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Introduction

Jeremy Watson | Director Global Research

These are the proceedings of the second of 
Arup’s Doctoral College conferences. The 
Doctoral College comprises all of the 50+ 
doctoral students sponsored by Arup whether 
staff or external candidates, and seeks to give 
them an intellectual home - a place to share 
ideas. We are delighted to support such a 
talented group of individuals, focusing on the 
research needs of our firm’s businesses, and 
so helping to fulfill Arup’s Research strategy.

The Doctoral College is part of Arup 
University which aims to increase the return 
on the intellectual capital of the firm by 
encouraging the connectivity with other 
learning and sharing activities. 

This year it is particularly pleasing to see 
many papers with direct relevance to Arup’s 
businesses. However, in satisfying the 
needs of corporate research it is essential 
to balