being installed
in areas where the groundwater has relatively high
salinity. In some areas the electrical conductivity is
almost a third of that of sea water (Cane & North, 2016).
Furthermore, based on recent trends in groundwater
abstractions in Pakistan it is expected that the number of
tube wells installations will increase by approximately
50% by 2020 (Bhutta & Alam, 2006).

BACKGROUND

Himalayan snow melt feeds the rivers within the Indus
Basin River System (IBIS) in Pakistan. The IBIS consists
of three major rivers that feed into Pakistan’s national
canal irrigation system. The water in the canal
distribution system is allocated to farmers using a
Warabandi system. This is a rotational distribution
system whereby each farmer has a fixed allocated time
period that they can extract water from the parent canal.
This allocation method aims to fairly distribute the water
amongst the farmers. The limited water is spread over a
large area, with the IBIS supplying irrigation to
approximately 17.6 Mha (Muhammad Aslam & A
Anwar, 2014). Consequently, the farmers do not receive
100% of the potential yield from their crop but enough to
prevent crop failure (Bandaragoda & Rehman, 1995).

The over-abstraction of ground water is creating
significant changes in the water table such as causing
saline water to intrude into areas of fresh water (M Aslam
& A Anwar, 2014). Additionally, the pumping of water
with high salinity in conjunction with high
evapotranspiration is leading to the build-up of a salt
layer within the top layer of the soil. Pakistan has an
erratic and low rainfall (313.6 mm on average from 1991
to 2015), with an arid to semi-arid climate (S Khan et al.,
2008). As a result, there is only a small amount of water
that leaches through the soil each year. Consequently, the
system is not able to self-correct to the original chemical
equilibrium due to these low leaching rates (Ridge,
1970). The highly saline soil is contributing towards a
decreasing crop yield as the salinity has detrimental
effects to the osmosis process for most crops. This has

While there are restrictions on the abstraction of canal
water, there are currently no restrictions on groundwater
extraction in Pakistan. Consequently, the limited
allocated canal water to the farmers is supplemented by
ground water abstractions. Originally 14,000 tube wells
were installed throughout Pakistan to provide vertical
drainage for the irrigated surface water and groundwater
abstractions. These tube wells were installed where the
ground water was known to be fresh. Over the last
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ABSTRACT
To determine the output of solar energy technology, the global radiation on the surface of interest is required.
Global radiation is modelled as having three components: beam, diffuse and ground reflected radiation. The most
commonly measured form of radiation is global radiation on a horizontal surface. A model relating global to
diffuse radiation was developed in 1961. The model deconstructs global radiation into its components such that
the radiation on a tilted surface can be calculated. The correlation is known to vary with geographic location and
climate and has not been produced for New Zealand. Diffuse and global radiation data on horizontal surfaces
was obtained from eight stations throughout the country. The data proved to be highly scattered in the centre
(representing partially cloudy days) but had significant clusters at the ends (overcast and clear sky days). A
straight line and two equations from literature were fitted to the good quality scatters. The normalised root mean
square error (NRMSE) measured the quality of the equation's fit. The linear function had the lowest NRMSE
with an average of 34.9%. A model from literature was next lowest with an average of 40.4%. This model was
adapted to fit three one-year datasets. The lowest RMSE value for the adapted function was 39.7%. The adapted
functions had much better visual fits than other functions but could not model the large scatter in the middle. The
developed model could not be considered accurate, with some overestimations of total radiation on a tilted
surface being as large as 58%. To produce an accurate model specific to New Zealand, additional predictor
variables other than global radiation should be used and data should be sorted into bins.

1.

INTRODUCTION
components of radiation on a tilted surface for an
isotropic sky, where diffuse radiation is mathematically
represented as being uniform throughout the sky.
Surfaces are tilted to increase the surface area exposed
to beam radiation. This in turn reduces the diffuse
radiation on the surface.

1.1. Context
The cost of solar energy systems is steadily decreasing
whilst the installation rates are reaching record highs
(Yan & Myllyvirta, 2017). Determining the output of a
solar array requires the global radiation incident on the
panels to be known. Global radiation on a tilted surface
is modelled as having beam, diffuse and ground
components. Radiation arrives at the Earth as a beam. A
portion of this becomes diffuse radiation due to
collisions with clouds and particles within the
atmosphere. Figure 1 illustrates the

Global radiation on a horizontal surface is the most
commonly measured form of solar radiation. Diffuse
radiation is rarely measured around the world. A
correlation relating global to diffuse radiation is used to
deconstruct global radiation into its components. This
allows for the calculation of the radiation incident on a
tilted surface without measuring the components
individually. The correlation uses the sky clearness
index, kt to predict the diffuse fraction, D.
𝑘𝑡 =
𝐷=

𝐼
𝐼0
𝐼𝑑
𝐼

(1)
(2)

I is the measured global radiation on a horizontal
surface, Id is the measured diffuse radiation on a
horizontal surface, and I0 is the radiation on a horizontal

Figure 1: Radiation components on a
tilted surface (Duffie & Beckman,
2013)
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ABSTRACT
Many types of wastewater will contain undesirably large concentrations of nitrates. In New Zealand nitrates can
be present in wastewater in high concentrations due to sources such as fertiliser run off and animal urine and
manure. Denitrification is the process of removing the nitrates by converting them to nitrogen gas. This process
requires anaerobic bacteria and a carbon source. This research project has been carried out in order to analyse the
potential that dairy shed effluent holds as a carbon source in the process of denitrification. Testing was carried out
in a batch reactor set up containing added nitrates, activated sludge and the dairy shed effluent. The methods for
testing were initially validated using acetate, a commonly used carbon source for denitrification.
The results of the testing has determined that the effluent is effective in achieving complete denitrification. The
rate of denitrification was found to be 0.1004 (

𝑚𝑔𝑁𝑂3 −𝑁
𝑚𝑔𝑉𝑆𝑆.𝑑

). This rate is at the lower end of the range of commonly

used carbon source rates. The rate obtained for the dairy effluent has the potential to be increased if further testing
was undertaken in order to optimise the reaction through the variation of the COD:N ratio. The project has been
successful in identifying dairy shed effluent as a potential carbon source for denitrification of wastewater.

1.

INTRODUCTION

Wastewater is any water that has been adversely affected
by a certain process, it can originate from domestic,
industrial, commercial and agriculture activities. All
wastewater consists of soluble contaminants that are
required to be treated to ensure the water can be reused
healthily in another part of the eco system. New
Zealand’s intensive agricultural industry means a notable
contaminant in wastewater is nitrogen in the forms of
nitrates, the most abundant source of nitrates is from
fertiliser run off, animal manure and urine.
Figure 1. Consequences of eutrophication induced
algae bloom.

The part of the ecosystem that is most vulnerable to high
levels of nitrate contamination is fresh water aquatic
environments, due to a consequence called
eutrophication. Eutrophication is when an environment
becomes too enriched with nutrients, in a marine
environment this can cause algae to bloom and disrupt
the normal functions of the system. The algae will use all
of the dissolved oxygen in the water, significantly
depleting the oxygen available to other forms of aquatic
life. As a result, the bloom causes the death of other
aquatic organisms such as fish and plants, blocks sunlight
from reaching plants under the surface and can also
produce harmful toxins that affect animals higher up the
food chain(Harper, 1992). Figure 1 shows the effects an
algae bloom on a fresh water environment.

To avoid eutrophication and its harmful effects,
denitrification must occur to sustain a normal functioning
ecosystem. Denitrification is the process where anaerobic
bacteria respire nitrates (NO3-) as an oxygen source,
reducing them to nitrogen gas (N2). It happens mostly in
anoxic aquatic environments where oxygen levels are
depleted and there is sufficient nitrates available. The
denitrification process is commonly used in treatment
ponds to remove nitrogen from a range of wastewater
types, the process is also promoted in wetlands and
groundwater around areas of intense agricultural
activity(Knowles, 1982).
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ABSTRACT
Universal access to safe drinking water is a current global issue. There is a critical need for drinking water treatment
systems to be developed for circumstances where electricity or fuel is not available. A bicycle-powered filtration system
is a low technology option for household scale water treatment that provides an increased rate of water production
compared to other methods. A bicycle-powered filtration system was designed with the functionality of the bicycle
retained, whilst remaining simple to setup, use, and maintain. The feasibility of a bicycle-powered filtration system was
also evaluated in terms of its ability to reduce the turbidity, suspended solids, total coliforms, and E. coli of a contaminated
water source. A water source was manufactured to imitate a typical developing country’s water quality. A 1 µm and 0.5
µm filter were tested. The 1 µm filter provided an inadequate reduction in water quality parameters. The 0.5 µm filter
provided an exceptional reduction in water quality parameters. However, it was deemed to only have a capacity of 75 L
due to the increase in effort resulting in a slow flow rate. Overall, the bicycle-powered filtration system was deemed not
a feasible solution due to the difficulty of producing a practical flow rate.

1.

A bicycle-powered water filtration system addresses the
issue of accessing potable drinking water in isolated
regions where there is limited electricity or fuel. This
simple drinking water treatment technology will aim to
achieve a greater quality and rate of water production
compared to other simple technology options, such as a
ceramic filter, solar water disinfection (SODIS), and
slow sand filtration.

INTRODUCTION
1.1. Context

A prevalent issue in today’s world is the limited access
many people have to clean water. Contaminated water is
linked to the transmission of diseases and increased
health risks. It is estimated by the World Health
Organisation (WHO) that at least 2 billion people use a
drinking water source that is contaminated with faeces
(World Health Organisation, 2016).

1.2. Project Objectives
The aim of this project was to design, develop and test a
bicycle-powered filtration system in order to investigate
the feasibility of obtaining potable water from
contaminated sources. The system’s feasibility was
assessed on the following objectives:

In 2015 the United Nations established the Sustainable
Development Goals. One of the goals is to achieve
universal and equitable access to safe and affordable
drinking water (United Nations, 2015). This goal is
measured through the number of people who obtain their
drinking water from an improved water source. An
improved water source is to be located on site, available
when needed, and free from faecal and chemical
contamination. There are 2.1 billion people without
access to safely managed drinking water services.
(United Nations, 2015).





Providing improved water sources, as stated by the
Sustainable Development Goals, is a long-term plan.
Therefore, a solution to providing safe drinking water in
the short term is required. Point-of-use treatment systems
have been developed in response to this short-term
solution recommended by WHO.
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To construct a system that is applicable for
circumstances where electricity or fuel is not
available;
To reduce the levels of turbidity, suspended
solids, total coliforms, and Escherichia coli
(E. coli) contained in the water;
To be able to filter the water at a practical flow
rate;
To allow the bicycle’s functionality to be
unaffected by the water filtration process;
To construct a simple system to set up, use, and
maintain.

Martian terrain analysis and habitat assessment for human
colony site selection
L. Kim and B. J. Stewart.
Final Year Projects, 2017
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Project supervisor(s): M.W. Hughes.
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ABSTRACT
This paper first presents the analysis of Martian spatial data to obtain ideal candidate sites for a future Martian colony.
An extensive literature search was conducted to inform the spatial analysis. The most suitable areas found from currently
available data were in the northern hemisphere of Mars. These included two regions near the north polar cap, Mawrth
Vallis, Nili Fossae, and the Viking II landing site. The last three locations have also been identified by NASA as candidate
exploration zones for future missions. The second part of this paper presents a literature review to evaluate the potential
effects of Martian atmosphere and gravity on habitats and how structures should be designed. The most important factor
for habitats on Mars was protection from radiation, which revealed the need to place habitats underground. An
underground habitat would not be as influenced by a thin Martian atmosphere and could be very large due to Mars’ low
gravity. If the habitat was located near the north polar cap where subsurface ice is likely abundant, differential settlement
from melting would be a major issue.
1.

most potential for In-Situ Resource Utilisation (ISRU).
Necessary resources include water, gases, structural
materials, minerals, and other useful elements. Spatial
analysis of Mars was performed using Geographic
Information Systems (GIS). GIS datasets for Mars were
obtained from various online data repositories hosted by
NASA and other agencies. Links to datasets used in this
paper can be seen in Appendix A. GIS enables analysis
of the Martian surface for numerous resources and
features such as topography, water resources, geology
and albedo. A conceptual flowchart was developed based
on a literature review that prioritised the various
resources and features on Mars. This flowchart was then
used to narrow down possible landing and colony sites.
The aim of this process was to identify top candidates for
potential sites which should have the maximum available
resources to support a long-term, self-sustaining colony.

INTRODUCTION

Of all the planets in our solar system, Mars offers the
closest environment to that of Earth. The race to Mars has
been popularised in recent years with the release of the
movie The Martian, astronaut recruitment by Mars One,
and announcements by SpaceX of their space technology
and plans for Mars expeditions. Motivations for human
expeditions to Mars include continuing to push the
boundaries of human exploration and future survival of
the human race (Zubrin 1996). Furthermore, a robust,
permanent base will enable humans to explore and
conduct long-term research on Mars, outer space, and
extraterrestrial life. Fortunately, extensive research from
unmanned missions has discovered that Mars is abundant
with natural resources that can support human life and
allow Earth-independence. Optimal locations for
establishing a colony need to be selected based on
abundance and accessibility of resources. The United
States’ National Aeronautics and Space Administration
(NASA) has already researched Exploration Zone (EZ)
locations for future manned missions as part of their
Evolvable Mars Campaign (Bussey and Hoffman 2016).
While NASA’s site selection is influenced primarily by
scientific research potential, the research presented here
focusses on permanent colony locations considering the
goal of Earth-independence.

The second objective of this project was to determine
design considerations and requirements for habitat
structures, which were informed by a literature review.
Pressure on Earth is ~101.3 KPa and <1 KPa on Mars,
while gravity on Mars is approximately one-third of
Earth’s (Sheshpari et al. 2017). Habitats on Mars will
need to consider the engineering challenges of working
with frozen regolith, implications of the lower Martian
gravity on structural design, protection from radiation,
and the effect on structures created by the pressure
differential between the interior of the habitat and the
external Martian atmosphere. Furthermore, options
regarding ISRU for habitat construction need to be
evaluated.

1.1. Objectives
This paper’s first objective is to identify locations on
Mars that would be most suitable for a self-sufficient
permanent human colony. The locations must have the
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ABSTRACT
The geohazard resilience of the Amethyst Hydro Scheme, Westland, New Zealand was explored in this research.
Resilience is the ability for infrastructure to rapidly recover in a high-impact low-probability event (HILP). A geomorphic
understanding was gained during a helicopter flight over the catchment where we observed and photographed the active
landscapes and the wider catchment setting. Sediment impacts to the Scheme were highlighted by ElectroNet (operators
of the Scheme) as a major issue, including the vulnerability of the Scheme to sediment impacts during weather and
geohazard events. Geospatial analysis using Geographic Information Systems (GIS) and the Revised Universal Soil Loss
Equation (RUSLE) were used to highlight areas of high sediment production. A log relationship between landslide-size
and frequency distribution was verified for this catchment. Rainfall and turbidity data recorded at the intake showed a
relationship between rainfall-induced landslides and high sediment/turbidity readings, demonstrating that these events
govern sediment production in the catchment. Seismic and weather-related landscape hazards were identified and
incorporated into, a conceptual model of cascading impacts to key components of the Scheme. These components form a
system, which if impacted, reduce overall levels of service provided by the Scheme. In the case of a HILP event, physical
impacts on the Scheme and its distribution network resulting in loss of power will cause further economic and social
impacts on the Westland community.
1.1. Context
1.

INTRODUCTION
The Amethyst Hydro Scheme (hereafter referred to as the
Scheme) collects water from the Amethyst catchment
(Figure 1). The intake diverts part of the river flow into a
series of two settling ponds. From here, the water is
transported down a 1058 m tunnel through a penstock.
This penstock continues underground from the tunnel
outlet to a powerhouse on the floodplain of the Wanganui
River (Savage 2013). Water then passes through the
turbine capable of a 7.7 MW power output (Westpower
2017) and feeds into the Wanganui River. The Scheme is
jointly owned by Westpower (88%) and Harihari Hydro
Ltd (12%) and is operated by ElectroNet (Westpower
2017). Westpower supplies electricity to the entire West
Coast region, with a population of 32,148 people (Census
2013). This equates to 13,449 individual connection
points (ICPs) (Westpower 2016). This project involved
working closely with ElectroNet to understand the
Scheme and its environment.

This paper explores the geohazard resilience of the
Amethyst Hydro Scheme, Westland, South Island, New
Zealand. Geohazard is defined as the risk of damage
caused by geological processes (LEARNZ 2015).
Resilience in terms of disaster response is defined as the
ability of infrastructure in a high-impact low-probability
(HILP) event to rapidly recover to operational levels and
adapt infrastructure and management processes to be
better prepared for similar events in the future (Liu and
Nair 2009).
To successfully complete this research, an understanding
of the geomorphic setting was required to identify the
geohazards. This knowledge has been used to develop a
conceptual model of the cascading impacts to the
Amethyst Hydro Scheme in the event of seismic and
weather-related landscape hazards. The approach of
hazard characterisation and infrastructure exposure
assessment aligns with QuakeCoRE’s Flagship 6
(QuakeCoRE 2017) and the Distributed Infrastructure
theme within the Resilience to Nature’s Challenges
programme in the National Science Challenges (New
Zealand Government 2017).

The national grid transmits electricity to the West Coast
via Arthur’s Pass and the Buller Gorge. Both lines pass
through the Southern Alps. The Scheme can be isolated
from the national grid to supply Southern Westland
(Westpower 2017). This provides a form of resilience for
an isolated part of New Zealand.
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ABSTRACT
This study investigates the feasibility of parallel potable and non-potable water supply systems in the redevelopment of
Burnham Military Camp, with a population increase from 1,250 to 4,000. Potential water sources and projected water
demands were determined and analysed to find the optimum water usage and recommend a water system for the
redeveloped camp. The current personal, irrigation and ‘other’ outdoor water demands were identified and scaled to
estimate the future demands. Water usage data from 2015 and 2016 was used, in addition to rainfall data from 2006-2016.
Water usage was minimised through implementing more efficient fixtures and replacing degraded pipes and
infrastructure, which reduced water losses by 30%. The sources identified consisted of rainwater harvested from roofs
(76,717 m3/year), recycled greywater (105,996 m3/year with a population of 4,000) and groundwater. For a population of
4,000, the projected demand consists of 93,039 m3/year of potable water for personal use, and 250,713 m3/year of nonpotable water (36,427 m3/year for personal use, 26,068 m3/year for irrigation and 188,218 m3/year for ‘other’ outdoor
use). The proposed solution involves storing greywater in three 150 m3 tanks, and using it in a cyclical process for nonpotable personal and ‘other’ demands. Rainwater should be stored in a 2,000 m 3 tank to supply irrigation and ‘other’
demands. When these sources are insufficient, untreated groundwater is recommended to fulfil demand. Treated
groundwater should continue to be used to supply the potable demand. The proposed parallel water system achieves a
56.5% reduction in groundwater use compared to the current use. The solution significantly improves resiliency by
reducing groundwater usage, and increasing emergency water supply. The ability to achieve these results, its cultural
suitability and the New Zealand Defence Force’s commitment to enhance resilience and sustainability mean this system
is considered feasible.
1.

Zealand Defence Force’s (NZDF) largest military camp
in the South Island. Established in 1932, the
infrastructure at NZS_BHM is dilapidated. All water is
currently sourced from four groundwater bores
(M36/2693, M36/5777, M36/2692 and M36/0078). This
source is seismically vulnerable and at risk of being
depleted and contaminated. Wastewater is treated on site
through an oxidation pond, while stormwater recharges
aquifers through soak pits.

INTRODUCTION
1.1. Purpose and Objectives

This study is focused on investigating the feasibility of a
parallel potable and non-potable water supply system in
the redevelopment of Burnham Military Camp
(NZS_BHM), with the aim of improving the camp’s
resilience, self-sufficiency and sustainability. The three
main objectives of this study are to:




NZS_BHM is being redeveloped to become NZ’s key
training and civil defence base. This presents the
opportunity to enhance the sustainability and resilience
of the camp. Exploring the potential to develop parallel
potable and non-potable water supplies aligns with the
obligations of the NZDF to lead by example and strive
for more sustainable practises (New Zealand Defence
Force, 2016). The Canterbury earthquakes in 2010 and
2011 highlighted the role that the NZDF has in
responding to national disasters. The NZDF needs to be
operational in the event of future disasters such as an
alpine fault earthquake. This is reflected in the current
Defence White Paper, which states that since the
earthquakes the Ministry of Defence has “sharpened its

Determine the quantity and quality that can be
expected from water sources at NZS_BHM
Determine the water uses, what quality and
quantity of water these require as an input, and
what quality and quantity will be outputted
Design a resilient, sustainable water system for
NZS_BHM and assess its feasibility.

1.2. Background
NZS_BHM is located 28 km southwest of Christchurch.
Currently housing around 1,250 people, it is New
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ABSTRACT
Lowland urban areas are under substantial risk of flooding and inundation from sea level rise and storm events in the
foreseeable next 100 years, requiring a response to increase the coastal defence of these areas. ‘Engineering with nature’,
a label which describes working with natural systems to provide key coastal protection infrastructure, is one such response
to the problems faced. Using an extensive literature review, we compare the benefits of natural coastal protection solutions
which have been implemented throughout the world. We provide an overview of Christchurch’s coastline and identify
the areas that are most at risk from flooding and inundation and explore the potential of natural and hybrid solutions that
can potentially be implemented in Christchurch. With the information gathered from the literature review, we make
several recommendations for the city of Christchurch to consider when planning a response to sea level rise. We conclude
that Christchurch is in need of additional coastal protection to mitigate the adverse effects of sea level rise, which can
include natural solutions such as beaches, sand dunes, seagrass and oyster reefs. Hybrid infrastructure are also suitable to
implement in Christchurch, which combine the positive attributes of both hard and natural systems into an effective
coastal protection solution. While these defence measures can be cost effective and efficient, documented cases of
implementation and performance are minimal, so more research is required on this topic.
1.

An engineered solution to this global problem is essential
to ensure the social, environmental and economic
consequences of a higher sea level are minimised. Many
engineering solutions implemented around the world for
coastal protection involve ‘hard infrastructure’, such as
seawalls and dams. These solutions have high initial and
maintenance costs, and can degrade existing coastal
ecosystems, impair recreation and degrade water quality
(Arkema, et al., 2013). There has been significantly less
research on the effects of natural ecosystems to combat
sea level rise and flooding compared to research on ‘hard
infrastructure’. However, Beck & Lange (2016) have
shown that engineering with nature can be a cost
effective, viable solution to this problem.

INTRODUCTION

During the last 15 years, sea level rise has occurred at an
average of 3 millimetres/year, almost twice the speed of
the average increase over the last century (Tonkin &
Taylor, 2013). Climate change and a rising sea level are
resulting in the need for reactive solutions to protect
against the increasing occurrence of coastal flooding
(Sutton-Grier, et al., 2015). A sea level rise of 0.8 metres
(m) by the year 2100 has been predicted for the Auckland
region of New Zealand by the Ministry for the
Environment (MfE) (Hart, 2011). However, recent global
studies suggest that the potential and probability of
higher sea level rise is greater than the 0.8 m predicted,
with a potential sea level rise of 1.5 – 2.0 m by the year
2100 (Reisinger, et al., 2015).

Climate change has been linked to environmental
mistreatment, particularly from gasses, resulting in
global warming and sea level rise (Stern & Kaufmann,
2014). While designing a solution to combat the adverse
effects of sea level rise in lowland urban areas, it is
important to have a solution that works with nature,
safeguarding the environment rather than adding to the
problem. The New Zealand Coastal Policy Statement
(NZCPS) was revised in 2010 and identifies hard
infrastructure as an option of last resort. The NZCPS
looks at taking measures to protect from the effects of
climate change while preserving and protecting natural
features in the coastal environment (New Zealand
Government, 2010).

New Zealand has many of its major cities located within
5 km of the coast, which encompasses roughly 65% of
the population (Statistics New Zealand, 2010, as cited in
Reisinger, et al., 2015). These lowland coastal urban
areas are at the most risk from sea level rise, as flooding
has a high potential to inundate large sections of valuable
land, damage infrastructure and put lives at risk. Flooding
can occur from a higher sea level alone, with additional
risk from storm surges, tsunamis and king tides, which
can further raise water levels.
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ABSTRACT
New Zealand disposes of large amounts of energy and nutrients in the form of food waste. Food waste in New Zealand
is currently sent to either landfills, which recovers no energy or nutrients, or composting plants, which recover some
nutrients. Both methods have negative attributes and contribute to climate change due to the emission of greenhouse
gases. Anaerobic digestion provides a way to recover the energy and nutrients by producing methane-rich biogas and
nitrogen-rich effluent. The objective of this research paper was to find the food waste to inoculum ratio that produces
the highest yield of methane, and to investigate the potential for the effluent to be used as a fertilizer, using food waste
collected from the University of Canterbury. This was carried out using small-scale, batch anaerobic digesters and 1.5 L
of digested sewage sludge as inoculum. The highest specific yield of methane was achieved at an organic loading of
115 g, which produced 327 mL CH4/g volatile solids. The gas produced is considered flammable biogas when it
contains 60% methane and all loading amounts achieved this. The nitrogen content of the effluent of the four best
performing loading amounts was tested and had more than 1 g of nitrogen per 100 g of food waste, with the 115 g
loading amount containing the highest amount of nitrogen at 1835 mg/L. The results of this study show that there is
potential for the implementation of anaerobic digestion technology for biogas production from food waste in New
Zealand.
1.

(Campbell, 2016). This is sent to CCC’s composting
plant. Composting by-passes some of the negative
effects of landfills as it recovers nutrients and does not
contribute to filling up landfill space. It does however
release large amounts of greenhouse gases into the
atmosphere, including methane and carbon dioxide,
which are the two biggest contributors to climate change
(United states Enviromental Protection Agency , 2017).

INTRODUCTION

Due to an increasing world population, food
consumption has increased dramatically and so has the
amount of organic waste. One of the world’s major
problems is how to deal with the waste from food
production and consumers. In 2009, Christchurch City
Council (CCC) introduced a waste management
programme to help deal with this organic waste by
creating a composting facility to reduce the stress on the
landfill. The programme supplied all residents within
the city limits with three coloured bins for recycling,
general waste and organics waste. In 2013 alone, there
was a reported 46,000 tonnes of organic waste sent for
composting (Christchurch City Council, 2017). In 2014,
32% of the general waste was found to be organic and
could have been sent to the composting plant but instead
ended up in a landfill (Christchurch City Council,
2014). There are many issues associated with landfills,
including the release of odours, attracting vermin,
releasing greenhouse gases and risk of groundwater
contamination (Zaman, 2010).

Anaerobic digestion (AD) is a possible alternative to
composting which may have more advantages for
treating food waste. AD is a complex biological process
in which micro-organisms break down organic material
in the absence of oxygen and transform it into a
methane-rich biogas which can be used as a source of
energy for electricity generation (American Biogas
Council, 2017). This biogas is composed of >60%
methane. The process involves three stages; hydrolysis,
acetogenesis and methanogenesis and produces byproducts rich in nutrients such as nitrogen and
phosphorus, which can potentially be used as fertiliser.
AD is not as commonly used to deal with organic
wastes as composting. This is most likely due to lack of
knowledge, complexity, higher costs and the need for
ongoing monitoring for anaerobic digestion (For
Solutions LLC, 2014). New research and technologies
have increasingly made anaerobic digestion a viable
option for the treatment of organic waste in the past few

In 2012, the University of Canterbury (UC) generated
approximately 179 tonnes of food waste from cafes,
halls of residence and green bins located around the
campus (Powell, 2013). This may not be representative
of current food waste generation at UC due to the drop
in enrolment in 2012 resulting from the 2011
earthquake. The current values will likely be greater
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ABSTRACT
Phosphorus is a vital and scarce non-renewable element. A large amount of phosphorus is required in the form of
fertilisers, stock feeds and chemical pesticides to increase production in the agricultural and horticultural sectors. These
large inputs also result in phosphorus containing waste streams. A waste source of phosphorus which is relevant to New
Zealand is whey, due to its high phosphorus concentration. Previous technologies have purely focused on removal for
environmental benefits. There has been a shift in this focus towards recovery and re-use, this was the purpose of this
study. Calcium silicate hydrate (CSH) was mixed with the whey in a series of continuous stirred tank reactors (CSTR).
The concentration of phosphorus in the whey was measured at various times to observe recovery. This study found that
the most effective and efficient phosphorus recovery was achieved using a CSH concentration of 100 g/L. The average
phosphorus recovery achieved was 54%. Several pre-treatment and dosage techniques were trialled with insignificant
additional recovery achieved. Due to the logistics, cost and surplus resources required, the pre-treatments and dosage
techniques were deemed ineffective. Phosphorus recovery could occur through several mechanism. It was confirmed
through X-ray diffraction (XRD) that crystallisation occurred. The phosphorus recovery was also modelled by the
Freundlich adsorption isotherm. This isotherm provides a good fit but does not confirm adsorption as a recovery
mechanism. Although, it did establish that with increasing phosphorus concentration the mass of phosphorus recovered
increases. Some limitations were identified in regards to whey sampling and the experimental procedure. The results of
this study show the potential for the recovery and re-use of phosphorus in whey using CSH.

1.

Morocco and the Western Sahara alone contain 77-85%
of the total estimated phosphate rock reserves (Neset &
Cordell, 2012). Countries that lack a domestic source of
phosphorus could encounter political and economic
difficulty as phosphorus reserves are depleted.

INTRODUCTION

Phosphorus is a vital element for all living organisms and
in modern day industries. It is involved in the most basic
structural units of organisms as it forms the sugarphosphate backbone of DNA and RNA and completes the
cellular energy molecule ATP (Childers et al., 2011). In
addition to its use and importance at a cellular level, the
majority of phosphorus mined is used in the agricultural
and horticultural sectors. To increase crop yield a
constant input of phosphorus in the form of fertilisers,
stock feeds and chemical pesticides is essential. There are
several other key industrial commodities which require
phosphorus for production these include: food,
pharmaceuticals and high-tech electronics (Cordell et al.,
2011).

The maximum global production rate of phosphorus is
expected to be reached this century as an increasing
population leads to an increase in demand for the mineral
(Neset & Cordell, 2012). In order to provide global
phosphorus security, the recovery and reuse of
phosphorus from waste must be considered. The
sustainability of phosphorus by recovery and reuse will
provide environmental protection and, social and
economic development.
Phosphorus is introduced to natural waterways through
several different waste streams. The main sources of
phosphorus in wastewater are: animal and human
excreta, household wastewater containing phosphates
from detergents, and industrial effluent (Kroiss et al.,
2011). Large scale sources of particular relevance to New
Zealand include domestic wastewater, whey, and

Phosphorus is a scarce, finite, non-renewable element
that is mined from phosphate rock. The scarcity issue is
worsened by the fact that the phosphate rock reserves are
concentrated in six countries. In order of decreasing size
these reserves are located in: Morocco and Western
Sahara, China, South Africa, Jordan, the United States of
America and Russia (Van Kauwenbergh, 2010).
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ABSTRACT
Current structural fire design methodologies for new buildings are based on codes that assume a uniform
temperature distribution throughout an entire compartment. In reality this is often not the case, especially in large
compartments. A far more realistic scenario involves a fire starting at one end of a structure, and propagating
through the available area to the opposing end. Travelling fire methodology (TFM) is an emerging concept which
challenges past notions regarding the worst-case scenario for a design fire. TFM requires a significant increase in
arithmetic and computer modelling when compared with nominal or parametric fire curves, however generates
greater displacements than the former methods when applied to a large compartment.
This paper documents an investigation into the effects of TFM on a structure when compared with traditional
structural fire design methodologies for the same structure. The computer software Vulcan was used to model
several different fire scenarios acting upon a large compartment of 60 m x 15 m. Results generated show that
travelling fires produce larger displacements than traditional methods. This indicates that current structural fire
design methodologies need to be updated to account for the more realistic scenarios that would be imposed
travelling fires.
A singular compartment was subjected to seven different temperature-time curves, with two parametric fire curves,
one standard fire curve, and four travelling fire designs of different sizes simulated. All of the travelling fires
simulated generated greater displacements of the structure than any of the current design methodologies. An
inversely proportional correlation between the size of a travelling fire and the displacements generated was
observed throughout the simulations, with a 5% fire generating the largest displacement.

1.

compartment is subject to the fire before it moves
throughout the compartment. This phenomenon is known
as a travelling fire.

INTRODUCTION

Structural fire engineering is a relatively new discipline
which combines older structural engineering and fire
engineering fields to investigate and implement better
design for fire safety (Lennon 2011). The primary goal of
structural fire engineering is to limit the likelihood of
death, injury, property loss, and environmental damage
to an acceptable level during a fire event (Buchanan and
Abu 2017). This paper aims to investigate the current fire
design methodologies, and compare them with a new
procedure in order to determine the worst-case scenarios
for buildings undergoing an unplanned fire.

Early structural fire design is based on the use of
idealised standard time-temperature curves known as the
standard fire. These fire curves are independent of
building characteristics such as fuel load, ventilation and
geometry. These curves do not represent an accurate
model of the actual temperature change of the fire and do
not decay, but are designed to represent the worst-case
scenario for structural response. Standard fire curves
influence the way that the fire resistances of structures
are currently classed, whereby a building that can
withstand failure after being subjected to a standard fire
for 60 minutes is classified as having a fire resistance
rating (FRR) of 60 minutes. This project assumes that the
target FRR of the building is 60 minutes.

Traditional fire design methodology assumes that the
entire floor area of the compartment analysed is subject
to a uniform temperature distribution; i.e. a design fire is
applied to the complete floor space simulating uniform
burning. However, the assumptions of homogeneous
temperature conditions and uniform burning are likely
inaccurate when considering fires in larger compartments
and long hallways (Rein 2012). A non-uniform
temperature distribution is more realistic, particularly in
large compartments, where the localised section of the

The use of parametric fire design is a more widely used
method in structural fire engineering today (SternGottfried and Rein 2012). Parametric fires, also known
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ABSTRACT
A numerical model has been created to examine the thermo-mechanical behaviour of glulam timber connections
in fire. Experimental results were compared to models for two different tests, a wood-steel-wood connection
loaded in tension and a beam-column connection loaded in bending. The 3D finite element modelling software
ABAQUS was used. Numerical models were developed after initial study of available literature. These models
utilise effective thermal and mechanical material properties and their variance as a function of temperature to
calculate the thermo-mechanical response. The model was split into two parts, a thermal model and a mechanical
model. Using a range of thermal material properties, it was found that there was no one subset of properties that
accurately produced temperatures throughout the depth of the beam that were comparable to experimental
results. Similarly, in the mechanical model the simulated response of the connections was inaccurate. This is due
to the difficulties of creating a timber model. Timber is an anisotropic material with a huge variance in properties
between specimens. There is currently a shortage of studies modelling timber connections in fire, particularly
connections in bending.
1.

INTRODUCTION
temperature. In addition, internal charring can result,
which can compromise the structural integrity of the
surrounding timber elements in the connection. There is
limited research on the fire resistance behaviour of
connections for timber structures. The research has
typically examined connections in pure tension or
compression, which are not realistic of beam-to-column
connections. Arup Fire, The Softwood Lumber Board
(SLB), MyTiCon (MTC) and DR Johnson (DRJ) have
collaborated to undertake testing of three fullscale glulam beam-column connections in fire
conditions. This is a significant step towards achieving
minimum fire ratings required for medium rise timber
buildings.

Heavy frame timber is becoming an increasingly
common construction technique for medium rise
buildings (4 to 8 storeys high). Rapid construction,
earthquake resilience and sustainability are all reasons
to use timber for structural elements in commercial
buildings. The limits of these construction techniques
are constantly being expanded as engineered wood
products are further developed (Gerard and Barber,
2015). Commonly used wood products for structural
members are glulam, cross laminated timber (CLT) and
laminated veneer lumber (LVL). One of the challenges
that has surfaced with tall wood-framed building design
is in relation to its fire resistance. As wood is a naturally
grown and flammable material, it poses different
problems in relation to fire engineering which are not
seen with more traditional steel and concrete
construction. Current fire risk mitigation practices
regularly involve covering the timber surfaces with
sacrificial timber or with a more fire resistant material
such as Gypsum boards. Timber connections in fire are
even more intricate in nature, due to the interactions
between various structural materials. Understanding the
fire safety of connections in heavy timber buildings is of
immense value, as they are generally recognised as the
weakest link in a structure.

Currently, many design codes for timber connections
are based on experimental testing. Heading into the
future as heavy timber construction becomes more
widely used, it would be useful to develop an accurate
numerical model to verify the effectiveness of various
connections. This would also allow room for innovation
as new connection orientations can be explored without
costly experimental testing. Attempts by researchers
have been made to create numerical models of LVL and
glulam connections with some success. The accuracy of
these models has been challenged by the non-linear and
complex behaviour of different connection elements as
they interact.

Connections between timber members often incorporate
steel elements (bolts, screws and plates). These
connections can be problematic in fire due to the high
amount of heat transfer which occurs in the exposed
steel elements. Steel strength rapidly decreases with
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ABSTRACT
The time-equivalence method for estimating the performance of structures during post-flashover fires assumes that
all non-fire rated partitions are consumed once flashover is reached. In reality, these partitions require a level of
fire exposure before they are consumed. In this project we look at the effect of a partition on the structural elements
inside a compartment. Fire Dynamics Simulator (FDS) was used in order develop a base case model of a
compartment. The base case model was developed to match the time-temperature relationship of a parametric fire
for the same compartment. Once the base case was developed, partitions walls were added to the compartment.
The same fire conditions were applied so that the effect of the partition walls on the compartment gas conditions
could be quantified. The different arrangement of partition walls resulted in different time equivalence results for
each structural element. The FDS modelling showed that full compartment width partitions caused the fire to affect
the structural elements directly in a negative way, where the fire around the partitions will burn slower, potentially
causing greater damage to the structural elements. Analysis of the FDS results showed that the preferred set up of
a partition wall is for it to have an opening, such as a door, to allow ventilation to pass though. This proved to have
the least effect of the Fire Resistance Rating (FRR) when compared to the base case.

1.

INTRODUCTION

Within New Zealand it is common engineering practice
to conduct fire analysis of each compartment within a
structure. Generally a Fire Engineer will investigate both
pre-flashover
characteristics
including
smoke
management and suppression system, and post-flashover
characteristics being the Fire Resistance Rating (FRR) of
the compartment. Post-flashover characteristics are given
less attention as it is assumed to have no human impacts
but only structural. The stages of fire growth can be seen
in Figure 1.
The FRR is important to the Structural Engineer to design
the structural components of the compartment
accordingly. Once the compartments have be designed,
occupants of the empty building space will fit-out the
compartments with partition walls to create offices and
introduce display walls. Fire design assumes that the
glazing is lost at flashover. Therefore, the position of the

Figure 1: Stages of fire (Tethra Volunteer Rural Fire
Brigade, 2015)
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ABSTRACT
This report entails a literature review to verify that current standards for boundary walls meet the New Zealand
Building Code. In particular, finding the minimum thickness of a boundary wall that is subject to a standard
compartment fire with respect to insulation demands. The current standards require the received radiation flux at
the relevant boundary of the property to be limited to 30 kW/m2 with the radiation flux 1 m beyond the relevant
boundary of the property limited to 16 kW/m2. To obtain a minimum thickness for a boundary wall under these
requirements, a spreadsheet was developed to model the heat flow through the wall. This consisted of conduction,
convection and radiation components. The developed model used the explicit finite difference method which
produced an accurate temperature distribution through the wall using incremental nodes. The combination of
concrete and surrounding air properties were used to characterise the model for the use of a concrete warehouse
boundary wall. However, due to insulation requirements specified in the New Zealand Building Code, the increase
in temperature on the exterior side of the boundary wall determined the minimum boundary wall thickness to be
larger than that specified in the New Zealand Building Code. The spreadsheet produced also provided a means of
modelling various boundary wall components used in the industry; this allowed the modelling of a composite wall
involving a GIB board, insulation and brick combination. Wall thicknesses obtained were comparable to the
current dimensions provided in the standards. However, as these standards take into account capacity, insulation
and integrity demand, a smaller boundary wall thickness is expected.
1.
1.1.

heat transfer through to an adjacent building. The main
two outcomes of the project are as follows:

INTRODUCTION
Context

1.
The majority of fire design and fire safety is based on
meeting prescriptive building codes with little
opportunity for designers to take a rational engineering
approach themselves. However, more recently
performance based building codes have been introduced
which allow designers to use any fire strategy they wish,
provided that safety can be demonstrated. This research
project investigates the verification of the
recommendations in design standards in relation to
requirements in the New Zealand Building Code for fire
(Department of Building and Housing, 2012).

2.

This project focuses on the insulation requirement of
boundary walls exposed to a standard fire. This should
be comparable to the New Zealand design standards
which specifies minimum boundary wall thicknesses
with respect to capacity, insulation and integrity.

Clause C3 of the New Zealand Building Code specifies
constraints involved with fire protection from areas
beyond the fire source. In particular, Clause C3.6 states
that: “Buildings must be designed and constructed so that
in the event of a fire in the building the received radiation
at the relevant boundary of the property does not exceed
30 kW/m2 and at a distance of 1 m beyond the relevant
boundary of the property does not exceed 16 kW/m2.”
(Department of Building and Housing, 2012).
1.2.

Produce a model programme that can be used to
identify the minimum boundary wall thickness
of any building material, in the event of an
internal standard ISO834 fire.
The obtained thickness will provide a 60 minute
fire resistance before generating enough
radiation to spread to an adjacent building.

2.
2.1.

LITERATURE REVIEW
Fundamentals of Heat and Mass Transfer

Conduction
Conduction is defined by the mechanism for heat transfer
in solid materials (Buchanan, Abu, 2017). The mobility
of the heat is provided through free electrons. Therefore,
strong electron conductors have a direct relationship to
strong heat conductors. (1) defines the heat flux for the
conduction of heat transfer.

Objectives

The aim of the AAB04 project was to model a standard
ISO834 fire inside a warehouse building and analyse its
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ABSTRACT
Structural fires can result in catastrophic disaster like the recent Grenfell tower fire in London. This can be
prevented by fire engineers designing the structure with correct engineering knowledge. Bedroom fire takes up
to one third of fatalities in residential fire and mattress is the main contributor to bedroom fires as it is one of the
highest fuel loads in a bedroom. This study presents design fire for mattresses in non-residential occupancies
such as hospital, nursing home, hotel and school dormitory. This will assist fire engineers when designing such
structures. Different literature on mattress fire was researched to obtain fire characteristics of mattress. Using the
obtained data, performance based design process was carried out to select appropriate design fire for each
occupancy. By using the past experimental data, relationship between HRR and other fire characteristics were
found. Peak HRR increased as the size of mattress increased and fire retardant mattresses showed decrease in
peak HRR. The design fire was created up to peak HRR as it is only for a mattress and there is a possibility of
fire developing further with surrounding objects. Fire growth rate is an important variable as it is related to
likelihood of fire reaching flashover. The design fires for all four occupancies ranged between ultra-fast and fast.
Peak HRR ranged between 910 kW and 6300 kW with hospital mattress being the lowest and hotel mattress
being the highest.

1.

Safety Association (KFSA) (Korean Fire Safety
Association, 2017) were also used as background source
to find the high probability of death occurrence in
bedrooms compared to the number of occurrence.

INTRODUCTION

Statistical data on residential and non-residential fires
from different countries show a high percentage in
number of fatalities over number of occurrence for
bedroom fires compared to other rooms of origin. It is
highly likely that mattresses play a major role in this.
This leads to fire growing faster and more likely to lead
to flashover and unconfined fires.
In this study, only non-residential structures are
discussed. This is because residential structures are not
designed by fire engineers. Non-residential structures
such as hotels, healthcare facilities and school
dormitories were studied in detail for design fire of
mattresses.

Heat release rate (HRR) can be seen as the single most
important factor in fires as it shows how the fire will
develop and whether it will reach flashover which may
result in a catastrophic outcome. Toxicity of smoke in
fires is the main contributors that lead to fatalities.
Carbon monoxide (CO) and soot produced during
incomplete combustion causes incapacitation and
reduces the visibility increasing the egress time of
occupants.
This study provides design fire and fire characteristics
including HRR, heat of combustion, peak HRR, yield
CO and yield soot values for each occupancy. This will
assist fire engineers when designing for different
occupancies.

USA’s National Fire Protection Association (NFPA)
statistical data shows, from 3,520 hotel and motel fires
occurring per year (average in 2009-2013), 12%
originated from bedrooms. In average of 9 civilian
deaths per year, 34% deaths occurred in bedrooms
(Campbell, 2015). In nursing homes, 7% of total
number of fires originated from bedroom (190 out of
2,810) and 15 deaths out of 16 deaths were from
bedrooms (Flynn, 2008). School boarding will be
similar to residential structures but with higher fuel load
as there will be dormitories.

2.

DESIGN FIRE

There are different ways to approach fire safety design.
It is often based on regulations but performance based
approach is also used. According to SFPE handbook of
fire protection engineering (Hurley et al., 2015),
performance based design is an approach which is based
on fire safety goals, deterministic or probabilistic
analysis of fire scenarios and quantitative assessment
using accepted engineering methodologies. Selecting
Design Fires by Leif Staffansson from Lund University

Statistical data from other countries such as UK’s Home
Office (Crowhurst, 2015), South Korea’s Korea Fire
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ABSTRACT
This study examined the differences between high and low flammability plants, specifically when burnt together. The
tests performed involved mixing native and exotic species of plants of varying flammability, igniting them and observing
the differences in behaviour compared to single species control burns. The species that were involved in this study were
Gorse, Broom, Kanuka, and Mahoe. The burns were done in a ‘Plant Barbeque’, which allows for controlled and
consistent conditions for the tests. The gases produced during testing were transferred to a gas analyser which analysed
the proportions of the combustion products produced. These values were then used to estimate the energy released by the
sample, using the oxygen depletion calorimetry method.
The flammability of plants is based on four factors: ignitability, combustibility, sustainability, and consumability. Each
of these factors relates to a different aspect of combustion, and when all four are analysed together, an accurate assessment
of flammability is produced. Each flammability factor was represented by different flammability parameters which were
calculated using the data from testing. The variance between the mixed burn values, and the control burn values were
then determined, and used to assess whether there were any significant relationships present.
The results showed that the flammability of the mixed species tests were largely driven by the more flammable species.
This non-additive relationship was obvious in two of the five parameters measured, while the other three parameters
showed no significant relationships. This relationship is important, as it shows that flammable invasive species can greatly
increase the risk posed by low flammability forests. Further research is required in this area to draw any conclusive results
however. Subsequent tests should look at increasing the sample size of the tests, and ensuring that the samples used are
of a similar mass.
1

done into plants that are abundant in the area. What
would be of interest is how plants of varying
flammability interact with each other. Whether low
flammability plants inhibit higher flammability plants or
vice versa would be vital towards this sort of
development.

INTRODUCTION
1.1 Background

Because of the amount of urban development occurring
in cities such as Christchurch, development into wildland
is becoming more prominent. As such, the risk of damage
caused by wildland fires has increased to a point where
research into plant flammability has become more
important. This was particularly the case during the Port
Hills Fire of February 2017, where 11 houses were
destroyed and hundreds of people were evacuated from
their homes. Solutions for protection against wildland
fires are therefore imperative, given that research of plant
behaviour is done to give a more accurate assessment of
regions that are susceptible to wildfires.

1.2 Outline
The objective of this project is to assess the flammability
of various plant species. The focus is on mixed species
burns, where it is hoped that relationships between high
and low flammability plants can be found. These tests
will be done using a ‘Plant Barbeque’, developed at The
University of Canterbury. This apparatus allows for
controlled burns of plant material. The barbeque also
allows for heat control within the barbeque, as well as
collection of the amounts of oxygen (O2), carbon
monoxide (CO), and carbon dioxide (CO2) levels
produced via combustion. Using the barbeque, multiple
values can be calculated, and these can be used to assess
the flammability of each test specimen. These results will

McArthur (1962) believes that the only way to change the
number of wildfires is to reduce the fuel source.
Therefore, one solution to help reduce wildfire damage is
to have low flammability plants that border the area from
the wildfire, creating a ‘green break’. To find out what
plants are suitable for a green break, research has to be

62

Evaluating the Fire Hazard of Paper Recycling Bins
M. M. Lovrich and E. P. Walsh
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisor(s): C. Fleischmann
Keywords: Heat release rate, fire hazard, paper recycling bins, cone calorimeter
ABSTRACT
When designing a building, fire safety is a necessary and essential component of the design. This study presents the
results of an experimental investigation into the heat release rates of burning recycling bins. The findings from this
investigation assess the fire hazard these bins pose when set alight inside a building. A review of the literature revealed
that very little research had been previously conducted on the analysis of recycling bin fires, making this a new area of
investigation. Experiments were conducted on a small scale, using a cone calorimeter, and a full scale, burning nine
paper recycling bins. Each full-scale experiment was conducted using different ventilation geometry; open lid, slot lid,
closed lid, and using different ignition locations; top ignition, middle ignition, and bottom ignition. The small-scale
experiments were conducted by testing the high-density polyethylene that made up the recycling bins. These tests were
done using the cone calorimeter, at three different heat fluxes; 25, 50, and 75 kW/m2.
Both the cone calorimeter and the full scale test measured the heat release rate, soot yield, and carbon monoxide yield.
The results indicated that all tests produced heat release rates below the Verification Method: Framework for Fire Safety
Design (C/VM2) rate. The soot and carbon monoxide (CO) yields found from each experiment were all below the
C/VM2 design value of 0.07 and 0.04 kg/kgfuel respectively. This indicated that paper recycling bin fires do not pose a
significant hazard to public buildings, like the University of Canterbury Engineering Core, as these buildings will be
designed for a more severe fire. It is recommended that further testing is conducted looking at different variables that
could affect the hazard of these fires, such as using different ignition locations, recycling material, and placing the bins
in different situations, for example against a flammable wall. To reduce the potential hazard of paper recycling fires
metal bins could be introduced throughout public buildings.
1.

the recent news reports. It is important then to assess the
potential damage or hazard that could be caused by these
fires.

INTRODUCTION
1.1. Context/Background

The SFPE Handbook of Fire Protection Engineering,
(2016), defines the heat release rate (HRR) as the single
most important variable in a fire hazard (Hurley et al.
2016). The heat release rate is necessary to describe
quantitatively the characteristics (e.g. size) of a fire. It is
the rate at which combustion reactions produce heat and
is measured in kilowatts (kW).

Fire safety is an essential component in the design of
buildings and structures. Determining the fire hazard of
paper recycling bins is relevant for universities and other
public buildings, as recycling bins are commonly found
throughout these buildings, often nearby fire exits.
Understanding the level of hazard these bins pose is
important in helping to increase fire safety in these
buildings. The bins used in this study were found in
multiple different areas in the Engineering Core building
at the University of Canterbury, often in areas of high
traffic and high risk. If these bins were to be set alight
they have the potential to be a major fire hazard.

For these experiments oxygen consumption calorimetry
was the testing method used to determine the burning rate
of materials. The material is placed on a platform scale
and as combustion commences measurements of gas
species (O2 , CO2 , CO), gas temperature and gas velocity
are made. Thus the mass flow rate, mass loss rate and
oxygen consumption can be calculated and used to
determine the heat release rate of the particular materials.

A review of available literature revealed a lack of
information on the assessment of fires involving
recycling bins. However, it was noted that recently in the
Ilam area of Christchurch there have been at least 10
wheelie bin fires. It was reported by Stuff NZ that these
fires were set off by an arsonist (Stuff 2017). There are
many ways that a recycling bin fire could start within the
university. A fire could be started both accidentally (e.g.
from a cigarette butt), or purposely as has been seen in

These parameters, as well as the HRR, all contribute to
assessing the level of fire hazard and potential risk these
recycling bins pose. It is also important to assess the soot
produced. Soot can seriously affect a person’s health
when inhaled or ingested. Since these bins are commonly
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ABSTRACT
As sustainability becomes an important factor in the construction industry, the use of timber as a construction
material is becoming increasingly popular. Cross-Laminated Timber (CLT) is an engineered timber product that
can be used where a strong structural panel is required, such as floor diaphragms or structural walls. Due to its
architectural merit, there is a desire for CLT to be left exposed, however this can lead to several significant
challenges in ensuring safety and gaining code compliance. A number of limitations regarding the use of exposed
CLT have been highlighted with particular respect towards how they affect a structural fire performance model,
with suggestions made towards future developments. Delamination and self-extinction were identified as key
behaviours relating to the fire performance of CLT.
1.

The structural properties of CLT allow it to be used
anywhere a strong structural panel is needed. This
includes floors diaphragms and structural walls. Coupled
with its inherent environmental benefits, this has given it
demand in all manner of building types. Additionally,
CLT also presents significant architectural merit, as its
surface displays a warm and natural woodgrain finish.
This has led to architects and developers requesting that
structural CLT elements be left exposed.

INTRODUCTION
1.1. Context

In recent years, concerns regarding global warming and
the effects of human development on the environment
have led to a global interest in sustainable practices. This
has spread across all industries and construction has been
no exception, as it contributes significantly to the quality
of the environment. This has led to development of a
green building philosophy, which seeks to minimise
adverse environmental effects across a buildings entire
lifespan, from construction and development through to
inhabitation and eventual decommissioning. Given the
complexity and scale of most building developments, this
philosophy requires a multi-disciplinary approach, with
engineers, architects and developers seeking to develop
new materials and techniques that minimise
environmental impact.

1.2. Project Objectives
Utilising combustible materials such as CLT as part of a
buildings structure presents several complex fire
engineering issues which are compounded if the
combustible elements are left exposed. The purpose of
this project is to highlight the issues that arise from
leaving CLT elements exposed as architectural features
and the various phenomena responsible for these issues.

One such material offering a partial solution to this issue
is Cross-Laminated Timber (CLT). An engineered,
massive timber product, CLT is composed of wooden
planks, glued together with their grains arranged in a
crosswise fashion. The result is a strong structural panel
that minimises the anisotropic properties of timber in a
similar fashion to plywood, albeit on a larger scale. CLT
offers many benefits over more traditional construction
materials such as steel or concrete. Its prefabricated
nature means that energy and wastage are reduced during
the construction process and its lightness can allow for a
reduction in the overall size and weight of a buildings
structure. Additionally, as trees absorb carbon dioxide
from the atmosphere, the use of CLT can offset carbon
dioxide produced in other areas, whereas both steel and
concrete are known to produce large amounts of carbon
dioxide.

1.3. Code Compliance and Massive Timber
In both New Zealand and Australia, a building cannot be
approved for construction without meeting the respective
requirements of the New Zealand Building Code (NZBC)
or the Australian National Construction Code (ANCC).
These define requirements relating to both the stability
and durability of different types of buildings, as well as
the safety of occupants. Section C of both the NZBC and
the ANCC defines the respective objectives for fire
protection. While these are defined differently between
the two codes, their effects are the same: to safeguard
people from illness and injury due to fire, to protect other
property from damage caused by fire and to facilitate the
activities of emergency services personnel (Department
of Building and Housing 2017; The Australian Building
Codes Board 2016).
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ABSTRACT
The objective of this project was to investigate performance based fire safety design in satisfying tenability criteria of
high-rise buildings with an occupancy load of greater than 1000 people per stairwell. This was completed through a
sensitivity analysis of a 20-storey high-rise building model. Fire Dynamics Simulator (FDS6) was utilised for modelling
this scenario for a range of variables. A total of 20 unique simulations were created, by varying building parameters such
as geometry, ventilation, sprinkler type, and detection devices. Relevant New Zealand Building Code (NZBC)
Compliance Documents such as C/AS5, C/VM2 and D1/AS1 were used as guidelines to model the parameters in a 20storey high-rise building. Parameters included fire growth rate, fire safety systems, modelling rules, and building
geometries. The NZBC also provided criteria for visibility, carbon monoxide effects, and thermal effects, which were
used in this investigation as the tenability criteria. Conclusions and recommendations were developed from both visual
observations of the Smokeview images and data analysis at multiple points within the stairwell and the fire floor. The
results for all simulations showed that visibility requirements were the governing performance criteria compared to carbon
monoxide and thermal effects. It was found that there was not significant sensitivity to the ventilation within the stairwells,
but that the results were sensitive to the mesh size. The results supported the need for smoke detectors in high-rise
buildings, as for all the simulations with a typical mesh size, sprinklers alone were not enough to satisfy the tenability
requirements.
1.

INTRODUCTION

The total evacuation time depends upon many variables
including: escape path height, number of occupants,
detection time, and number of stairwells. Another
significant factor is the type of evacuation within the
building: simultaneous, staged, or phased. Simultaneous
evacuation alerts all occupants within the building to a
fire at the same time, whereas phased and staged
evacuation prioritises evacuation of occupants on the fire
floor. In Pau’s thesis (2015), it was determined that
adopting phased evacuation procedure within a high-rise
building holds significant performance advantages over a
simultaneous evacuation procedure.

1.1. Background
Designing high-rise buildings to perform safely in the
event of a fire is a complicated task. The building must
allow all occupants to evacuate via a vertical safe path
(stairwell) without being exposed to untenable
conditions. In New Zealand, the task becomes more
complicated when for a given firecell, it is possible to
expose more than 1000 people to the effects of fire. The
New Zealand Building Code (NZBC) C4: Movement to a
place of safety, requires that during evacuation,
occupants are not exposed to:
•
•
•

Although stairwells are defined as vertical safe paths,
smoke infiltration into the stairwell can still occur.
Primarily while; occupants on the fire floor are
evacuating and the door is open, and once smoke begins
flowing through the gap between the door and the fire
floor.

A fractional effective dose of carbon monoxide
(FEDCO) greater than 0.3
A fractional effective dose of thermal effects
(FEDThermal) greater than 0.3
Conditions where, due to smoke obscuration,
visibility at 2 m above the floor is less than 10
m except in rooms of less than 100 m2 where
visibility may fall to 5 m (Ministry of Business
Innovation & Employment, 2007)

The Verification Method (C/VM2) is used by designers
when the design cannot be shown to comply with the
NZBC C: Protection from Fire, using the relevant
Acceptable Solutions, C/AS1 to C/AS7 (Ministry of
Business, Innovation & Employment, 2012). C/VM2
identifies the minimum analysis required by designers to
prove that the building satisfies the necessary
performance criteria.

Since the horizontal area of stairwells is less than 100 m2,
the visibility at 2 m above the floor is allowed to drop to
5 m. The tenability criteria defined above were adopted
for this sensitivity analysis.
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ABSTRACT
The New Zealand Red Cross (NZRC) is responsible for providing potable water to Pacific Island communities in an
emergency. Currently five aging reverse osmosis (RO) units provide this need. The NZRC are aiming to improve the
efficiency of their desalination capabilities to provide for larger populations. The NZRC have specific requirements to be
met when finding a solution. The desalination unit should be comprised of separable components of a mass that does not
exceed 30 kg and of a size small enough that it could be transported on a small inter-island flight. The main requirement
is that the unit must produce a flow rate of 1000 L/h.
Three tests of NZRC’s current RO units were done in laboratory and field environments. The turbidity, taste, odour and
pH obtained from both tests were compliant with the New Zealand Drinking-water Standards. Salinity was measured in
accordance with the Australian Drinking Water Guidelines. In the laboratory experiment, the potable water did not meet
the salinity standard. This was likely due to the high salinity of the intake water. However, the salinity of the potable
water in both field tests was acceptable. Analysis of results concluded that the average flow rate was approximately 60
L/h, which was unsatisfactory for NZRC’s future requirements.
The three most suitable RO units available on the market were Rowater Australia’s Seababy Mark III, Rainman
Desalination’s High output unit and Lighthouse Marine and Boat Supplies Resolution Watermaker Compact. The
Resolution Watermaker Compact was found to be the most appropriate unit due to easy maintenance, its failsafe device
and a high potable water flow rate of 250 L/h. It is recommended that the NZRC purchase four of these units to achieve
the desired flow rate of 1000 L/h.

1.

supply is compromised during a natural disaster such as
a cyclone.

INTRODUCTION

RO is a very efficient process used for desalinating
seawater. RO uses a semi-permeable composite
membrane to remove salt molecules from the salt water.
This composite membrane uses different polymers such
as polyamide (nylon) and polysulfone. The RO process
involves a solvent passing through a semi-permeable
membrane in the direction opposite to that of natural
osmosis. This reverse flow occurs when the water is
subjected to a hydrostatic pressure greater than the
osmotic pressure. A pump generally provides this
hydrostatic pressure.

1.1. Background
The provision of potable water is a basic need that the
New Zealand Red Cross (NZRC) is tasked to provide to
Pacific Island communities during emergency response.
Reverse osmosis (RO) is the current process used for the
NZRC’s desalination technology. NZRC have five RO
units that are ten years old and are nearing the end of their
useful lives. The focus of this project is to research
options and provide recommendations to the NZRC for
field desalination units so they can cater for larger
populations.

RO is 99% effective because the sodium (Na+) and
chloride (Cl-) ions are only slightly larger than water
molecules hence they occasionally pass through the
membrane. The faster the flow rate through the
membrane, the more efficient the process (Morison,
2017).

The NZRC service Pacific Island communities such as
Tuvalu. In these locations, the ocean is often the only
reliable source of water, which means portable
desalination units are an essential part of emergency
response. The current units are mainly used during the
drought season in the Pacific Islands, but have also been
used for other purposes. For example, when the water
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ABSTRACT
Many people threatened by water scarcity live in low resource environments and lack access to sufficient materials,
funding and technical knowledge required in order to obtain safe water supplies. This project explored manual drilling
methods for use in low resource environments in order to access groundwater supplies. The driven drilling method was
found to be the most appropriate after conducting research and consulting with the industry sponsor McMillan Drilling.
The driven method involved using a heavy drop weight and tripod set up to drive a well casing into the earth. Well
construction and operation procedures were explored and developed. These included locating groundwater, soil
identification, blow count analysis, well development, and water quality testing. The methods utilised were successful in
constructing a 9 m deep well in Ilam Fields at the University of Canterbury. From inferences between the blow count and
soil identified during well flushing, a reasonable conclusion was made regarding the soil types that were being driven
through. Performance tests showed that development methods improved water yield from the well. The water quality of
the well was compliant with the New Zealand Drinking Water Standards (NZDWS) maximum acceptable values (MAV)
for a range of different parameters. This project has set a baseline for more research to be conducted into well construction
in low resource environments. Recommendations for further research include exploring other drilling methods using the
same tripod, scoping manual pumping methods for well development and drilling in environments with different soil
properties.
1.

improvised by using a drop weight and constructing a
bamboo tripod that rammed well casing into the ground.
This is known as the driven drilling method. This inspired
an investigation into well construction methods applied
in low resource environments.

BACKGROUND

Water scarcity is an issue that affects 40 percent of the
world's population. This issue is projected to continue
threatening global communities into the future. The
United Nations Development Programme has set clean
water and sanitation as one of their 17 Sustainable
Development Goals (UNDP, 2016). Adding to the issue
of water scarcity is that many people live without access
to materials, funding, engineering knowledge, and other
resources required to secure a safe water supply. Having
the ability to tap into groundwater resources is an
invaluable option for dealing with water scarcity issues,
especially in arid regions. However, establishing a
reliable and secure groundwater supply is a non-trivial
task. Engineering in low resource environments has
many complexities. The social, cultural, political and
economic diversity of communities across the globe are
important aspects to consider when developing solutions
to water scarcity and sanitation issues.

Brush (1982) described multiple ways to set up manual
drilling methods. What makes manual drilling different
from other methods is the utilisation of human energy.
Many design concepts were explored and a focus was
directed toward developing a method that was both
simple and functional. Some of the methods explored
included the sludger method which uses excess supplies
of water to loosen soil and float them to the top of the
well casing. Another method discussed was percussion
drilling that uses a chopping bit to excavate a hole where
the well casing is installed afterwards.
The driven drilling method is characterised by repeatedly
raising and dropping a weight, which drives a well casing
into the soil incrementally. After assessing the advantage
and disadvantages of all manual drilling methods, and
consulting with McMillan Drilling Group, the driven
method was found to be the most applicable to a wide
range of environments. Its advantages include:

The concept for this project was put forward by Iain
Haycock of McMillan Drilling Group. The company had
engaged with drilling projects in 2005 on the island of
Nairai, Fiji. Nairai’s societal and environmental
constraints limited McMillan’s ability to use standard
drilling techniques or machinery. On site, McMillan
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ABSTRACT
Inversion of seismic waves from a controlled source has recently been proposed as a non-intrusive method for
determining aquifer properties. Through various numerical experiments, this study investigated the feasibility of such a
method in estimating geometric and hydraulic parameters of aquifers, with particular attention to the associated
computational demands. A highly accurate numerical solver was used generate synthetic data of velocity measurements
at the ground surface for a simple unconfined aquifer system. Inversion of the data was then conducted in the Bayesian
framework, using an elastic approximation for the air-saturated layer to reduce computational time. Sensitivity analyses
were carried out to determine the dependency on the number of receivers and window of seismogram data required to
get accurate estimates. Furthermore, estimates for the parameters of interest were explored using least-squares
optimisation and the Markov Chain Monte Carlo method. Results showed that the location of the water table, location
of the aquifer basement, and the aquifer porosity could be feasibly estimated. Conversely, the tortuosity could not be
inferred by using only the surface velocity measurements and the reduced inversion model. Overall, the study suggests
that the inversion of seismograms can produce reasonable estimates of the aquifer geometry and porosity. However,
measurements of velocities within the aquifer may be required to infer other hydraulic parameters such as the aquifer
tortuosity.
1.

INTRODUCTION

possible to recover aquifer geometry and properties.
However, little research has been conducted on the
inversion of seismic waves through poroelastic media.

1.1. Background

Lähivaara et al. (2015) recovered aquifer geometry such
as the location of the water table and aquifer basement.
Following this, a highly accurate numerical solver was
developed by Dudley Ward et al. (2017), which
produces accurate seismic data for two dimensional
domains. By implementing this numerical solver,
Meridith and Metacalfe (2016) conducted sensitivity
analyses for the inversion method, applied to estimating
aquifer dimensions and porosity for a stratified ground
model.

Groundwater is a fundamentally important resource
relied upon globally as a source of water. It represents
approximately 33% of the global consumed freshwater,
with many countries relying solely on groundwater
extracted from aquifers as their source of water
(IGRAC, n.d.). Detailed mapping of aquifers has
become increasingly important with growing reliance on
groundwater.
Current methods of characterising aquifers rely on well
measurements through drilling and pumping. These
intrusive methods only provide information on the local
ground conditions and have associated practical
limitations (Cui et al., 2014). Furthermore, these
methods are very costly. As the pressure on
groundwater resources is on the rise, there is a great
need for more comprehensive methods to map aquifers.

Both Meridith and Metacalfe (2016) and Lähivaara et
al. (2015) have suggested this method can be employed
to estimate the location of the water table and the
aquifer basement for simple aquifer models. However,
no conclusive statements have been made on the
feasibility in estimating the hydraulic properties of the
aquifer such as porosity, tortuosity, and permeability.
Additionally, Lähivaara et al. (2015) noted the necessity
for computational reductions in modelling realistic
ground conditions. There remains today a major gap in
the ability to reliably characterise aquifer properties
using seismic wave scattering with efficient
computational techniques.

This is the motivation for groundwater tomography, an
alternative, non-intrusive method of subsurface imaging
proposed by Lähivaara et al. (2014). Here, seismic
waves from a known source are scattered through elastic
and poroelastic media. Due to the differences in the
hydraulic properties, there is a fundamental disparity in
the wave-speeds between the elastic and poroelastic
media. Hence, by inferring from seismic data, it is
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ABSTRACT
Air pockets are considered a pipeline fault that can reduce pumping efficiency and intensify maximum pipeline pressures.
There are currently no practical methods that can detect entrapped air pockets within complex water supply networks.
Fluid wave transients have long been investigated in the pursuit of a viable fault detection method. Each type of fault
imposes a unique interference on a transient wave that allows it to be identified. A piezoelectric crystal actuator can
produce transients in highly complex and systematic patterns, and the reflections can be analysed to identify fault
interferences. However, this technology is limited by the lack of understanding in how fluid transients interact with
different pipeline faults.
This paper aims to increase the understanding of the air pocket-transient interaction within a pipeline. The shape of the
initial reflected transient was investigated using a numerical model which was developed to simulate the interaction. The
air pocket volume and the transient frequency were varied within the model and the response of reflected wave’s energy
was measured. A higher proportion of the initial energy was reflected with both increasing air pocket volume and transient
frequency, and these followed a log relationship. At high frequencies and air pocket volumes, the reduction in energy
between the incident and reflected wave was minor, however, at low air pocket volumes the energy of the reflected wave
reduces significantly for all frequencies. The reflection’s shape consisted of high and low pressure regions about the static
pressure. These regions were found to have approximately identical energies for any given value of air pocket volume or
transient frequency.

1.

A transient’s reflection-response in a pipeline is very
complex, as they are sensitive to a number of different
faults and features within a pipeline (Bergant et al. 2003).
It is very difficult to deconstruct a signal which may
contain a culmination of unique responses attributed to
different faults, especially if the responses of those
different faults are similar. Lee (2017) confirms this
complexity, which is especially evident when testing the
technology in the field as transients respond with far too
much random “noise” to be of any use. However,
researchers at the University of Canterbury have
investigated the use of a highly complex, coded transient
signal that cannot possibly occur randomly. Signal
processing methods can then be used to extract the
original signal from reflected and transmitted pulses. In
order for this to be successful, the unique interference a
pipeline fault imparts on a transient needs to be very well
understood.

INTRODUCTION

Water supply networks are crucial in ensuring
communities have access to potable water. Detecting
faults within these can be a daunting task, as pipeline
networks are often extensive and intricate. On average,
75,000 fluid pipeline failures occur each year in the
United States alone, and this number is set to increase as
much of the world’s existing pipeline infrastructure is
either near or past end of life (Lee 2017). Needless to say,
an effective commercial method for detecting pipeline
faults would be hugely beneficial to the water supply
industry.
Fluid transients have big potential in pipeline fault
detection. They are comparable to explosive shockwaves
travelling through the air. As transients propagate
through a pipeline, faults such as leaks, blockages and air
pockets will partially reflect transient waves. Each type
of fault will impose unique changes on the reflected
signal, allowing a distinct signal to be identified for each
type of fault (Lee 2017). Fluid transients can be produced
by a piezoelectric crystal actuator (piezo): a device that
can be set to vibrate to a desired pattern with high
frequencies. This technology, named PIPE SONAR, was
developed by Dr Pedro Jose Lee.

This paper will focus on entrapped air pockets and the
unique interference they impose on fluid transients.
Specifically, it will quantify features of a transient’s
initial shape when reflected off an air pocket. Entrapped
air pockets can reduce a pipeline’s pumping efficiency by
restricting the flow of water. This is particularly
undesirable as approximately 75% of operational costs in
water distribution are generated by pumping.
Additionally, air pockets can create blockages that stop
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ABSTRACT
Pipe infrastructure networks are critical to modern civilisation. However, currently there are no effective, non-intrusive
methods for assessing pipeline condition. Because of the cost of undertaking intrusive testing, extensive research has been
conducted into the utilisation of high frequency transient waves as a way of assessing the internal condition of pipes. A
particular area of interest is the condition of in-line valves. Transient wave methods allow for non-intrusive assessment
of pipelines, allowing for targeted maintenance of networks.
This investigation aims to determine and quantify the behaviour of high frequency transient waves interacting with an inline ball valve. This is achieved by analysing the experimental results of a pipe with an in-line valve, as well as creating
a numerical model to compare to the experimental data.
The experimental results in this report show that with a greater degree of valve closure, the corresponding transient head
loss across the valve increases. This correlates to the numerical model, where head loss increases as the valve is further
closed. However, there are two key discrepancies. Firstly, there is a large amount of transient head losses through the
open valve, which is negligible in the numerical model. Secondly, there appears to be a peak head loss before the valve
is fully closed which also does not resonate with the results of the numerical model.
The numerical model in this report was based on the quasi-steady state approximation which makes many simplifying
assumptions. It assumes that the head losses due to friction, momentum changes, energy relations and compressibility
effects are correlated directly to the mean velocity. Thus, the one-dimensional model assumes no variation in velocity
over the cross section of the pipe. This report confirms that the current use of the quasi-steady state approximation is
invalid for transient flows. Thus, a more complex model incorporating the effects of unsteady friction is required.

1.

accumulation of these losses can become significant and
result in higher operational costs.

INTRODUCTION
1.1. Background

The ASCE (2017) estimates that in the United States
alone there are 240,000 water main faults each year.
There is therefore, a great demand for pipe maintenance
and improvements. An estimated $1 trillion USD is
required to maintain and expand the service to meet the
demand in the next 25 years. To avoid problems such as
operational disruptions, and high repair costs, early
detection of degraded pipes is vital. This can be best
achieved through non-intrusive pipe assessment
methods.

Pipe infrastructure is integral for all societies. Pipe
systems provide critical services such as the
transportation of water, oil, and gas. Over time, the
deterioration of pipelines is inevitable and many existing
pipe infrastructures are approaching the end of their
design life.
There are two key forms of pipe degradation, leakages
and blockages. Leakages involve the loss of fluid through
the pipe due to cracks in the pipe structure or faulty
connections. Blockages are a loss of cross-sectional area
of the pipe due to localised residue build up or a
negligently open valve. The degradation of pipes can
cause minor head losses which will affect the carrying
capacity of the pipe. This can be particularly problematic
in large pipe networks such as city water mains. The

Currently, the most common assessment methods
involve visual inspections. This is an intrusive method
which involves looking inside the pipe by means of
CCTV cameras, or removing a section of the pipe. This
can be a labour-intensive process and is commonly a
reactive method; conducting inspections when
deterioration begins to affect performance. Resulting in

71

Behaviour of High Frequency Fluid Transients in Pipeline
Systems
M. Y. S. Too and J. D. Winder
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisor(s): P. J. Lee
Keywords: Fluid transients, attenuation, high frequency waves, fast Fourier transform
ABSTRACT
This study investigated the behaviour of fluid transient waves in pipelines. At present, there is minimal non-intrusive
technology capable of detecting faults in pipelines. Non-intrusive, cost effective, and rapid fault detection techniques are
essential if aged pipeline infrastructure, that an increasing population is reliant on, is to be properly maintained. It is
proposed that the response of fluid transients in pipelines can be developed as an alternative to current methods for
monitoring leaks and blockages in pipes. The behaviour of transient waves with low frequency signals is currently known.
High frequency signals would improve the efficiency of this technology as it can hold more information. Thus, the
behaviour of transient waves at high frequencies is investigated. Experimental data was collected at the University of
Canterbury Fluids Laboratory using a 6.46 m pipe with two dynamic sensors. A transient wave was induced by a
piezoelectric element. A numerical model is developed to solve the momentum and continuity equations using the method
of characteristics to predict the behaviour of fluid transients in pipelines. This is compared to experimental data at a range
of frequencies. Attenuation, wave speed, and signal strength were investigated. Furthermore, a fast Fourier transform was
used alongside a short-time Fourier transform to check for unwanted non-linear dispersion. It was expected that at higher
frequencies, the attenuation of the transient signal would become greater. This was not observed to be the case.
Inconsistencies in data were also investigated, and it is suggested that temperature may affect the behaviour of fluid
transients. With inconclusive results, it is recommended that future investigation of pipelines should be undertaken in
controlled environments and compared to the results of pipelines in natural environments. Development of this technology
would provide an enhanced non-intrusive method for detecting pipeline faults.
1.

contamination from hazardous substances and metals
(Ben-Mansour et al., 2012).

INTRODUCTION

Pipeline infrastructure permits the safe distribution and
transport of water supplies which are essential to modern
life. With increasing population, the number of people
relying on existing infrastructure is rapidly growing.
Current pipeline infrastructure, both in New Zealand and
internationally, is aging. Underground pipelines
experience additional stress from surface and traffic
loads. This can lead to destructive faults (such as leaks,
bursts, and blockages) as joints and pipes fail (BenMansour et al., 2012). Faults impede pipeline efficiency
and performance. Consistent effective monitoring and
maintenance is required to ensure satisfactory function.
Therefore, non-intrusive, cost effective and rapid fault
detection techniques are invaluable for sustainable
pipeline management.

Present technology makes it difficult to locate faults in
pipelines. This prolongs repairs and results in water loss
from pipe networks. Subsequently, this incurs a financial
and environmental cost. For example, following the
earthquakes in November 2016, Wellington was still
losing up to one million litres of water a day in March
2017 as a result of leaks. Keith Woolley, chief adviser for
Wellington Water said that difficulties in detecting leaks
prevented action from happening (Cann, 2017). Hence,
there is a demand for improvements in fault detection
technology.
It was proposed by Lee at al. (2008) that the behaviour of
fluid transients in pipelines can be used to locate
blockages and other defects in pipes. Transient flow is
flow in which pressure and velocity changes with time.
These flows occur with a sudden change in the pipeline,
such as bursts. This area of research has been gaining
traction, as there are economic, societal, and
environmental benefits of developing the technology. If
fluid transient behaviour can be fully understood, an

Quantifying the exact amount of water lost through faults
in pipeline networks is challenging. However, it has been
estimated that between 12% and 27% of potable water is
lost before reaching consumers (Kingdom et al. 2006).
This is an issue in both developed and developing
nations. Leakages and bursts can also cause water
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ABSTRACT
The aim of this project was to investigate and analyse the effects of Earthquake Generated Hydraulic Transients (EGHTs)
on water supply pipelines. The magnitudes and behaviours created by EGHTs were numerically modelled for comparison
against the researched theory. We hypothesised that our results would show pressures higher than the rating of the pipes
in the network, we also expected to see correlation between the failures and where the maximum modelled pressure
occurred. Results of this analysis are of interest to understand the pipeline failures that occur during an earthquake and
how these can be protected against in future infrastructure development. The pipe network of interest was a flat section
of central Sumner. There was little liquefaction and little ground displacement in this area, making the network a
representative sample with limited influence from other failure mechanisms. The effect of seismic loading was analysed
for different orientations, durations and frequencies. A solution known as the method of characteristics (MOC) was used
to solve for unknown pressure heads and flows within the network. The network was broken down into pipes and nodes
to allow for the method of characteristics to be used in individual pipes and then results combined into our desired
network. MATLAB software was used to conduct this numerical analysis. Part of the investigation was to analyse the
failures in the network and compare our numerical values of pressure head to the actual pipe breakages.

1.

relatively unknown and is often overlooked as
inconsequential, even though, from previous studies
undertaken in Japan, evidence has been found showing
the destructive effects of EGHTs. Pipes subjected to large
internal pressures during earthquake loading have been
observed. Failure mechanisms such as longitudinal
cracking suggest bursting, rather than the conventional
cracking caused from ground displacement (Nobuyuki
Ogawa, Mikoshiba, & Minowa, 1994).

INTRODUCTION

Between September 2010 and December 2011 the
Canterbury region was hit with a sequence of strong
earthquakes resulting in extensive infrastructure damage.
Services for approximately one third of the city were cut
off for a number of days. A total of 6094 pipeline repairs
were recorded, mostly in areas of liquefaction and large
differential ground movement (Cubrinovski, et al., 2014).
However, widespread damage also occurred to pipe
networks outside of these regions. A large amount of
these were recorded as burst or rupture failures, which
could be the result of a damaging pressure surge. An
overall map of this system, including failures and areas
of liquefaction can be seen on Figure 1.
A resilient water supply network is critical for a large city
such as Christchurch. Ensuring supply is preserved or
reinstated quickly could have a huge impact on recovery
and optimism after an extreme event. If research
indicates that the pressure waves are a significant issue,
then it is likely that the costs of a solution may outweigh
the losses from this damage

Figure 1. Christchurch water distribution system

Earthquake Generated Hydraulic Transients (EGHTs) is
the term used to describe high speed pressure waves
caused by an earthquake. Minimal standards and
awareness have been developed surrounding this process.
This is due to the rarity of the event. The mechanism is

The overall objective of this project was to develop a map
of a section of Christchurch’s water supply system,
determining the effect of the EGHTs within this area.
Different ground movements due to orientation, duration
and frequency were tested to find a worst case scenario.
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ABSTRACT
Different soils have different parameter values, which make them behave differently under earthquakes. If one parameter
of the soil was changed, its spectral acceleration would change with it. Some parameters have strong relationship with its
response spectral accelerations and some parameters have weak relationship with them. However, it is not fully known
which parameters have strong relationship with them and which parameters do not. The values of these soil parameters
can be determined by either in-situ test or site class approach, but two sites that have the same site class may have
completely different parameter values. Since the relationship between response spectral accelerations and some
parameters are weak, it is not worthy to spend time and money on find their values.
The study has found that permeability, contraction factor 1, contraction factor 2, phase transformation angle, pressure
dependency coefficient have strong relationship to the response spectra acceleration if the soil is fully saturated. If the
soil is dry, shear modulus, friction angle, pressure dependency coefficient have are the parameters have strong relationship
with response spectral accelerations. The study had also concluded that the reason for the parameters have relationship to
the response spectral accelerations is that they affect the stiffness of soil.

1.

the response spectral acceleration magnitudes and some
have less impact. The object of this project is to
determine which parameters have a great impact on
response spectral accelerations, and which parameters
have only minor effect. For those parameters which
considerable have a great impact, engineers need to
obtain their values accurately. But for those which do not
have a great impact, engineers can get their values based
on a class approach.

BACKGROUND AND OBJECTIVES

In recent years, site-specific site response analysis has
become increasingly common in engineering practice.
This is because recent research and observation have
identified the disadvantages of site class-based design,
especially for projects with a high level of importance.
Detailed subsurface information is required for a useful
site response analysis. The information must be
translated into a set of appropriate soil constitutive model
parameters in order to analyse on a typical project.
Engineers do not often have the laboratory data available
for a detailed calibration of every model parameter for a
specific site response model. The parameters of a specific
model can be calculated from in-situ tests such as the
cone penetration test (CPT) and standard penetration test
(SPT). Nonetheless, engineers do not always have
sufficient time or money to do thorough site
investigations. Therefore, it is important to understand
which parameters are significant, and which parameters
have less impact on the final result so that the limited
resources can be utilised effectively. This project may be
very helpful for geotechnical engineers to save money
and time.

There are eleven parameters included in the project; they
are shear modulus (G), Poisson’s ratio (v), phase
transformation angle (PTA), friction angle (), pressure
dependency coefficient (n), contraction coefficient 1, 3
(c1, c3) and dilation coefficient 1, 3 (d1, d3). In the
project, one parameter was changed while other
parameters were kept constant, resulting in change of
response spectral accelerations. The basic values and
changed values of each parameter are given in Table 1.

Response spectral acceleration magnitudes and ground
accelerations are depend on the properties of the soil
column. However, some parameters have more impact on
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ABSTRACT
Currently there is no agreed upon best method to model the response of a retaining wall under both static and
dynamic conditions. There are different interfaces that can be examined between the soil and the wall. In this
paper, three interfaces types have been examined: shared, friction and contact interface. Model geometries were
created using GiD and had a mesh generated such that the elements inside the model were 0.25 m squares.
OpenSees was used to compute horizontal stress and displacement for each model. Visualisation of results was
accomplished using the post-processing features of GiD. For the static case only gravity was applied to the
model. The horizontal stresses found were compared to Coulomb’s Theory. For the dynamic analysis, a ground
motion recorded in Christchurch, from the 4 th September 2010 Darfield earthquake, was applied to the model.
The horizontal stress at the peak ground acceleration was found and compared to the horizontal stress that was
found from using the Mononobe-Okabe method.
For the static analysis it was found that the contact interface produced results that were the most accurate to what
is expected, and also produced deformations that were most representative of expectations. All of the horizontal
stresses for the three interfaces were found to be significantly different than the simplified theories. However, the
contact interface produced results that were most similar. For the dynamic case it was found that using the shared
interface produced results, relating to the locations of the horizontal thrusts, that were most similar to the
Mononobe-Okabe method. As this interface is the least accurate to actual field conditions, this raises interesting
questions about the validity of the commonly-used Mononobe-Okabe analysis approach. The friction interface
produced deformations that were most likely to be expected in the field.

1.

element, which are responsible for transferring the
forces between elements. Each element and node are
programmed with specific material properties and
fixities that allow a system of differential equations to
be formed. The equations are solved by iterative
methods to find the response of the system under
specific loadings.

INTRODUCTION

Numerical analysis of the response of a retaining wall
under static and dynamic loadings is a somewhat tricky
problem. There is currently no best method to achieve
an accurate model of a retaining wall response. There
are several different numerical analysis types that could
be used to model this problem, however the most
common is the finite element method (FEM). The FEM
is a numerical approach to analyse engineering and
mathematical physics problems by solving partial
differential equations in an approximate fashion. The
idea of the method is to subdivide the structure into
smaller elements to simplify the problem. The smaller
that each element is, the more the model will represent
the actual geometry. However, the smaller element the
more computationally intense the model is. It is ideal to
find a balance between practicality and accuracy by
determining the largest element size that can be
obtained without negatively effecting results. The FEM
is undertaken by placing nodes at the corners of each

Many programs use the FEM to model complex
problems by creating a mesh of elements with nodes at
the intercepts. An example of this software that can be
used for geotechnical models is OpenSees. OpenSees is
a free, open source software package that was developed
by University of California, Berkeley to analyse nonlinear behaviour of structural and soil systems using
standard FEM analysis (McKenna, 2011). The software
allows the creation of a mesh of nodes and elements.
The elements can be given material types that require
parameters such as stiffness, unit weight et cetra. Each
material type defines the response of the element under
loadings. For example, a multi-yield material models
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ABSTRACT
A density and stress-dependent elasto-plastic model for saturated sands undergoing monotonic torsional shear loading is
modified to better understand the generation of excess of pore water pressure. Excess pore water pressure generation is
the fundamental process leading to liquefaction of saturated sandy soils. An existing model determines the excess pore
water pressure generation in undrained conditions as the mirror image of volumetric change in drained conditions.
However, in undrained conditions, the volume of the specimen does not change. Therefore to nullify this problem, a new
relationship is developed to determine the excess pore water pressure generation independent of volumetric change.
Experimental data from torsional simple shear tests are analysed to calibrate the proposed excess pore water pressure
relationship. Two new parameters 𝑁𝑑 ∗ and 𝐶𝑑 ∗ are defined from a range of tests with different initial densities and static
shear conditions. 𝑁𝑑 ∗ is found to have a linear relationship with the initial void ratio , whereas, the 𝐶𝑑 ∗ parameter is found
to be constant with varying initial void ratio. The accuracy of the updated model is tested by comparing its performance
to results from experimental data analysis. The model is shown to accurately simulate the contractive and dilative
behaviour of Toyoura sand, in simple torsional shear tests, across a range densities. Behaviour of sand under static shear
predicted by the model was found to be similar to the behaviour of sand in torsional shear experiments with an initial
static shear.

1.

Liquefaction generally occurs in loose sands that are fully
saturated. Sands are a material that rely on inter-particle
friction to provide their strength and stiffness. During
cyclic shear loading of saturated sand, excess pore water
pressure is built up leading to a reduction in the effective
stress (Kramer, 1996). This reduces the stiffness and
strength of the soil deposit as the contact stresses holding
the structure of the sand together decrease.

INTRODUCTION
1.1. Background

Liquefaction of sandy soil deposits has been a major
cause of damage to structures during recent earthquakes
in New Zealand and Japan. Typical effects of
liquefaction include bearing capacity failure in
foundations as well as lateral spreading and land
subsidence (Cubrinovski et al., 2011). The widespread
effect of liquefaction in Christchurch has been
devastating following the Canterbury 2010-2011
earthquake sequence, dramatically changing the land
condition in and around the city. Therefore, the
assessment of the liquefaction potential has received
considerable attention in recent years.

Sands under shear loading display complex behaviour
which is dependent on the initial density and stress
conditions (Chiaro et al., 2013b). Very loose sand is
known to demonstrate purely contractive behaviour,
during which the effective mean stress decreases while
the shear stress progressively increases to a transient peak
stress. This is shown between points A and B on Figure
2a. The behaviour at point B is unstable with a sudden
loss of strength due to a large development of excess pore
water pressure (EPWP). Due to this fully contractive
response, loose sand is expected to liquefy with zero
residual shear strength which can be seen at point C.
Loose to medium dense sands show contractive
behaviour until the stress state reaches the phase
transformation line (PTL) at point E. After this point,
dilative behaviour takes place and the effective stress
increases linearly. Contractive behaviour is much less
significant in dense sand so unstable behaviour is no
longer observed. Dilative behaviour begins when the

Figure 1. Severe liquefaction following the February
2011 Christchurch Earthquake (De Ruyter, 2011)
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ABSTRACT
The 2016 Kumamoto earthquake caused a large-scale flow-type slope failure near the Aso Volcanological
Laboratory located in the Mount Aso Caldera. This study attempts to validate the proposed failure mechanism
involving the liquefaction of pumice soil, which was believed to be the critical soil layer responsible for the
initiation of the Takanodai landslide. Quake/W was used to compute the dynamic soil response within the slope to
examine the soil softening behaviour and to determine the dynamic stability via Slope/W. Actual ground motions
and dynamic properties of relevant soils were integrated into the model to reproduce the slope failure. The
preliminary analysis displayed solid evidence of soil softening especially in the pumice layer, which strongly
supports the standing hypothesis. The dynamic analysis using the 16 April mainshock (Mw 7.0, PGA 0.49g)
showed that liquefaction was induced throughout the pumice layer, causing the formation of a slip surface that
closely resembled field observations. Additionally, the dynamic factor of safety dropped well below one during
the mainshock. The extent of liquefaction observed affirmed that pumice was the main driving factor behind this
gentle slope failure and the subsequent fluidised behaviour. Therefore, a combination of Quake/W and Slope/W
was capable of capturing this failure mechanism to a reasonable extent. This study depicts the potential
vulnerability of slopes underlaid with pumice which could be of extreme relevance in the New Zealand context.
1.

INTRODUCTION

classified as hazardous under the national standards for
landslide prevention. The Kumamoto Prefectural
Government designates the residential landslide hazard
zones using the following criteria: (1) steep areas at least
5 m high with a slope of 30 degrees or more, (2) areas
below a rapid mountain stream that has formed as alluvial
fan, and (3) areas where landslides have occurred or are
at risk of occurring (Mainichi, 2016). The Takanodai
housing complex land feature did not meet any of these
national criteria, further justifying the research value of
this field.

1.1. Background
The Kumamoto earthquake of moment magnitude (Mw)
7.0 occurred on the 16 April 2016. Prior to this
mainshock, the Kyushu region of Japan was hit by two
major foreshocks (Mw 6.2 and Mw 6.0). The earthquakes
contributed to the devastation of the Kumamoto City,
Mashiki Town and the Mount Aso Volcanic Caldera
(Chiaro et al., 2017). This event left at least 50 people
perished, 3000 injured, and more than 44,000 displaced.
This sequence of earthquakes was responsible for at least
97 landslides in the Kumamoto prefecture, including the
failure of a gentle slope at proximity to the Aso
Volcanological Laboratory of Kyoto University that
destroyed at least seven properties and killed five
residents of the Takanodai Housing Complex (Mainichi,
2016). This earthquake-induced flow-type landslide is
known as the Takanodai landslide. The landslide
occurred at the Mount Aso Caldera, where most slopes
are covered by volcanic pyroclastic soils that are
sensitive to pore water pressure changes during
earthquake loadings, leading to a highly fluidised
movement.

1.2. Objectives
The aim of this research project was to provide insightful
information in regard to the failure mechanism of
the Takanodai landslide triggered by the 16 April 2016
Kumamoto earthquake in Japan and evaluate the
liquefaction potential of the Aso pumice soil that was
believed to be the key soil responsible for the initiation
of the landslide. To this scope, the Takanodai landslide
was modelled using the Quake/W (Quake/W, 2014) and
Slope/W (Slope/W, 2012) software developed by GEOSLOPE. The model incorporated various soil parameters
obtained from the field observations and the relevant
earthquake data. In this research, an in-depth illustration
of the time-series failure mechanism as well as
the verification of the critical soil layer primarily
responsible for the landslide were discussed. The

Of the many landslides that occurred during this
earthquake, the Takanodai landslide has drawn
widespread attention of many experts because it was not
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ABSTRACT
This study investigates a method for recycling waste tyres into crumbed tyre chips to be mixed with kaolin clay for
geotechnical applications such as embankments or backfill against retaining walls. This is to minimise environmental
hazards associated with increasing large amount of waste tyres in New Zealand. Geotechnical properties of kaolin clay,
tyre chips and their mixtures (10, 20, 30, 40 and 50% of tyre chips by weight) were investigated through series of soil
mechanical tests to investigate the possibility of tyre chips to be used as a lightweight fill material for geotechnical
applications. Grain size and specific gravity, compaction tests, permeability test and liquid limit analyses were performed
on the kaolin clay soil, tyre chips alone and their mixtures. The results indicate that the addition of tyre chips to kaolin
has improved the weak geotechnical properties of kaolin; the kaolin-tyre mixture has low porosity and high permeability
after compaction while the liquid limit reduced with increased amount of tyre chips. The findings observed from the
results of this study agree with past literatures.
1.

INTRODUCTION
This study investigates a method to address such
adverse effects by recycling tyres into crumbed tyre
chips and mixed with kaolin clay for geotechnical
applications such as embankments and backfill against
retaining walls. To know the suitability of kaolin-tyre
chips mixtures for such applications, the following
experimental tests were carried out in the UC Geotech
laboratory: compaction, permeability and liquid limit.

Waste tyre disposal is a problem in New Zealand (NZ)
and other countries throughout the world. This is
because waste tyre disposal caused environmental and
health risks such as it provide breeding places for
insects like mosquitoes, zinc deposition in soil which
can cause health risk if consumed, and fire hazards.
About 5 million waste tyres are disposed annually in NZ
and the current waste tyre managements emphasised
annually are: 75% are sent to landfills and 25% are
either used as farm silage covers, speedways,
playground and other alternatives or illegally disposed
(Environment, 2006). This problem has challenged
engineers, environmental scientists and researchers on
how to deal with discarded tyres.

1.1. Tyre Chips and Kaolin Clay Geotechnical
Properties
Tyres can be shredded into various sizes from ground
rubber (300μm − 2mm) to rough shreds (50mm –
300mm), depending on the machinery used, with
various irregular shapes and used as a fill material to
mix with soils (Miller and Frost, 2003). Recent
experimental investigation of kaolin-tyre mixtures by
Miller and Frost (2003) found that tyre chips are a
lightweight material, very compressible and perform
elastic behaviour under loads. They are found to be
unaffected by water content and when oven dried for 24
hours at 105 oC in labs. They are also very permeable
and free draining material and slightly reduced in
permeability when compacted. When crumbed tyre
chips are used as a part of soil-tyre fill mix, in this case,
kaolin clay soil, total weight of sample and liquid limit
reduced but increased in permeability with increased
amount of tyre chips. The shear strength increased but
vary depending on the percentage, size and orientation
of tyre chips. These show that crumbed tyre chips have
good properties that are useful in geotechnical
applications.

Figure 1. Waste tyre disposal in NZ (Mitchel C and
Wright, 2017).
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ABSTRACT
The possible applications of reused tyre chips mixed with gravel are investigated. The aim of this study was to determine
the shear strength of gravel-tyre chips mixtures for seven different tyre chips contents. These are 0%, 10%, 20%, 30%,
50%, 70% and 100%, by proportion of the tyre chips weight to the total weight. The materials used for this investigation
were locally supplied gravel, and the tyre chips were obtained from a waste tyre recycling plant. Firstly, the characteristics
of the gravel and tyre-chips mixtures were determined. Sieve analysis for the various tyre chip contents were performed
and their particle size distribution curves obtained. The effect due to the addition of tyre chips on the angularity and
roundness of gravels was also investigated. This was done by inspecting 40 gravels, before and after the direct shear test,
for both the pure gravel mixture and 50% tyre chips content mixture. Afterwards, the specific gravity of pure gravel, tyre
chips and their mixtures were determined experimentally using the pycnometer method. The experimental results were
found to be very close to the theoretical values obtained from the ASTM method. Direct shear tests were undertaken for
all the gravel-tyre chips mixtures under normal stresses of 23 kPa, 50 kPa and 60 kPa. It appeared that increasing the tyre
chips content of the mixtures had the effect of increasing the residual shear strength. However, it also had the effect of
reducing the peak shear strength. It was also found that mixtures with higher tyre chips content exhibited a more
contractive behaviour due to the highly compressible response of rubber. Additionally, mixtures with 30% tyre chips
content achieved the highest critical friction angle. This corresponded to a 26.1% increase compared to that of pure gravel.
Finally, the critical state characteristics of the gravel-tyre chips mixture were investigated.
1.

INTRODUCTION

strength and friction angle increases and peaks at a
certain tyre content to sand ratio (Marto, Latifi, Moradi,
& Far, 2013). Therefore, this study was carried out to
investigate the shear strength of gravel – tyre chips, and
to determine the mixture ratio of gravel and tyre chips
that would provide the greatest shear strength and friction
angle.

Annually, there are approximately four to five million
tyres being disposed within New Zealand (Norquay,
2004), and about “70% of these wasted tyres end up in
landfills or are unaccounted for” (Cann, 2017). Disposed
or unaccounted tyres possess potential threats to the
society and the environment, such as providing habitats
for parasites, letting off toxic smoke when exposed to
fire, utilising valuable landfill space, and damaging the
landscape aesthetics.

2.

MATERIALS

2.1. Gravel

Therefore, to minimise the threats of waste tyres, a
potential solution was to mix tyre chips with gravely soil
for foundation structural purposes. Practically, the
gravel-tyre chips mixtures could be used as lightweight
backfill material, embankments, lightweight or
conventional fill beneath roads, or retaining walls
(Humphrey, 2003).

The gravel used for this investigation (Figure 1) were
supplied by GardenMakers Landscape Supplies located
in Christchurch, New Zealand. The gravels were about 6
– 8 mm rounded grey stones. These gravels were chosen
due to its accessibility, and its convenient size relative to
the direct shear box apparatus size. In addition, these
gravels are normally used for foundation filling,
drainage, or constructing walk paths (Sands, Basecourse
& Aggregates, 2017).

In addition, the use of tyre chips for engineering purposes
proved to be advantageous due to its properties. A few of
tyre chips advantages when used are its “lightweight
material, free draining, low earth pressure, good thermal
insulation, durability, compressibility, and a cheap
solution when considered” (Humphrey, 2003).
Furthermore, prior to this study, it was determined that
when tyre chips are mixed with sandy soil, the shear
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ABSTRACT
The purpose of this research was to give understanding on the filter performance of a New Zealand dam. A suite of
laboratory tests were undertaken to evaluate three aspects of filter performance: sealing, stability and self-healing. Three
filters were tested to represent different core-shoulder interfaces. The findings of these teste were compared to results
provided by a previous study to give perspective from other aging dams. The filters showed good sealing performance
yet there was some erosion. Dynamic loading appears to have little effect on filter compatibility, yet there is still
uncertainty associated with this result. The results suggest the core has a poor self-healing capability but further tests are
required to confirm this. The results of these tests, as well as the comparisons, can assist the dam owner to manage his
asset.

1.

1996). In theory, the fine particles come into contact with
the filter face and eventually plug a concentrated leak as
shown in Figure 1.

INTRODUCTION

New Zealand (NZ) has many earth embankment dams,
many of which were constructed from 1920 to 1980
(Crawford-Flett & Haskell, 2016). They store water for
agriculture and hydropower purposes, playing a vital role
in the NZ economy. Many dams are aging making
infrastructure
management
challenging.
Dam
management is effective when owners can quantify the
risks and know what necessary measures to take
regarding maintenance.
An embankment dam is made up of two main zones: the
core and the shoulder. The core of an embankment dam
is made of impervious, fine material to prevent seepage.
The shoulder on either side of the core is made of
pervious, coarse material, designed for structural
integrity. However, every embankment dam will
experience some flow through the core. Depending on
the properties of the soil, such hydraulic loads can lead to
a form of internal erosion.

Figure 1. Diagram of sealing mechanism at an interface
(FEMA, 2011).
Many existing embankment dams were designed prior to
the development of modern filter design criteria (Foster
& Fell, 2001). Many filter interfaces can be too coarse
according to modern standards or may have segregated
during construction (Rinehart, 2012). An ongoing
challenge is the lack of guidance in assessing a ‘filter’
within an aging infrastructure, and whether it is at risk of
failure (Foster & Fell, 2001). The high seismic activity in
NZ is of interest for dam management. Limited research
has been performed on the effect of seismic loading on
filter behaviour. There is potential that an earthquake
could induce internal erosion or resume erosion by
dislodging a sealed filter. Therefore, questions of filter
performance in aging infrastructures, in both steady state
and dynamic state, are important to answer.

Internal erosion is considered one of the primary risks to
NZ embankment dams (Crawford-Flett & Haskell,
2016). One form of this failure mechanism is due to
differences in particle size distribution (PSD) of adjacent
zones. This setting is known as filter incompatibility.
Water seeps through the core and removes material at and
beyond the core-shoulder interface. If this continues
excessively, a concentrated leak forms and failure can
occur (Terzaghi, Peck, & Mesri, 1996). Internal erosion
is mitigated by the placement of filters at the interface.
An adequate filter prevents excessive fine core material
from escaping while also being sufficiently pervious to
relieve excess pore pressures (Terzaghi, Peck, & Mesri,
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ABSTRACT
Earth dams in New Zealand provide a range of critical functions including hydropower generation, agricultural
irrigation, and municipal water supply. Many New Zealand dams were built before modern design practices
implementing the use of specifically engineered dam filter materials that prevent internal erosion. Historically these dams
have been constructed from local soils which often have less than ideal properties. As these dams age the performance of
these soils as dam filters need to be investigated. This study aimed to investigate and analyse the stability of dam filters
with varying parameters under both dynamic and static conditions. Testing occurred on lab prepared gap graded samples
to allow control of test parameters. The particle shape and the ratio between coarse and fine fractions of the gap graded
samples were chosen as parameters of significance. Stability was quantified with the measurement of material lost during
testing. The testing showed a strong influence on the stability threshold of the filter materials due to the chosen
parameters. Particle shape determined the sharpness of failure.
1.

INTRODUCTION

development of modern earth dam design practices
implementing carefully engineered filter materials. The
historical practise has been to construct dams from local
soils, the properties of which can vary greatly (CrawfordFlett and Haskell, 2016). A lack of a comprehensive
understanding of the risks involved with the use of these
filter materials means investigation is necessary. This is
compounded by the elevated seismic activity in New
Zealand and our reliance on earth dams makes dynamic
loading a very important issue. The continuous loading
presents a risk of gradual degradation of the filter leading
to failure.

1.1. Context and Background
Significance of Earth Dams
Earth dams provide a range of critical functions,
including hydropower generation, agricultural irrigation,
and municipal water supply. Earth dams often
incorporate several zones, as illustrated in Figure 1. This
investigation focused on the filter layer, which lies
downstream of the core. This provides a transition
between the fine core to coarser shell material. The
primary purpose of the filter is to prevent erosion and
control pore water pressure within the dam (Terzaghi et
al, 1996), gradually increasing permeability and
redirecting the flow path.

Defining Failure
A successful filter layer protects against internal erosion,
a common failure mode in earth dams characterised by
uncontrolled particle migration. The occurrence of
uncontrolled particle migration will be observed by
continuous loss of sample. For static testing this was
defined as by Honjo et al. (1996) to allow comparison of
results. Honjo states that a filter failure is shown by
continued loss of filter material during testing with no
obvious signs of the formation of a self-filtering layer.
The definition of failure was expanded for dynamic
testing to include significant loss of filter material over
three loading periods. An unstable filter displays
significant loss of material during dynamic loading and
shows continued losses once the loading has ceased.

Figure 1. Simplified cross-section of a typical zoned
earth dam, highlighting three key zones.
Instability in the filter layer can lead to dam failure,
potentially causing loss of functionality, property, and
life. Many New Zealand dams were built prior to the
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ABSTRACT
The purpose of this experiment was to firstly create a sand boil in a laboratory environment and then determine the
mechanisms of sand boil formation. This was achieved with the use of a shaker table by inducing strong motions to the
soil sample to encourage liquefaction. It was found that ‘fines’, or soil particles less than 75 μm are essential in the
development of sand boils in this experiment as they produce a confinement layer of which causes excess pore pressures
develop. This excess pore pressure initiates a water film below the layer of fines establishing a pressure gradient between
layers. It was found that by inducing similar peak ground accelerations from a realistic seismic magnitude of ~0.2g,
models that were built using more layers produced more sand boils. This was due to a thinner fines layer allowing the
pressure difference to rupture the fines layer initiating water flow and hence the transportation of sand to the model
surface.
This experiment then focussed on the effect of seepage flow after an event of excitation on a single-layer model, of which
exhibits a thicker fines layer on the surface. It was hypothesised that seepage flow from layers of soil below the liquefied
layer (in the field) contribute to the exacerbation of soil instability and the creation of flow channels for sand boils to
form. This hypothesis was tested using a reservoir of water providing pressure head to the model. It was found that sand
boils also form under this assumption. Furthermore, it was hypothesised that the cause of shaking before the addition of
seepage flow helps initiate possible flow paths through the fines layer for the sand boils to form.
1.
1.1.

INTRODUCTION

1.2.

General Mechanism of Sand Boil Formation

There is more than one mechanism that can cause sand
boils to form. The most recognised cause of sand boils is
liquefaction of subsurface soil. Liquefaction occurs
when:
 Soil excitation (i.e. earthquake motion) causes
soil contraction in a loose soil.
 Contraction of the soil, under undrained
conditions, will cause excess pore pressure to
develop (Towhata, 2008).
However, even if liquefaction occurs it will not
necessarily cause sand boils to form. Requirements for
sand boil formation include:
 Pressure gradients that result as a by-product of
liquefaction and will encourage the movement
of water to transport soil particles.

Context

Following the 2010/2011 Christchurch Earthquake
sequences, large amounts of damage to infrastructure and
houses occurred due to the effects of liquefaction and
sand boils. Much of the damage associated with
liquefaction caused by these earthquakes can be found in
the Geotechnical Extreme Events Reconnaissance report
from the 2011 Christchurch earthquake (GEER, 2011).
Sand boils are a phenomenon in which sand is
transported by the flow of water from beneath the soil
surface. Damage to infrastructure by settlement can often
be associated with the presence of sand boils as sand
which was once in the ground, is now on the surface.
Soft, loose patches of soil prone to settlement is the result
of this soil restructure.

However, as found in Lau & Stone (2016), sand boils can
also be formed purely through upwards seepage flow
using a confining clay boundary on top of a sand layer.

In the field, sand boils are often used as indicators of
liquefaction at depth in simplified methods such as the
methods employed in Boulanger & Idriss (2014) from
cone penetrometer testing (CPT) data. Although, these
methods still contain apparent uncertainties as sites of
liquefaction may have not necessarily produced sand
boils. The basis of this research was to understand
mechanisms of sand boil formation in a laboratory
environment.

The ejecta from sand boils is soil particles carried to the
surface by flowing water. Larger soil particles within the
flow will normally lose energy and fall back into the soil
layers. Figure 1 illustrates this mechanism.
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ABSTRACT
In the last few years the successful delivery of projects has declined. Along with an increase in size and complexity of
projects in New Zealand, the market has put more demands on projects like globalisation, outsourcing and service speed.
Therefore, there is a need to improve projects by integrating information technology (IT) into project management
practices. Profit being the desire of every enterprise can be closely related to project success. As the scope of IT is wide,
two divisions of IT were explored. They are social media and software system. Social media acts as a communication
landscape for creating, sharing, modifying and distributing information between project members and even stakeholders.
This promotes a very efficient environment for information flow and reduces the number of miscommunication which is
a major factor of project failure. The use of software can expose inefficiencies, enable visualisation of problem areas,
and improve construction planning accuracy. Moreover, integration of software system will provide documentation and
visualization to support, and give more flexibility for order request and construction can change. Through the help of
social media tools and software systems, these tools are able to manifest project success factors and improve the overall
performance of a project. This was further verified through a survey conducted on professionals in the engineering
community agreeing that the mentioned IT tools and procedures do indeed align with project success. Needless to say, a
successful project is a profitable investment towards enterprises.

1.
1.1.

measures – time, on-budget, and quality. Table 1
summarises the survey results on project success for both
years. From this, it stands to reason that the profits of
New Zealand companies are negatively impacted by their
inability to consistently deliver projects successfully.

INTRODUCTION
Background

The present economy puts emphasis on globalisation,
outsourcing, increased competition and speed of services
(Anantatmula, 2008). Intangible assets such as
knowledge and know-how are emerging as key value
drivers for enterprises. In this information-driven
business environment, projects are growing in
complexity and size, in which extensive utilisation of
technology and tools are required. However, the pace of
uptake in project management of these growing
requirements are relatively slow.

Table 1. Project performance in New Zealand for 2010
and 2012 (KPMG, 2013).

Needless to say, New Zealand falls victim to this
situation where the lack of project management
development affects project success. Based on a survey
conducted by KPMG in 2013 (KPMG, 2013), project
activity in New Zealand is on the increase but so are the
failure rates. In 2012, 54% of organisations surveyed
completed more than 21 projects as compared to year
2010 where 98% of those surveyed completed only five
projects or fewer. Despite the increase in project
completion, only 30% of respondents successfully
delivered projects. This is a significant decrease in
project success rates compared to 2010 where it was
48%. In this case, project success is defined on three

2010

2012

Projects on budget

48%

33%

Projects on time

36%

29%

Projects delivering
stated deliverables

59%

35%

The scope of a project of any scale cannot be considered
to be fixed and locked into a baseline plan for its duration.
Significant uncertainty and changes are bound to happen
to accommodate customers’ strategic needs, desires, and
achievement of project outcomes. This is where the
integration of IT in project management shines as it
accommodates these issues with the prepared software
tools. IT provides improvement in certain aspects of a
project which includes communication, marketing and
building modelling. This is especially useful in New
Zealand’s growing market scene where project numbers
are seemingly increasing and brings about more complex
requirements. In addition, the paradigm shift of today’s
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ABSTRACT
Organisational and individual values in a construction organisation do not necessarily align and this could have a
detrimental effect on the safety in workplaces. The present paper investigates safety culture and safety climate within
construction companies in New Zealand. Safety culture is the values and beliefs relating to health and safety that higher
management force into an organisation, based on core company values, whereas safety climate is the personal principles
that individuals hold, generally labourers. Using different questionnaires specifically designed for management and
labourers consisting of reciprocal questions, differences between safety culture and safety climate were ascertained. Other
information relating to company values, leadership styles and company culture, influence and responsibility and safety
and training were also investigated to see whether any specific values or beliefs held by an organisation can be associated
with discrepancies between results obtained from the surveys. Thus, from this we can answer the key objective, that is to
understand if safety climate reflects the safety culture in New Zealand organisations. A likert scale with six options;
strongly dis/agree, dis/agree and slightly dis/agree was used to determine the responses of a subject when presented with
a question or statement. The neutral option was removed as it was expected that everyone holds a viewpoint on safety
and prevents “lazy” responses. It was found that four out of five companies had management responses higher than that
of their labourers implying that the safety culture is greater than the climate in these organisations. One company had the
highest summed difference in responses which may show that the organisation is leaning towards a climate that does not
reflect its culture. Another had a much smaller summed difference in response favouring the labourers. This shows that
in that organisation the labourers hold health and safety in higher regard than management and that safety climate strongly
reflects its culture to the point where it is dominant.

1.

INTRODUCTION

throughout an organisation with everyone being
accountable for safety. In turn, safety climate is defined
as being “the temporal state measure of safety culture,
subject to commonalities among individual perceptions
of the organisation” and further clarified that “the
perceived state of safety at a particular place, at a
particular time, is relatively unstable, and subject to
change depending on the features of the current
environment...” From these definitions, albeit lengthy, it
is clear to differentiate between culture and climate with
culture relating more to the organisations values and
climate to individuals who are influenced by the
surrounding environment as well as the culture.

There has been significant research in the form of
literature reviews as well as multiple surveys into safety
culture and safety climate with the purpose of
determining whether there are any differences between
the two relatively new concepts. Interest in safety culture
has increased significantly in recent years with its origins
being able to be traced back to the Chernobyl nuclear
accident in 1986 (Zhang, 2002). It is the worst
commercial failure of a nuclear power plant in the world
to date and “poor safety culture” was largely found to be
cause for the catastrophic failure (Pidgeon, 2007).
Safety climate and safety culture are often
misunderstood. Their definitions are regularly confused
and have therefore been explored through definitions
gained in the following literature reviews:

Glendon (2000) gives an alternative to the idea of safety
culture and safety climate and likens them to a “topdown” or “bottom-up” approach. Safety culture reflects a
“top-down” approach where an organisation’s business
strategy flows down to determine the risk management
strategy and then on to safety management system and
hence the safety culture. The culture, therefore,
comprises not only of the organisations core safety
values, beliefs, attitudes and values but is also influenced
by financial investments and human resource
management. The “bottom-up” approach relates to

Zhang (2002) reviews several previous studies of
definitions for safety culture and safety climate and
defines safety culture as “the enduring value and priority
placed on worker and public safety put on everyone, in
every group, at every level of an organisation.” Here,
Zhang outlines that the culture is vertically integrated
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ABSTRACT
The habitation of Mars is expected in the next half century and will require the utilization of the Martian regolith
in the use of construction materials. The development of concrete is one of the many materials that will be
required for the successful construction of infrastructure. This paper investigates the feasibility of concrete as a
Martian construction material. Investigations of the properties of concrete made from materials that are similar to
Martian regolith, namely Magnesium Oxide binder and igneous aggregates have been conducted. Four different
aggregates from around New Zealand have been mixed with this alternate binder and the fresh and hardened
concrete properties have been tested. Initial research found similarities between the four aggregate samples and
Mars rover expedition data. Elemental composition, particle size distribution and roundness each showed
comparable data. Using a water-cement ratio of 0.45 for each of the four mixes, a mortar design was created
which optimized workability and compressive strength. The maximum 28 day compressive strength was found
to be 27 MPa for Pukekawa compared to the Portland cement control mix of 45 MPa. Porosity testing showed a
large discrepancy with the samples having porosity up to 30% compared to the Portland cement control value of
12%. The samples also showed a wide range of slump flows and workability properties. The results show that
the Martian mortars produced are a feasible construction material on Earth and on Mars. The next investigative
steps will involve improving the workability, decreasing porosity and increasing the compressive strength of the
mortar mixes.

1.

ingredient of most cements on earth. For concrete to be a
feasible construction material on Mars an alternative
binder system must be used. The Magnesium Carbonates
that are present on Mars are a potential source of cement
binder. Magnesium Oxide (MgO) can be produced from
this source and studies by Tran and Scott have shown
MgO binders can produce concrete with 28 day
compressive strength of 87 MPa (Scott & Tran, 2017).

INTRODUCTION

Mars is the planet in our solar system that could
potentially be habitable by humans at some stage in the
future. For this to occur a number of problems must be
investigated and overcome. In particular, it is vital to the
success of human colonization to utilize the in situ
resources found on Mars. The capability of human
habitation is becoming more realistic as seen in the
extensive and considerable advances that have been
made in a range of applicable fields that will be required
for any future Martian development.

In regard to the aggregates available on Mars, various
rover investigations have performed initial analysis of the
regolith. The soil particles have been found to be largely
Basaltic, Andesitic and Rhyolitic. NASA rover data has
made comparisons to the weathered volcanic soils of
Hawaii (Chevrier & Mathe, 2006). For this investigation
the comparison has been extended to the volcanic nature
of New Zealand’s geography.

As a construction material, concrete is one of the most
consumed construction materials on Earth due to its high
strength, ease of workability and its ready availability.
Almost 20 billion tonnes of concrete are used annually
(Suprenant, 1994). Regular concrete contains 80% by
mass aggregate and 10% each of cement and water.

The objective of this investigation is to produce a mortar
for use in construction in a Martian environment. Four
aggregates have been sourced from around New Zealand
in areas of known volcanic soils. Concrete mortars using
these aggregates and the MgO binders have been
produced. A full range of aggregate, fresh and hardened
concrete testing has been carried out to determine the

There is an abundance of fine and coarse aggregates in
the regolith that exists on Mars, there is also a presence
of water on the planet (Chevrier & Mathe, 2006). The
existing challenge lies in the lack of limestone; the main
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ABSTRACT
This report investigates the corrosion rate of steel in reinforced concrete. The end goal is to use the acquired data
to determine the effect of corrosion on the service life of reinforced concrete. The study involved monitoring
sample specimens of different concrete composition and cover depth above the steel, to determine the factors
with the greatest influence on corrosion rate. The samples were cast by previous students and the concrete mixes
used include; general purpose (GP) cement, a high strength ternary blend (TR) and GP with added chloride (GP
+ NaCl). Specimens, both cracked and un-cracked, were tested weekly using the Coulostatic pulse technique to
determine corrosion rate and electrical resistivity of the concrete. The initial weeks of testing involved dry
conditions, followed by three weeks of cyclic wetting and drying to simulate a marine or wet environment,
where corrosion risk is at its worst. The results showed that the cover depth greatly affected the corrosion rate.
The steel had a smaller corrosion rate for a deeper cover. The TR specimen had the highest resistivity and
therefore the lowest corrosion rate. As resistivity increases the corrosion rate decreases. To increase the service
life of a reinforced concrete structure, chlorides, moisture, and oxygen need to be minimised.

1.
1.1.

same for both. There are two separate reactions, at the
anode and cathode, which can coexist on the same piece
of steel. The reaction at the anode is an oxidation
reaction and is shown in equation (1). Equation (2) is a
reduction reaction, which occurs at the cathode. The
products of each of the reactions in (1) and (2), Fe2+ and
OH-, react to produce ferrous and ferric rust compounds,
as shown in equation (3).

BACKGROUND
Corrosion in Concrete

Reinforced concrete is a widely-used construction
material the world over, as it is versatile and
economical. Concrete has the ability to withstand very
large compressive forces, while in tension it greatly
lacks the same durability. To account for this, steel
reinforcement is added to withstand any tensile stresses.
Corrosion of the reinforcing steel poses a huge threat to
its service life as engineers try to prolong the life of
their structures. Due to the economic loss caused by
corrosion of steel in concrete, this is one of the largest
infrastructure problems the industrialized world faces
(Broomfield, 2002). Corrosion in concrete is a reaction
between the steel and elements of its environment,
leading to the formation of rust. Rust occupies
approximately six times the volume of its original form
resulting in cracking of the concrete (El Maaddawy &
Soudki, 2007). Pits in the surface of the reinforcing steel
due to corrosion, reduce the cross-sectional area leading
to a decrease in the members strength capacity.
1.2.

1.3.

2+
𝐹𝑒(𝑠) → 𝐹𝑒(𝑎𝑞)
+ 2𝑒 −

(1)

𝑂2 (𝑔) + 2𝐻2 𝑂(𝑙) + 4𝑒 − → 4𝑂𝐻 − (𝑎𝑞)

(2)

𝑂𝐻 − + 𝐹𝑒 2+ → 𝐹𝑒(𝑂𝐻)2

(3)

Corrosion Rate

Taking measurements of the corrosion rate is the only
reliable method of measuring the kinetics of corrosion
activity. There is a wide range of values that give a
definitive depiction of what is going on. Table 1 gives
an idea of what the numbers indicate, where concrete in
the range of 1 –10 μA/cm2 is in the highly reactive
active state. The thermodynamically passive state, in the
range of 0.001 – 0.1 μA/cm2, indicates very low
amounts of corrosion. It is common for the values to
fluctuate seasonally as the specimen’s moves between
the active and passive state.

Corrosion of Steel

Concrete provides some protection against the corrosion
of steel due to its alkaline nature. This forms a dense
ferric oxide protective coating of the steel, passivating it
from further corrosion (Constructor, 2017). Corrosion of
steel in concrete is essentially an electrochemical
reaction, with two main causes; presence of chlorides
and carbonation, where the chemical reaction is the

Table 1. Corrosion rate indications (Scott, 2017)
Very
Corrosion
High Moderate Passive
high
Rating
Corrosion Rate
> 10 1 - 10
0.1 - 10
< 0.1
(μA/cm2)
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ABSTRACT
Volcanic eruptions rarely produce a single hazard and at the moment there is limited information on how volcanic hazards
interact with structures. Knowledge on how buildings are affected from volcanic projectiles can help predict what
measures can be taken to protect structures before a volcanic eruption. This report looks into options for reducing the
damage due to ballistic impacts from volcanic projectiles onto reinforced concrete slabs. Two types of tephra (volcanic
particle ejecta) layering were tested to see if damage could be reduced. Fibre reinforced plastics (FRP) were tested to see
if it can eliminate concrete mass loss to existing structures. A pneumatic cannon capable of launching volcanic rocks was
used to simulate a volcanic impact into the reinforced concrete slabs. A high speed camera was used to record the speed
of the projectile and a Schmidt hammer was used to determine the strength reduction in concrete due to the impact. The
results showed that an addition of tephra of FRP to the slabs had a clear reduction in volcanic hazard compared to
unprotected slab data. The tephra layers of scoria and basaltic ash reduced the impact energy transferred into the slab and
strength loss in the slab. The FRP worked effectively in reducing the mass loss after the impact. The findings from this
report confirms that placing tephra on top of slabs can absorb a portion of the impact damage on concrete structures with
FRP and tephra both reducing the concrete shrapnel potential in existing buildings. These findings have a large effect on
how we expect concrete walls, roofs or flooring to react if these protection methods were applied before a volcanic
eruption.

1.

In 2014 Mount Ontake located in Japan erupted fine ash
and volcanic projectiles. During this eruption 58 people
lost their lives, many due to being hit by high speed
projectiles around the summit travelling at a velocity of
approximately 85 m/s (Tsunematsu et al., 2016).
However, everyone that sheltered in buildings during the
eruption survived. This was expected to be due to a layer
of fine ash that fell on the roof absorbing a portion of the
impact energy of the projectiles (Tsunematsu et al.,
2016).

INTRODUCTION
1.1. Context

During a volcanic eruption projectiles of various sizes are
ejected into the air. These projectiles (tephra) ultimately
land on the ground but on their path they can destroy
buildings and injure people (Tsunematsu et al., 2016).
Concrete is a common material used to construct
structures. It is very routinely used for wall and roof
construction (Rahman et al., 2012). New Zealand has a
large number of active volcanoes especially in the Taupo
Volcanic Zone (TVZ) and Auckland Volcanic Field
(AVF). Within these locations there are many buildings
that are within range of projectiles from an eruption
(Wilson et al., 1995). Tephra fallout in these areas can
cause catastrophic failure of buildings and may lead to
loss of life.

Previous research at University of Canterbury
investigated the impact damage on reinforced concrete
slabs by volcanic rocks. Concrete shrapnel (scabbing)
was shown to be ejected into the building even if the
reinforcing bars were strong enough to halt the projectile
(Williams et al. 2017). This shrapnel can come off in
large pieces and with high velocity and can be dangerous
to the building inhabitants.

In order to understand how volcano hazards interact with
structures it is important to determine the velocity and
impact energy of the volcanic ballistic projectiles
(Tsunematsu et al., 2016). From this information shelters,
mountain huts and other structures that are within the
volcanos hazard zone can be designed to resist direct
impacts and ultimately save lives.

Cheap methods to strengthen concrete would be very
beneficial in these highly active volcanic areas. In the
mountainous TVZ there is copious amounts of volcanic
ash available. This volcanic ash can be used to provide
some protection to buildings within these areas. Most
well-built timber-framed buildings can bear imposed
dead loads larger than 4 kPa, equivalent to over 50 cm of
dense ash on top of a roof (Williams et al., 2015).
Concrete buildings can bear ash loads of approximately
7 kPa. For urban areas such as AVF, layers of ash may
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ABSTRACT
Chloride induced corrosion impacts heavily on the durability and service life of reinforced concrete structures.
Therefore, it is important to be able to measure chloride concentrations within concrete accurately and efficiently. This
investigation aims to verify the accuracy of an acid-soluble testing method developed by the University of Canterbury
named the UC method. The UC method is intended to be a less onerous chloride measuring option than the currently
accepted American Society for Testing and Materials International (ASTM) C1152 Acid-Soluble Chloride method. To
verify the UC method, concrete and mortar samples were cast with varying chloride concentrations (0, 0.01, 0.1 and 1%
chloride by concrete mass). This allowed comparison of the results of each UC method test with the ASTM standard
and the known chloride concentration. Moreover, the effect of different binder types, aggregate proportions, grinding
methods and digestion time on the measured chloride concentration was investigated. Overall, it was found that the UC
method underpredicted the known chloride level for most of the test permutations with a typical error of around 30%
below the known value. This underprediction compared with the known chloride level and the ASTM method was of
concern as it would lead to an overestimation of the quality of a reinforced concrete structure when used in practice. In
contrast, the ASTM method predicted the known chloride level with a reasonable degree of certainty, where the largest
error was 15% below the known value. It was for these reasons, that this investigation was not able to verify the
accuracy of the UC method. However, based on the observations taken, some recommendations to improve the
accuracy were made. The UC method could incorporate elements of the ASTM method such as increasing the quantity
of sample tested and including heating the sample along with the waiting time.
1.

accuracy of this method has not been rigorously
verified.

INTRODUCTION
1.1. Project Context

1.2. Project Objective
Chloride induced corrosion of steel reinforcing is an
important concern in the construction and service life of
reinforced concrete structures. Therefore, it is important
to be able to measure chloride concentrations within
concrete accurately and efficiently.

The aim of this investigation was to verify the accuracy
of the UC method for testing the chloride content in
concrete and mortar.
2.

The two regularly used methods for chloride testing are
the American Society for Testing and Materials
International (ASTM) C1152 Acid-Soluble Chloride
method, and the X-Ray Fluorescence (XRF) method.

METHODOLOGY
2.1. Method Justification

In order to validate the UC method, the effect of
different binder types, aggregate proportions, grinding
methods and digestion time on the measured chloride
concentration was investigated.

There are drawbacks to the current methods of testing
for chloride. The ASTM method is time consuming and
the XRF method reports total chlorides not free
chlorides, causing it to overestimate the chloride
available for corrosion as shown by Yang et al. (2014).

Moreover, to further validate the testing, the results
obtained using the UC method were compared to the
currently accepted acid-soluble testing method, ASTM
C1152.

The University of Canterbury (UC) has developed an
acid-soluble chloride testing method that is less time
consuming than the ASTM method. However, the
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ABSTRACT
Architectural influence from the Sydney Opera House was fundamental to producing the detailed design of the
Christchurch Town main auditorium. The detailed design was proposed as an alternative solution to the repair done to the
main auditorium following the Canterbury Earthquakes. Multiple arch geometries were investigated for the shape of the
roof structure. Initially, the performance trends of the different geometries due to an increasing section depth were
investigated. Comparison of these results concluded that the hyperbolic arch produced the smallest bending moments and
tensile stresses, as well as the largest critical buckling load factors. The base connectivity was also selected during this
process; analysis proved that fixed base connected structures provided lower stresses and moments than the pinned
connection alternatives. Conventional concrete and ultra-high performance concrete (UHPC) were compared. The key
difference between the two materials was the tensile stress capacity. UHPC and conventional concrete have tensile stress
capacities of 15 MPa and 2.2 MPa, respectively. The UHPC solution was also able to achieve slender, lightweight arches
due to its advanced material properties. Similar to the Sydney Opera House, the arches constitute an immensely strong
and stable structure. The detailed solution consists of thin concrete panels supported by 180UB22.2 secondary beams and
eight 650 x 500 mm UHPC arches. The Expressionist architectural style of the detailed design is similar to that of the
Sydney Opera House.

1.
1.1.

This project aimed to draw inspiration from Utzon’s
design and reimagine an alternative detailed design for
the damaged main auditorium of the Christchurch Town
Hall (Figure 2). UHPC and conventional concrete have
been considered.

INTRODUCTION
Context

The Sydney Opera House is a multi-venue performing
arts centre in Sydney, Australia (Figure 1). Construction
began in 1959 and finished in 1973. Jørn Utzon proposed
a thin shell concrete roof for the Sydney Opera House.
Due to lack of material and computational technology,
this solution was not viable.

Figure 2. Damage to Christchurch Town Hall post
Canterbury earthquakes, Keller (2016)
1.2.

Objectives

The first objective of the project was to develop a deep
understanding of the conceptual, historical and structural
system of the Sydney Opera House. After this, the
objective was to explore different architectural and
structural options for long-span structures. Having this
knowledge, a detailed design, as an alternative solution
to the Christchurch Town Hall main auditorium was
proposed.

Figure 1. Sydney Opera House, Condé Nast Traveler
(2016)
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ABSTRACT
The maintenance, repair and rehabilitation of deteriorating reinforced concrete (RC) structures is one of the most
time consuming and expensive issues facing the civil engineering industry today. A state-of-the-art literature
review and cost analysis was completed for fibre reinforced polymers (FRP) and high performance concrete
(HPC), in an attempt to determine the feasibility of implementing these novel materials to extend the design life
of bridge structures within New Zealand. The key properties of each material were researched and analysed
before various sections were designed and compared in terms of cost efficiency. This allowed conclusions to be
drawn around the effectiveness of these designs to resist degradation in harsh environments and the economic
feasibility of utilising these sections within the modern structural engineering industry. It was found that these
materials are a viable option to significantly increase the design life of RC structures. A Glass FRP was the most
economically efficient of the FRP RC designs, while a Carbon FRP-HPC beam system with a Glass FRP bridge
deck would be the best option to achieve the robustness and durability required for a 1000-year design life.
Despite this, multiple barriers make the implementation of these systems unlikely in the short term future
including the high initial cost, the lack of national design codes and guidelines, the insufficient definitive
research surrounding long term durability and FRP bars in compression and practicing bridge engineers’ lack of
knowledge surrounding these novel materials.

1.

The overwhelming magnitude of the effects of this
degradation, along with the ever increasing demand for
faster construction speeds and increased functionality,
has led to the development of new innovative structural
solutions consisting of new materials. These new
materials tend to offer high mechanical performance
while also being lighter, less prone to deterioration
caused by aggressive environmental agents and require
less maintenance during their service life. Among these
new materials, significant interest in FRP and HPC has
been shown by the wider construction industry due to
the materials’ good mechanical performance, lightness
and improved durability. These innovative, novel
materials may offer the necessary durability required to
provide a 1000-year bridge design life.

INTRODUCTION

The evolution of materials such as steel and concrete
within the bridge construction industry has allowed
engineers globally to push the limits of structural
performance and economic efficiency. Despite this, the
fact that various forms of degradation can negatively
affect these conventional materials proves a significant
weakness when attempting to extend the design life of
such structures. RC structures within New Zealand are
typically designed to provide a 100-year design life.
This is generally limited by the corrosion of the steel
reinforcement and is a particular problem for bridges
subject to harsh marine environments.
The long term effects associated with the maintenance
and reparation of RC structures are phenomenal.
According to the 2017 American Society of Civil
Engineers (ASCE) report for the country’s
infrastructure, 9.1% of the country’s 600,000 bridges
have been labelled structurally deficient (primarily due
to corrosion-related anomalies). The report also
estimated that the completion of the backlog of bridge
rehabilitation needs within the nation would cost $123
billion (ASCE, 2017).

A combination of multiple design aspects and material
characteristics are required to achieve a 1000-year
bridge design life including strength, robustness,
durability and ductility. This report analyses state-ofthe-art literature surrounding FRP and HPC, before
performing a cost analysis to determine the effect of
implementing such materials on the economic efficiency
of a simple beam. Conclusions could then be drawn on
the feasibility of implementing these materials within
New Zealand bridges to extend the design life of the
structures.
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ABSTRACT
Due to their excellent seismic performance, reinforce concrete (RC) shear walls have been widely used in the past few
decades in mid- and high-rise buildings as the primary lateral load-resisting system. There is a great need for an
analytical model which can accurately predict the nonlinear behaviour of RC walls under monotonic and cyclic loading.
Various RC wall macro models have been proposed which are useful for predicting the global response of RC walls.
However, most macro models are based on structural idealizations and have their own limitations. This project aims to
evaluate the performance of the different macro models through literature review and numerical analysis. A subjective
quantitative analysis was carried out based on the literature review and the results suggested that the multiple-verticalline-element-model (MVLEM) and the fibre section beam model are likely to have better overall performance than the
other models. The MVLEM and the fibre section beam model were also used in a numerical analysis to model
experimentally tested RC walls. The RC wall specimens selected varied in terms of aspect ratio and axial load level.
From the numerical analysis, it was found that both models were able to predict the nonlinear response to a very good
degree of accuracy. For MVLEM, good accuracy could be achieved for various axial load levels, whereas for the fibre
section beam model, the accuracy appeared to be worse when axial load increased. For squat walls, the accuracy of the
predicted responses were poor for both models.
1.

differently in terms of user friendliness, robustness, and
accuracy.

BACKGROUND AND OBJECTIVES

Reinforced concrete (RC) walls are effective lateral
load-resisting systems in high- and mid-rise buildings
due to their large in-plane strength and stiffness. In
order to assess the seismic performance of buildings
with RC walls, it is important to have an analytical RC
wall model which can accurately predict the nonlinear
behaviour of the wall under monotonic and cyclic
loading. The nonlinear behaviour of RC walls can vary
significantly for different wall aspect ratios and axial
load levels. Hence, a good RC wall model should be
able to predict the response of walls with a range of
these factors.

The objectives of this project are:



2.

To evaluate the performance of RC wall macro
models through literature review and numerical
analysis.
To gain a better understanding of the
limitations of the different macro models.

METHODOLODGY

The performance of the different macro models was
evaluated through both literature review and numerical
analysis. The literature review investigated the
limitations of several macro models that have been
proposed. A subjective quantitative analysis (SQA) was
carried out based on the literature review to compare the
macro models. The criteria used in the SQA for
assessing the macro models included user friendliness,
accuracy for both slender and squat wall, and
robustness.

Currently, there are two main approaches for modelling
RC walls – the microscopic approach and the
macroscopic approach. The microscopic approach uses
finite element analysis and can provide detailed
prediction of the local response of the wall.
Implementing finite element analysis is complex and
requires high computational effort. Hence, it may not be
practical for simulating large multi-storey buildings and
cyclic response of walls. Macro models have been
proposed to predict the global response of RC walls.
Due to their simplicity, macro models are
computationally efficient and are more practical for
modelling large structures. However, most macro
models are based on ad-hoc assumptions and have
several limitations in their use, and they will perform

Numerical analyses were carried out for two of the
macro models – the multiple-vertical-line-element
model (MVLEM) and the fibre section equivalent beam
model (EBM). The Open System for Earthquake
Engineering Simulation (OpenSees) software was used
to construct the numerical models. Both MVLEM and
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ABSTRACT
Gusset plates (GPs) are typically used in steel braced frames. A common failure of GP is out-of-plane buckling under a
large compressive force. Currently, there are multiple methods on determining the buckling load of GP’s, but most are
based on ad-hoc assumptions, such as the assumed Thornton length and Whitmore width, and have no fundamental
physical basis. Some methods also borrow the stability functions used for a column. The accuracy of using such
methods could be far off. This study aims to derive the buckling load of a GP through the first principle such that the
buckling load is determined by the axial load that makes the stiffness matrix of the GP singular. Obtaining the stiffness
matrix as the stability functions of the GP through a theoretical analysis is a formidable task. This study aims to obtain
the stability functions numerically using a finite element model of the GP. The buckling loads determined using the
stability functions will be compared against the Thornton method to check their performances. Three boundary
condition cases on the GP are considered: pinned-pinned, pinned-fixed and fixed-pinned. Compared to the Thornton
method, the buckling load obtained using the stability functions was 12% larger for the pinned-pinned boundary
condition and approximately two times larger for the pinned-fixed boundary condition. Overall, the Thornton method is
too conservative, and the stability functions are more accurate to evaluate the buckling load for GP. Since the stability
functions of the GP are significantly different from those of a column, the stability functions derived specifically for a
GP should be used to estimate the buckling loads.

1.

conditions is analysed to design GPs in braced frames.
However, this method has been found to be
conservative in experimental tests by Yam and Cheng
(2002). As for Takeuchi method, it considers the GP as
a rotational spring but not as an equivalent column
(Westeneng, 2016). It also determines the buckling load
considering the whole system including beam- column
joints, GPs, connections and the braces. Nevertheless,
Takeuchi method is time-consuming and its validity is
hard to be checked (Westeneng, 2016).

INTRODUCTION
1.1. Background

Gusset plates are commonly used to connect braces to a
beam-column joint in steel frames. A typical failure of
GP is out-of-plane buckling under compressive loads.
Gusset plate buckling should be avoided on braced
frames. If the ultimate compressive strength of GP is
less than that of the brace, the buckling of GP will occur
before the stability failure of the bracing member (Yam
& Cheng, 2002). Figure 1 shows the buckling of GP.

Another approach to estimate the buckling load of GPs
is using stability functions. Stability functions are the
coefficients in stiffness matrix of an element as a
function of the applied axial load. They are also used to
define the relationship between demands (e.g. moment
and shear) and their effects (rotation and displacement)
(Chou et al., 2012). The buckling load of the element is
the axial load that makes the stiffness matrix 𝐾 singular,
i.e. its determinant is equal to zero. However, the
stability functions of a GP element have not been
analysed to obtain the buckling load. In this study, the
stability functions of a GP will be derived.

Figure 1. Buckling of GP (Naghipour et al., 2013)
1.2. Objectives
At present, the buckling loads of a GP can be
determined by a number of analytical and numerical
methods. One commonly used design method is the
Thornton Method (Thornton, 1984). In this method, an
equivalent column strip with assumed boundary

This study aims to answer the following questions:
1.
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ABSTRACT
This paper aims to analyse the behaviour of buckling restrained braces (BRBs) through different models based on finite
element methods (FEMs). Two models were studied using ABAQUS: a 2D line model and a 3D shell model. The amount
of pre-tensioned load required to minimize initial out-of-straightness in the steel core member was determined. The effects
of different values of initial out-of-straightness (OOS) and residual stress on seismic performance were evaluated and
compared for these two models. Based on the models, the residual stress was found to have a great effect on energy
dissipation of BRBs, however, the effect of out-of-straightness is insignificant. The cumulative plastic deformation (CPD)
decreased by 20% for 2D line model and by 14% for 3D shell model when the residual stress increased from 30% of the
yielding stress to 50% of the yielding stress. The 3D shell model gave a better prediction of behaviour of BRBs than 2D
line model.
1.

INTRODUCTION

BRBs have become increasingly popular in countries that
are exposed to high seismicity. Compared to
conventional braces, BRBs can yield in both compression
and tension under cyclic loading. It comprises three parts,
namely inner core, restraining media (usually concrete)
and unbonding layer. The casing to prevent inner core
from buckling mainly provides the lateral restraint.
Between the inner core and concrete, an unbonding layer
prevents any longitudinal stresses formed in between.

Figure 2. Typical BRBs configurations (diagonal
bracing)
In the industry, the out-of-straightness can be caused by
unbalanced hydrostatic stresses during the process when
the restraining media (concrete) is poured into the BRB
specimen. The residual stresses can be introduced when
the hot-rolled steel is inappropriately treated after
manufacturing. These imperfections may reduce the
design capacity of BRBs, which can increase the chance
of failure.

Figure 1. Comparison between conventional braces and
BRBs (Zsarnóczay and Vigh 2012)
As shown in Figure 1, due to buckling effect, the
conventional braces have significant smaller energy
dissipation in compression side than tension side. For
BRBs, the restrained members will limit the buckling
effect and increase the compression resisting ability.

The major objective of this project is to examine the
effects caused by the initial imperfections such as out-ofstraightness and initial residual stresses on the seismic
performance of BRBs.

Figure 2 indicates the typical BRBs configuration in a
structure. Due to the equal ability in tension and
compression, BRBs can improve the seismic
performance.

The hysteretic loops were plotted to evaluate energy
dissipation ability of BRBs based on different initial
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ABSTRACT
Damping relates to the dissipation of mechanical energy in vibrating structures. To date, the exact damping mechanisms
in structures are still uncertain. So, there has not been any consensus for an approach to model damping. However,
damping has a great influence on dynamic responses predicted in seismic analyses. As such, it is important to understand
the qualities and pitfalls of models used. To this end, the 7 models examined include 3 variations of global Rayleigh
damping (GL-Initial, GL-Secant, GL-Tangent) and 3 variations of elemental Wilson-Penzien models (ELE-Initial, ELESecant, ELE-Tangent). As their names imply, each is based on either initial, secant or tangent-stiffness while yielding.
The last is a global Wilson-Penzien model which allows custom damping ratios (GL-Linear). To evaluate different
models, a common platform must be established for comparison. By using single-, double- and ten-degree of freedom
frames, damping models were parametrised to produce similar elastic responses from a suite of 20 ground motions. Plastic
hinges allowed members to yield at half the peak elastic moment experienced by the GL-Initial-damped structure. Relative
to GL-Initial, ELE models tend to suggest higher localised demands in bottom floors (up to 40 % greater drift) despite
similar roof displacements. From these analyses, it was discovered that hysteretic members cause GL-Tangent to
sometimes input energy instead of dissipating energy. Being the least conservative model as well, it was ranked the last.
The best-performing model was ELE-Secant for a few reasons. Firstly, responses were moderately conservative and peak
demands occurred realistically in the bottom-half storeys. Secondly, element-specific damping is versatile and can vary
with progressively worse yielding. However, two limitations of ELE models are their sensitivity to time-steps above 0.001
sec, and the challenge to determine appropriate damping parameters. Run-times did not differ significantly between
models, so this did not affect their ranking.

1.

are better described as
(Whiteman & Ferri, 1996).

INTRODUCTION

displacement-dependent.

Yet, Rayleigh damping remains in widespread use by
virtue of its simplicity and convenience. Its damping
parameters are easily computed from a linear
combination of the structure’s mass and stiffness
matrices. This convenient aspect facilitates modal
analysis by treating the system response as a combination
of uncoupled modes (or patterns of vibration) – each with
an individual rate of decay.

1.1. Background
Damping can be described as the dissipation of
mechanical energy in vibrating structures. It plays a
crucial role in predicting the dynamic response of
structures. Improper modelling of dissipation can lead to
cumulative errors, which compound over time from
dynamic loading like earthquakes.
While damping can be simulated reasonably well on
small and simple scales, there is no consensus yet for a
modelling approach to multi-degree of freedom (MDOF)
systems. Among the possible reasons why this is so,
Adhikari (2000) suggested that a major impediment lies
in a gap in understanding of the state-variables related to
(and which determine) the damping forces.

The issue with this fundamental assumption is that it
contradicts the behaviour observed in real structures,
which tend to exhibit complex modes. In light of this, a
number of alternative models have been developed in
literature to simulate the damping phenomenon.

For instance, Rayleigh damping employs velocity as the
relevant state-variable. It is not clear however, whether
viscous damping is representative of the dissipation
mechanism inherent to structures. In fact, previous
studies have shown that damping effects like dry-friction

This project sets out to determine whether there are better
alternatives to Rayleigh damping. In defining ‘better,’ a
key consideration is whether a damping model is more
representative of reality; and if so, how feasible or

1.2. Objectives and Scope
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ABSTRACT
Pile groups are commonly used foundation systems for bridges and other structures. When subjected to lateral loads,
grouped pile foundations provide resistance through a combination of structural resistance and complex interaction with
the surrounding soil. This resistance is not simply the sum of the resistance that would be offered by an individual pile,
as each pile in the group influences the response of the other piles, and the group as a whole. This project focuses on
analysing pile group effects using three-dimensional (3D) finite-element analysis (FEA) in OpenSees, with an advanced
beam-to-solid contact element that allows for a detailed consideration of the soil-pile interface. The capabilities of the
element, and the “Superpile” approach, commonly used in bridge foundation design, were evaluated using group and
single pile models, respectively. The comparisons between the measured and group load-deflection responses indicate
that the 3D FEA developed is conservative, reasonably accurate, and suitable for design purposes, particularly when
design lateral loads are high. However, it was found that the “Superpile” approach was far more conservative at high
lateral loads, which currently leads to expensive design solutions. Observations suggest that the vertical displacement and
out of plane effects is different for each pile, demonstrating the benefits of using 3D FEA for analysing pile group effects.
1.

Moreover, as stated by Mokwa and Duncan (2000), piles
in a group carry unequal lateral loads, depending on their
location in the group and the spacing between piles. As
each pile pushes against the soil in front of it, it creates a
shear zone in the soil. These shear zones begin to enlarge
and overlap as the lateral load increases, as shown in
Figure 1. This unequal distribution of load among piles is
caused by “shadowing”, a term used to describe the
overlap of shear zones between piles in different rows,
and “edge effects”, when overlapping occurs between
two piles in the same row. These group interaction effects
consequently result in a reduction of soil resistance per
pile.

INTRODUCTION
1.1. Background

Modern society is heavily reliant on many important
structures being built using pile group foundations,
especially when soil conditions are inadequate. Pile
groups are an effective foundation system commonly
used for the purpose of transferring loads of the structure
to a deeper and more competent soil strata. While the
axial load must be accounted for in design, the response
of pile groups is under increasing scrutiny when
subjected to lateral loads, often due to the complex
interaction with the surrounding soil.

The lateral response of piles is typically analysed using
𝑝-𝑦 methods (Fayyazi et al, 2012). The pile is modelled
as a beam, and the soil around the pile is replaced by a
set of mechanisms that merely indicate that soil
resistance 𝑝 is a nonlinear function of the pile deflection
𝑦. Furthermore, Mokwa and Duncan (2000) state that the
concept of 𝑝-multipliers is a popular method to account
for group interaction effects by making adjustments to 𝑝𝑦 curves, and is employed in a number of computer
programs. The procedure follows the same approach used
in the 𝑝-𝑦 method of analysis, except that an empirical
reduction multiplier, obtained from full-scale load tests,
is applied to the 𝑝-values of the single 𝑝-𝑦 curve. This
reduces the ultimate soil resistance and softens the shape
of the 𝑝-𝑦 curve. The use of the 𝑝-multiplier technique in
pile group design (with no data available from full-scale
load tests) relies only on the ratio of the pile row spacing

Figure 1. Illustration of shadowing and edge effects in a
laterally loaded pile group (Fayyazi et al. 2012).
According to CALTRANS (2011), piles in groups tend
to be less efficient in resisting lateral load, on a per pile
basis, than isolated piles. This lost efficiency is caused by
the overlapping stress fields of closely spaced piles.

99

Modelling and analysis of floor diaphragms in concrete, steel
and timber buildings
C. Mah and S. Neupane
Final Year Projects, 2017
Dept. of Civil and Natural Resources Engineering
University of Canterbury
Project supervisor(s): D. Bull
Keywords: Floor diaphragms, Concrete floor diaphragms, Steel diaphragms, Timber diaphragms, Concentrated gap,
Linking slab
ABSTRACT
The primary objective of this report was to investigate the similarities and differences between how concrete,
steel and timber diaphragms distribute seismic loads to the lateral load resisting elements. Understanding the
differences between how different diaphragm types perform under lateral loading allows us to model and
account for their differences in a more effective manner. A simple grillage model was developed in SAP2000 as
the basis of each material’s diaphragm representation, with minor modifications made to the layout of each
grillage to represent the difference in configuration of each diaphragm. In the case of a concrete diaphragm, the
grillage was further modified to account for the effects of beam elongation, compromising the desired load paths
and redistributing them within the diaphragm. A potential solution for this issue making use of intermediate
beams and flexible linking slabs was suggested, with a representative grillage being modelled to show the
predicted load path distribution. It was found that this solution significantly decreased the amount of
compressive stress at the receiving node (column) of the vertical lateral force resisting (VLFR) system when
compared to the model incorporating beam elongation. Lateral displacement of columns in a steel concrete
composite floor caused the column to push against the concrete slab. This caused either elongation or spalling of
the concrete. Isolating the column from the slab was determined to prevent the column from pushing against the
slab. The resulting load paths found that columns experienced lower loads, allowing for full transfer of forces to
the VLFR. Timber diaphragms were found to tear due to displacement incompatibilities between the floors and
columns. To prevent the incompatibilities, incorporating gaps, concentrated gap or spread gap, allowed floor
panels to twist, limiting large gap openings from forming.

1.
1.1.

diaphragm types perform under lateral loading allows us
to model their differences in a more effective manner.

INTRODUCTION

Floor diaphragms are subject to two different force
modes, inertia forces and transfer forces (Bull, 2016).
Inertia forces are forces induced on the diaphragm due
to the accelerations caused by lateral loads. These forces
are transferred from the diaphragms to the lateral force
resisting elements. Transfer forces arise from
displacement incompatibilities between the vertical
structural elements. Different stiffness and strength
distributions between the vertical structural elements
cause different lateral displacement patterns. It is the
difference in these patterns that creates the transfer
forces.

Background

Floor diaphragms are essential structural elements of all
buildings. Floor diaphragms are required to transfer
lateral forces generated from predominantly wind loads
and earthquake forces, to the vertical lateral load
resisting systems. The transfer of such forces are done
by creating certain load paths within the diaphragm. It is
essential to understand how different floor
configurations deal with such loads. Concrete, steel and
timber diagrams each have their own unique
characteristics. Concrete diaphragms are often
considered rigid while timber diaphragms can be
considered both rigid and semi-rigid (due to the high
amounts of flexibility offered by timber) (Moroder,
Smith, Pampanin, & Buchanan, 2015). Subtle
differences such as these cause a difference in how the
loads are transferred within the diaphragms themselves
and then on to the other structural components within
the system. A better understanding of how different

Strut and tie method is a way to determine how forces
are distributed within a building or diaphragm. The load
path is assumed by creating compressive struts that are
balanced with tension ties. The magnitude and direction
of the struts and ties are such that the forces acting of
the floor is in equilibrium. The resulting truss-like
system determines the load path of the diaphragm.
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ABSTRACT
Footfall induced vibrations can occur in elevated walking surfaces in structures due to normal human activities such as
walking and running. If the vibrations are too high, they can cause occupant discomfort. Being able to reliably estimate
the dynamic properties of the supporting structural system is a key part of designing a structure to limit such vibrations.
However, currently, methods to assess the floor vibration response in realistic structures is not well known. This paper
describes walking tests at an office building in the Christchurch CBD both before and after fitout to determine properties
and response. Sensitivity of floors to vibration response parameters such as the individual’s weight, the walking frequency
and the presence of non-structural elements is considered. The results are then compared to numerical analyses which
were conducted using OASYS, a commercial footfall analysis package, and SeismoStruct, a frame analysis software. The
induced vibration response is obtained in terms of the dimensionless response factor, R-value.
It is concluded that OASYS generally provided greater R-values than that obtained experimentally. Participant weight
increased floor response and presence of non-structural elements decreased it. Variation of walking frequency, between
1.8 Hz to 2.2 Hz, had minimal effect on the floor’s response. The SeismoStruct model generally predicted higher R-values
compared to the experimental results. These SeismoStruct R-values were higher by a value of approximately 3.4.
However, when the 105 kg participant results was removed, the average overestimation in R-value by SeismoStruct
dropped to a value of 2.5. This indicated that Seismostruct overestimated the 105 kg participant in general.
1.

from individual to individual as shown in a
study by Fedrick Luden and Co (Ljunggren et al.,
2007). Literature states that the perception level of
induced floor vibrations by an individual depends on the
proximity of the source, the excitation frequency and its
associated mass thus making acceptance criteria difficult
to quantify (Ljunggren et al., 2007). For this study, the
source was portrayed to be an individual human walking
at different frequencies across a composite floor.

INTRODUCTION
1.1. Background

Footfall induced vibrations are induced by users
performing normal human movements such as walking,
running and jumping. Walking possess a frequency of
about 1.6 – 2.4 Hz and so its harmonics might excite the
floor at its fundamental frequency leading to severe
response amplification, i.e. vibration.

Various standards utilise the concept of a Response
Value (R-value) that uses baseline curves and multipliers
to specify floor vibration criteria. The baseline curve
(Figure 1) indicates the minimum threshold of
perception. The vibration criteria for a specific area can
be obtained by multiplying the baseline acceleration by
the appropriate R-value. For an office environment an Rvalue below 8 is deemed acceptable (Miller &
Duschlbauer, 2013)

It is an important serviceability consideration in the
design of a structure such that the extent of footfall
induced vibration will not exceed a particular criterion.
Floor vibrations can be a problem as it may be noticed by
other people and, if excessive, can detract from the
quality of a structure (Ljunggren, Wang, & Ågren,
2007). An increasing trend towards lighter, longer span
floors has resulted in reduced substructure costs which
can be very beneficial for clients and associated
stakeholders. In addition, the trend towards large
partition-free office layouts has also brought the issue of
floor vibration to the attention of designers
and associated stakeholders. This has resulted in floor
vibrations becoming the governing design factor in some
circumstances.

In order to effectively address the vibration serviceability
criteria of floors, there is a need to be able to reasonably
estimate the dynamic properties of floor systems.
Currently, finite element (FE) modelling is used, but it
demands good engineering judgement as real buildings
are complex. There are a variety of parameters such as:
member end conditions, column axial stiffness,
composite action and non-structural effects that need to
be modelled in order to properly anticipate the interaction

The severity of these vibrations is determined by
humans’
level
of
annoyance
towards
the
vibrations. Human perception of floor vibrations varies
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ABSTRACT
Web side plate (WSP) connections consist of a WSP bolted to the web of a beam. The WSP and the beam web not lying
in the same vertical plane cause a load eccentricity under shear or axial loading. However, common design practices in
New Zealand do not explicitly consider the effects of this load eccentricity. Therefore, the purpose of this research paper
was to investigate the effect this load eccentricity can have on the capacity of a WSP connection when it is subjected to
shear loading alone. To do this, a finite element model was developed to predict the behaviour and performance of WSP
connections under monotonic shear loading. Via the use of experimental data gathered from previous research into web
side plate connections the performance of the model could be validated. It was shown that the finite element model could
replicate the behaviour and performance of WSP connections well. Using the validated model procedure two different
standard WSP connections were modelled and subjected to various parametric studies. It was found that for some typical
NZ configurations the failure modes were identified to be bearing failure of the WSP or beam web and bolt tear out. The
failure modes most susceptible to eccentric effects were considered to be bearing of the WSP and bolt shear failure. In
general the effects of the eccentricity was considered to not be significant, however, there was one exception. The strength
of the WSP connection was seen to decrease by 24% when the WSP was extended. It was concluded that the current
design practices were appropriate for all WSP connections investigated except for those with extended WSPs. For
extended WSP connections additional guidance was developed. Thus, considering the additional guidance in conjunction
with current design practices will result in good behaviour for extended WSP connections.
1
1.1

INTRODUCTION
Background

Standard shear tab connections, more commonly known
as WSP connections, are regularly used in steel
construction due to their ease of erection and low
fabrication costs. These shear connections are primarily
used to transfer the end reactions of simply supported
beams to supporting members e.g. columns or primary
beams (Abolhassan et al., 1994). The connections consist
of three structural members: a supporting member, a
supported member and a web side plate. The web side
plate is most commonly shop welded onto the supporting
member and then bolted onto the web of the supported
member during construction. However, this arrangement
between the WSP and the supporting beam creates and
eccentricity under shear or axial loading as the web side
plate and beam web do not lie in the same vertical plane.
An illustration of common WSP connections can be seen
in Figure 1.

Figure 1. Standard Web Side Plate Connections
(Clarke et al., 2007)
1.2

Need

It may be seen from the discussion above that for robust
design we should consider all failure modes and the WSP
eccentric effect needs to be considered.
1.3

Scope

This project addresses the need by seeking the answers to
the following questions.


Currently, New Zealand Standard NZS3404 specifies
that engineers must consider all possible load paths and
modes of failure. Although, standards and current design
guides do not explicitly provide guidance on designing
eccentric beam shear connections. Also, it is not common
practice for engineers in New Zealand to consider the
effects of this eccentricity in design.
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What previous, research has been done and what
methods have been developed for the design of
WSP connections?
How does having an eccentricity between the
WSP and the beam web effect the shear capacity
of a WSP connection?
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Tracking Technology
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ABSTRACT
Particle tracking, a flow visualisation technique, has the potential to be applied in many fields of engineering including
timber material testing. To assess the accuracy of particle tracking software, Streams, the embedment properties of CrossLaminated Timber (CLT) were compared with results obtained with standard testing practices. Samples were prepared,
tested, and analysed according to the ASTM D5764 – 97a (2013) standard. Images were captured during the experiment
and imported into Streams to calculate displacement and Lagrangian path fields. It was found that Streams measured
smaller displacements during elastic response and larger displacements after embedment. It was verified that Streams has
the capability of measuring accurate displacements with a 1-3% lower prediction than that of the experimental results.
From displacement fields created in Streams, strain fields were calculated to assess the accuracy of numerical models
representing local deformation response of timber mediums. For large scale testing, it is recommended that Streams is
further programmed to allow processing to become automated to reduce manual processing time.
Embedment strength results obtained from experimental testing were significantly lower than predictions of current
design standards. Based on the results of three-layer CLT samples, a multivariate regression analysis was used to develop
a new empirical relationship for the embedment strength. The analysis used a non-linear least squares curve fit of the
experimental data. The new model was compared against experimental test results and a better fit was achieved compared
with design equations from overseas design practices.

1.

1.2. Research at the University of Canterbury

INTRODUCTION

Large-scale connection tests have been conducted at the
University of Canterbury on the ductility of large-scale
dowelled CLT connections under monotonic and cyclic
loadings (Ottenhaus et al. 2017). The present research
project is being undertaken in conjunction with the
aforementioned research to aid the development and
understanding of the use of PTV in timber material
testing.

1.1. Background
Testing standards for the embedment strength of Cross
Laminated Timber (CLT) have been derived for overseas
timber species. In New Zealand (NZ), Pinus Radiata is
predominantly used in CLT manufacture. Comparison of
overseas models with NZ timber needs to be conducted
to verify whether methods can be adopted in NZ.

1.3. Objectives

Particle Tracking Velocimetry (PTV) involves placing
particles in a medium and taking a video or photos to
develop a sequence of images. Particles can then be
tracked and matched between frames to produce particlecentred velocity estimates which can be interpolated onto
a rectangular grid to obtain displacement fields,
Lagrangian path fields, and strain fields (Nokes 2017).
Material testing can benefit from PTV analysis
techniques to understand how materials behave under
loading. Streams software developed in the Department
of Civil and Natural Resources Engineering at the
University of Canterbury was used which provides a
broad range of tools for analysing fluid flow visualisation
experiments, including PTV (Nokes 2017).

Using current testing practices and PTV, the objectives
of this research project are as follows:
1.
2.
3.
4.
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Determine the embedment strength of CLT
using standard test methods and PTV.
Compare embedment strength results to
literature and international codes.
Analyse local failure mechanisms and
deformation response using PTV.
Produce a technical note on the PTV procedure.

Modelling Timber-Steel Hybrid Shear Wall Systems
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Final Year Projects, 2017
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ABSTRACT
The high seismicity in New Zealand has created design challenges for lateral load resisting systems in buildings.
The objective of this project was to study the lateral behaviour of a type of timber‐steel hybrid shear wall system
suitable for mid‐rise timber buildings. This system consists of a timber infill wall encased by a steel moment frame.
This hybrid system can provide much higher capacity than conventional light timber frame (LTF) shear walls and
is therefore suitable for mid‐rise LTF buildings. A numerical model was developed in Abaqus to simulate the
hybrid shear wall behaviour. The connections used in the model were calibrated using experimental data provided
from another research project. Several of the system parameters were adjusted to investigate their effect on the
performance of the hybrid system in order to improve the load sharing mechanism between the timber infill wall
and the steel moment frame. The modelled systems were subjected to cyclic displacements applied at the top of
the wall with the hysteresis response of the wall being recorded. Results showed that the hybrid system was capable
of resisting much higher loads than traditional timber shear wall systems or steel frames on their own. It was found
that larger nail sizes and thicker plywood increased the lateral load resistance of the timber infill shear wall.
Furthermore, nail spacing was determined to have a direct influence on the load sharing of the two subsystems.
However, the relatively low extent to which pinching influenced the force-displacement curves from the case study
walls suggested that the steel frame provided the majority of the lateral load resistance. Further investigation into
the connections between the steel frame and the timber infill shear wall is required to improve the load transfer
mechanism.

1.

meet the housing demands in large cities in New Zealand.
By choosing a hybrid system the best aspects of both
materials can be utilised such as the low cost, ease of
construction and sustainability of timber along with the
high strength, durability and stiffness of steel.

INTRODUCTION
1.1. Background

A lack of affordable housing is a major concern in New
Zealand. Additionally, the recent Christchurch
earthquakes have brought the structural integrity of new
and existing buildings into the spotlight. These two issues
combined with a worldwide movement towards
sustainability in the building industry mean that the
construction of new buildings is an area of significant
interest. Shear walls in timber buildings are structural
systems that mainly utilise braced panels to resist wind
and seismic loads. Due to high seismicity in New
Zealand, proper design of structural systems that resist
seismic loads is very important.

The timber-steel hybrid system modelled in this study
consists of a steel moment resisting frame (MRF)
combined with an infill timber shear wall with plywood
sheathing. Bolted connections are commonly used
between the steel MRF and the infill LTF shear wall,
whereas nailed connections are used between the timber
framing and the plywood sheathing. Figure 1 shows an
example of a hybrid shear wall system.

Mid-rise light timber frame (LTF) buildings have the
potential to provide a cost effective and sustainable
solution to satisfy the current housing demand. LTF
systems are currently predominantly used for low-rise
residential housing, and conventional LTF bracing walls
are generally insufficient in resisting high lateral loads
such as wind and seismic loads in taller buildings.
The use of steel-timber hybrid shear walls allows for
greater lateral performance and thus they are potentially
a cost-effective solution for mid-rise LTF buildings to

Figure 1. Timber-steel shear wall system
(He et al., 2013).
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ABSTRACT
This paper presents a study on the design of floor systems in multi-storey residential buildings. The Timber Structures
Standard (NZS3604:2011) has developed a design approach for conventional I joist floors. However, the design of cross
laminated timber (CLT) floors and timber-concrete composite (TCC) floors are not included. Composite floor system
normally performs better than timber only floor systems in multi-storey residential floors. It can provide higher
stiffness, better fire and acoustic separation performance than the timber only floor system. A case study was conducted
on a multi-storey timber building to examine the adaptability of foreign design approaches, such as Eurocode 5, in the
New Zealand context. Timber only floor options, such as I-joist, CLT and timber joist floor options are mostly
deflection and stiffness governed. Relative high composite action can be achieved for the TCC floor system with the
calculated ‘Gamma coefficient’ around 0.54 except for the combined CLT and concrete floors. Due to additional
contribution from the concrete topping, effective flexural stiffness for the composite floors can be increased
significantly. Preliminary cost estimation for various floor options in the case study was conducted to compare the cost
benefits of the floor systems. It was found that cost of the timber only floor systems were approximately 36.8% less
than that of the composite floor systems due to the additional shear connection and concrete cost. And in the case study,
the construction cost was evaluated by Gantt chart with total construction time 145 days for the timber only floors and
175 days for the composite floor system.

1.

TCC floor, as shown in Figure 1. Multiple performance
criteria such as structural, fire, acoustics and vibration
control problems need to be satisfied.

INTRODUCTION

In New Zealand, light timber-framed (LTF) systems are
dominantly used for low-rise residential houses due to
cost efficiency and structural efficiency of timber. The
growth of urban population in places such as Auckland,
leads to an increase in housing demand and limited land
supply. To solve these challenges, medium density
housing should be provided. The mid-rise LTF
buildings can become a cost effective and sustainable
option to fulfil the need in housing demand and satisfies
the design criteria. In Europe and North America, midrise LTF buildings have been used extensively to meet
the housing demand. In New Zealand, NZS 3604:2011
for light frame buildings specifically limits the building
height to 10 m. Thus, if mid-rise buildings are to be
constructed in New Zealand, new studies are required to
enhance the conventional LTF systems design approach
which may differ from those used in Europe. In a multistorey building, the floor systems need to carry vertical
loads induced from live and dead loads and to provide
diaphragm action under lateral wind and seismic loads.
Different floor systems have been used around the
world for mid-rise timber buildings which include
conventional joist floors, solid mass panel floors and

Figure 1. (a) Cross-section of conventional I-joist (b)
Cross laminated timber profile (c) Cross-section of TCC
floor.
This project focuses on studying the different floor
system designs in multi-storey timber buildings.
Research is also undertaken to identify advantages and
disadvantages of various floor systems with respect to
structural, fire, acoustics and vibration control. Case
studies on a number of floor design options will be
conducted to examine the adaptability of different
building technologies in the New Zealand context. The
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ABSTRACT
Amendments in New Zealand design codes and policy changes by the New Zealand Government have resulted in
multi-storey timber buildings gaining popularity. The inability to find an optimum solution between seismic, fire and
acoustic disciplines often results in compromised acoustic performance in favour of the building’s structural
performance. Double party walls are an effective way of mitigating sound transmission between inter-tenancy units,
however this may cause an issue of floor discontinuity with a lack of force transfer mechanism. Structural connections
have been proposed and are currently in the preliminary stages of testing. This study was conducted with the purpose of
investigating the force transfer though double party walls and their performance under seismic loading. A floor plan
model was constructed in ABAQUS using the results of a calibration model in MASTAN2. The floor model was
subjected to an equivalent static force to determine the displacement behaviour. The stiffness of the double party walls
and the spacing of the connections between the floor diaphragm over the double party walls was varied to study their
influence on the displacement, shear and axial forces in the connectors. When a double party wall stiffness of
308.0 N/mm and connector spacing of 600 mm was used, both the SLS requirements were satisfied.

1.

with the level of noise control despite the building
surpassing all code requirements.

INTRODUCTION

Substantial growth in New Zealand’s urban centres has
prompted the need for additional terraced housing.
Whilst structurally feasible, multi-storey light timber
structures have not been utilised to the same extent as
structural steel or reinforced concrete. Prior to the
introduction of the performance-based building code in
1991 (Buchanan et al., 2006), the use of multiresidential timber buildings were restricted to hotels and
motels. The reason was the shorter spans that could be
achieved between units due to the large amount of walls
required to support the structure.

To address this issue, the double stud party wall system
has been proposed between inter-tenancy units, as seen
in North America. However, in New Zealand,
insufficient research has been conducted into this
system’s performance subject to local seismic
conditions. This restriction justifies the lack of
prominence of double stud party wall design in NZ
buildings. The objective of this research is to determine
the floor behaviour supported by double party wall
systems and develop a better understanding of the force
transfer that occurs in the floor diaphragm. To simulate
this, an Equivalent Truss Model was created in
ABAQUS with double party walls replacing single
party wall walls between inter-tenancy units.

Light timber buildings have the benefit of a reduced
lateral load compared to steel and concrete structures
due to the lower seismic weight that can be achieved.
However, one of the major impediments is the poor
acoustic performance standard party walls offer in
addition to the public’s misperception of the fire
performance. Currently, the New Zealand Building
Code (NZBC) has clauses in place limiting noise
transmission between habitable spaces of household
units. This requires that all walls, floor and ceilings
have a Sound Transmission Class (STC) no less than 55,
which equates to an acoustic comfort of 50% for
occupants (Department of Building and Housing, 2006).
As a result, building residents are often left dissatisfied

2.

LITERATURE REVIEW

The application and construction of double party walls
requires compliance with seismic, fire and acoustic
specifications. Many research projects have been
conducted to investigate the performance of
multi-storey timber buildings in accordance with these
specifications albeit in isolation. An optimum solution is
yet to be identified, with compromises often made
between the disciplines.
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ABSTRACT
The effect of the length of structural walls on a building’s seismic response was investigated using a range of slender
walls. The slender walls had a shear-span ratio greater than 2.5 which ensured flexural behaviour would govern. Three
different reinforced concrete wall configurations, for a five-storey and eight-storey building, were modelled using
XTRACT and SAP2000 to capture their behaviour under lateral load. The XTRACT and SAP2000 models were
calibrated against the experimental response of a flexural wall. During the design stage, which was done to NZS
3101:2006, it was discovered that as the wall length reduces the amount of longitudinal reinforcement must increase to
meet the same moment demand per metre length of wall. Consequently, wall configurations with a large shear-span
ratio result in larger quantities of longitudinal steel to meet the flexural demand on the building. Under lateral loading,
these systems are much more flexible which results in greater drifts for the building. The lateral force required to induce
flexural cracking in the walls is also much lower. However, the shorter walls have a larger plastic deformation capacity
than the longer walls. It was also discovered that as the shear-span ratio increases, the plastic hinge length increases,
although all plastic hinge lengths were well below the 50% of the wall length as recommended by NZS 3101:2006.
1.

wall under moderate levels of shaking is also important
for the owner and occupants. It is this behaviour that
may influence the cost of repair and the operational
down-time before the building can be reopened. The
building’s response under moderate shaking will also
influence the safety and comfort of the occupants. Thus,
the wall configuration of a building is an important
consideration for designers as it is likely to heavily
influence the building’s behaviour.

INTRODUCTION

Structural walls in buildings are provided to resist two
main types of loads. Gravity loads are carried axially
while lateral loads are carried in plane along the wall.
The gravity loads originate from the mass of the
building and its occupants while the predominant lateral
loads result from wind and earthquakes.
The geometry of a wall has a significant impact on its
behaviour under lateral loading. Squat walls are
relatively stiff and likely to be influenced by shear
deformations. However, as walls become slenderer, or
alternatively, as the shear-span ratio (M / VLb),
increases, shear deformations become less significant
and the dominance of flexure emerges. For walls with a
shear-span ratio greater than 2.5, shear deformations are
unlikely to be significant.

Currently, there is very little guidance for designers on
the selection of wall length. It may be dictated by
architectural preference, but often it is chosen without
much consideration. The length of the structural walls in
a building typically only makes up a portion of its
dimension – there is enormous freedom for the designer
to choose a suitable length. The aim of this research is
therefore to provide insight into how the building’s
response is influenced by the selection of wall length by
the designer.

There are several variables that can affect the failure
mode of flexure-dominated walls. The inelastic
deformation capacity may be determined by the
concrete confinement or the tensile capacity of the
reinforcement. P-Δ effects become more significant at
greater drifts experienced by flexible walls. Slender
walls can also face out-of-plane stability issues
exhibited by buckling of the compression edge.

The number of geometries available for wall sections is
practically limitless. Rectangular walls are relatively
popular, but flanged walls with enlarged boundary
elements are not uncommon. Structural walls may be
standalone walls (cantilever) or linked together with
coupling beams (coupled). The behaviour of coupled
structural walls is considerably more complex due to the
interaction of the individual building floor movements
with the wall response.

Since it occurs so infrequently, the ultimate limit state is
not the only parameter of interest. The behaviour of a
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ABSTRACT
The Christchurch earthquake in February 2011 caused catastrophic damage to the CBD and surrounding suburbs. Over
900 buildings in the CBD and a further 10,000 residential homes required demolition. In order to understand the
demolition process and aid recovery planning the demolition downtime was quantified in this paper. This was done
using the Canterbury Earthquake Recovery Authority (CERA) demolition database, which allowed an in depth look into
each phase of the demolition process. Using factors including (i) building location, (ii) building height and (iii) the
demolition initiator, the influence of each phase of demolition could be determined. The data was first refined by
removing outliers and the demolition phases were quantified and categorised. Following this, a MATLAB code was
developed which, when used in conjunction with the excel data, produced cumulative distribution function (CDF) plots
for each phase. Each phase’s CDF was then analysed with respect to each of the factors mentioned above to understand
common trends. It was found that when analysing the demolition and reaction phases, projects initiated by CERA had
shorter durations than owner initiated ones. However, owner initiated demolitions seemed to have a shorter planning
phase on average. Following this, the location of demolition was investigated. It was found that sites in the suburbs had
both shorter demolition and clean up phases than properties in the CBD. Finally the influence of building height on the
demolition duration was analysed. From this analysis it was determined that the physical demolition and clean up time
increased proportionally to the building height. This was likely due to the amount of material being deconstructed and
disposed of. Following these analyses, statistical parameters and the statistical distribution of the total demolition time
was determined, which is useful to statistical modellers investigating the demolition times and recovery planning
following future earthquakes.
1.

impact the duration the most. Hence, this will allow the
person(s) to further understand the demolition process
and aid future recovery planning. Furthermore this
research could be related to other disaster rebuilds for
cities of a similar scale with buildings which are
predominantly reinforced concrete, as were the
conditions in Christchurch before the earthquake.
Relating this to other disasters will allow an acceleration
in rebuild rates. This will be done by finding what
stages require more resources and which phases of the
demolition work well under certain conditions, such as,
location or who initiated the demolition.

INTRODUCTION
1.1. Context

On the 22nd of February 2011, Christchurch was struck
by a magnitude 6.3 earthquake. As a result of this, an
estimated 900 buildings in the Christchurch CBD and a
further 10,000 residential homes around Christchurch
were demolished (Kaiser et al., 2012). In the months
following the earthquake, the government established
the Canterbury Earthquake Recovery Authority
(CERA). This was done in an effort to lead and
coordinate the recovery of the region, considering the
large scale of the earthquake damage.

1.2. Review of Past Works
Looking into other research done on the Christchurch
rebuild, the article, Urban Disaster Recovery in
Christchurch: The Central Business District Cordon
and Other Critical Decisions (Chang et al, 2014) brings
valuable research on the topic. This journal article
explores the decision making processes involved in the
rebuild by interviewing 23 different people involved in
the reconstruction efforts. Using information provided
by industry professionals, the effects of the CBD cordon
including simplification of demolition practices as well

As part of the work done by CERA, a demolition
database was produced which outlined significant
demolition milestone dates for over 2,000 buildings in
both the CBD and suburbs. By using this database,
demolition downtime could be quantified specifically
for Christchurch. Demolition downtime in this report is
classified as the time of the earthquake till the time in
which rebuilding may begin on the land. Quantifying
demolition downtime will allow land developers as well
as project managers to see what stages of the demolition
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ABSTRACT
The Christchurch earthquakes caused widespread damage throughout the region with around 1800 buildings in the
Christchurch CBD either partially, or completely damaged. The earthquakes have caused a shift in the New Zealand
design philosophy from a ‘life safety’ performance level to an operational/damage control performance level. The
development of base isolation and low damage technologies - such as the hybrid rocking frame system nicknamed
PRESSS - has been a major factor in this shift and allowed for feasible designs of new buildings that can now meet these
targets levels. This project aims to investigate and prove the performance and cost benefits associated with incorporating
these technologies in design, as opposed to using traditional monolithic structures.
A traditional 5 storey seismic only moment resisting frame was designed using direct displacement based design and then
redesigned with these low damage technologies. The base isolated system resulted in more than a 50% reduction in section
size. Computer modelled frames were then analysed using a pushover analysis and non-liner time history analysis using
a range of real earthquake motions. There were significant interstory drift and peak floor acceleration reductions
associated with base isolation, while the PRESSS technology allowed the superstructure to remain elastic whilst
replaceable sacrificial mild steel bars yielded. Both systems resulted in less damage, and less operational downtime, with
performance and cost benefits clear to see. These clear benefits prove that the prejudice against low damage technologies
benefits must be addressed as the city of Christchurch continues its rebuild.
1.

realisation that increasing strength may not enhance
safety nor necessarily reduce damage has led to this shift.
Performance based philosophy emphasizes the
importance of performance rather than strength when
designing for seismic resistance. It is an expression of the
maximum acceptable damage extent under a design level
of ground motion, thus represents losses and repair costs
due to both structural and non-structural damage
(Buchanan et al., 2011).

INTRODUCTION
1.1. Context

The current seismic design philosophy in New Zealand
and in all major seismically prone countries around the
world is to design buildings to target ‘life safety’.
Meaning, if the building is designed to the current
seismic code standards, then under a design earthquake
the building will suffer extensive damage, but collapse
and loss of life will likely be prevented.

The development of low-damage technologies has
allowed for significantly cheaper and more feasible
designs to move a buildings performance from life-safe
to operational after a design earthquake. Despite this,
there is still a prominent public opinion that these
technologies result in the building costing a lot more, and
as such, stakeholders are often reluctant to integrate them
into design.

The February 2011 Christchurch earthquake resulted in
widespread damage throughout the Canterbury region
with approximately 1800 buildings in the CBD either
partially or completely demolished. Many building
owners were surprised and arguably upset to see these
damage levels, and were under the opinion that the
engineering community had failed. They did not realise
that this earthquake was much greater than a design-level
earthquake, and that with this in mind, the majority of
buildings performed as they were designed too and met
the ‘life safety’ standards that had been set.

1.2. Objectives
The aim of this project is to investigate the performance
benefits and potential cost savings associated with using
base isolation and low damage technologies on new build
projects in Christchurch. Cost savings will be targeted
through damage control savings, and reductions in the
superstructure due to reduced seismic demands.

After the Canterbury earthquakes there has been a big
shift in New Zealand towards Damage Control Design
according to a performance based philosophy. The
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ABSTRACT
In New Zealand there appears to be no simplified, effective method of analysing the rotational stiffness of beam-column
joints in steel moment resisting frames. Many practicing engineers use simplified design tables to design beam-column
joints, which do not take into account the flexibility of the joint. This results in the assumption that beam-column joints
are infinitely stiff. Alternatively, engineers may presume that by using centreline models they are appropriately capturing
the joint stiffness without verifying the accuracy of these assumptions. Many international building codes take into
account the rotational stiffness of beam-column joints. In particular, the European steel building code, Eurocode 3, uses
the component method to evaluate the joint stiffness.
This study presents an analytical investigation on the influence of beam-column joint flexibility on the seismic response
of steel moment-resisting frames. A case study building was designed with a moment resisting frame around the perimeter
to resist lateral movement. It was then modelled using SeismoStruct software with different connection design approaches
to compare any discrepancies in lateral displacement or drift. The first model followed typical New Zealand design
practise for beam-column joints, which assumes that the moment resisting frame joints are infinitely stiff. The second
model was based on European design approach, taking into account rotational stiffness of the joint. The first model was
designed to comply with the 2.5% drift limit specified in the New Zealand Standard, NZS1170.5. However the drifts from
the second analysis, where rotational stiffness of the joints was taken into account, yielded drifts over the New Zealand
Standard limit.
Due to the results acquired from these analyses, a re-evaluation of typical design practice in New Zealand was
recommended. Part of this project included proposing a simplified method that practising engineers could use to determine
beam-column joint stiffness. Therefore, a series of tables have been created, which could be added to the HERA Design
Guide. These tables contain the rotational stiffness’s of commonly used joints and can be easily looked up when the beam
and column member sizes are known. This would provide an effective tool for practicing engineers to efficiently consider
beam-column joint stiffness in the design of steel moment resisting frames.
1.

joint connections, and allow the designer to determine the
required member sizes and connection details. Practising
engineers may interpret this as the governing design
consideration, resulting in them designing connections
based on adequate strength but not considering joint
flexibility.

INTRODUCTION

Steel moment resisting frame structures (MRFs) are
commonly used in multistorey and high-rise buildings in
seismic regions, such as Christchurch, New Zealand.
MRFs are used to resist lateral seismic actions. The
assumption that connections are fully rigid means that
when the frame is subject to lateral displacement, rotation
will occur in the beam and column members (MacRae et
al., 2015). In reality, a beam-column joint will
experience some rotation and therefore is not fully rigid.
This analytical research project aims to investigate the
influence of beam-column joint flexibility on the seismic
response of steel moment resisting frames.

To investigate the influence of beam-column joint
flexibility on the seismic response of steel MRFs, a case
study building was designed with a MRF around the
perimeter. The case study building was first designed in
line with everyday design practise in New Zealand. This
included the assumption that the beam-column joints
offer no flexibility. However, in reality perfectly rigid
joints do not exist and all joints in a MRF will have some
degree of flexibility. The case study building was then
reanalysed with the rotational flexibility of beam-column
joints being taken into account. From these two analyses,

Many practicing engineers in New Zealand use
simplified design tables to efficiently design steel MRFs.
These tables provide the strength of steel beam-column
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ABSTRACT
Traffic signals play an important role in urban transportation networks. Changing of these signals timings cause changes
in the choices of the drivers and the re-routing of traffic. Therefore, finding an optimum set of signal timings for an
urban traffic network will reduce the time drivers spend on the road. The performance of a relatively new optimisation
method, the cross entropy method (CEM) in optimising traffic signal timings is studied in this paper. This is performed
by varying the parameters sample size and iterations. The CEM optimisation produced a decrease in the total travel time
by at least 41% (12,529 hours per day), with small improvements as the sample size and iteration number both
increased, which led to a cost saving of £43.5 million per year in the studied network of Cambridge. Conducting larger
simulations improved the results slightly, although still significant in a year: £105.86 thousand of costs savings and 29
hours per day on the road. The CEM method can be used to mitigate this loss through optimised signal timings. On the
other hand, it is not computational viable to carry simulations with samples size greater than 1000. The computational
time will be increased significantly in larger urban networks with potentially hundreds of intersections. However, it is
still
worthwhile
exploring
this
method
further
as
the
financial
benefits
are
significant.
1.

thus it is evident the travel patterns of vehicles will be
dependent on the signal lights. Variation of the signal
timings can improve the performance of the traffic
network or consequently make it worse. With proper
implementation, they would keep congestion to a
minimum and ensure maximum traffic flow possible
given the physical road constraints.

INTRODUCTION

In urban transport networks, traffic lights are installed at
intersections in order to facilitate the safe orderly
movement of cars and pedestrians to avoid collisions.
They also have another purpose, serving as vital
elements in transportation networks to regulate efficient
traffic flow and prevent gridlock, which improves the
use of road space and enhances traffic operations. Thus,
proper implementation of traffic signals will determine
the performance of the traffic network.

2.

BACKGROUND

Research has proven that the changing of signal timings
will cause some re-routing of traffic (Allsop, 1974), as
traffic users non – cooperatively seek to minimise their
own cost – travel time. This phenomenon occurs until a
user – optimal (UE) equilibrium state is reached where
no other user may lower their cost through unilateral
action. This resulting user equilibrium is termed
Wardrop’s First Principle (Wardrop and Whitehead,
1952).

According to a recent research by the firm INRIX
(Cookson and Pishue, 2017), drivers spend an average
of 26 hours in peak hour traffic, which costed the city of
Cambridge about £834 per driver for the year 2016.
This roughly translated to about £39m in economic
costs to the city. This cost is significant, taking away
from the economy and evidently costing businesses and
consumers in the city. Additionally, it also commonly
known that as traffic congestion increases, fuel
consumption and CO2 emissions increases. Travelling at
a constant velocity will emit much lower gases and
consume less fuel compared to congestion where
vehicles frequently stop and go. Decreasing congestion
by optimising traffic delay would help in reducing
emissions.

Research has also shown that repeatedly optimizing
signal timings assuming flow pattern remains fixed
leads to steady deterioration, ultimately reaching a
‘mutually consistent’ solution as flow pattern and signal
timings are functions of each other (Allsop, 1974;
Maher and Akçelik, 1977). On the other hand, if the re –
routing effect can be taken account of, signal control
can be then set – up in a way to persuade drivers into a
more preferable routing pattern to reach system optimal
(SO) equilibrium state, also appropriately termed
Wardrop’s Second Principle (Wardrop and Whitehead,
1952).

The most important variable in the proper
implementation of traffic signals is the signal timings
across the network. Most traffic signals across New
Zealand use a standard layout of red – orange – green
lights indicating stop, slow down, and go respectively;
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ABSTRACT
Permanent deformation which is also known as rutting is a major distress mechanism in hot mix asphalt.
Deformation is a common reason for road surfaces to require replacement. However, in New Zealand the current
specifications are pass or fail. Current New Zealand asphalt testing specifications require that permanent
deformation is tested under confined conditions. This means that the lateral movement in all directions for the slab
is prevented. Under current conditions only the first two phases of rutting are observed.
Wheel tracker testing was carried out under the normal testing conditions and under semi-confined conditions. The
semi-confined conditions allowed the lateral movement of the slab parallel to the direction of the wheel movement.
This was done with the expectation that the semi-confined conditions would show all three phases of rutting. This
was correct.
The results of this testing showed that the semi-confined wheel tracker testing does show all three phases of rutting
of the hot mix asphalt. The development of a new testing could be done with the modified semi-confined wheel
tracker testing. It would allow for greater separation of different mixes based on their permanent deformation
behaviour, which would allow more accurate mix selection to take place.
The modified test however is not representative of the conditions in place in real situations such as on the road.
Further investigation into further options for the test conditions is required. Possible alternative test conditions
include apparatus that apply a constant lateral force to the specimen as if deforms.
1.
1.1.

INTRODUCTION

The focus of pavement engineering research in New
Zealand has mostly been focused on structural
deterioration such as fatigue and thermal cracking.

Background

Currently the New Zealand specification for dense
graded and stone mastic asphalts uses wheel tracker
testing as a pass or fail test. This prevents mix designs
with bad resistance to permanent deformation from being
used but does little to separate the mix designs with good
permanent deformation performance from those with
acceptable performance.

Wheel tracker testing is a test of the permanent
deformation resistance in an asphaltic concrete mix. In
this test, a loaded wheel is run over the specimen
repeatedly. The cyclic loading of the specimen creates a
rut, this is measured to find the permanent deformation.
Theoretically there are three phases that occur when
asphalt is rutting. Initially a rut begins to develop and its
depth increases relatively quickly, in the second phase
the rut develops at a slower rate, and finally the rate of
deformation increases again as the asphaltic concrete
reaches catastrophic failure. In laboratory testing the
third phase is not reached (Perraton et al., 2011).

1.2.

Objectives

The primary aim of the project is to investigate the effect
of lateral confinement on asphalt concrete mixes
permanent deformation behaviour in the wheel tracker
test. The current standard tests asphalt specimens in a
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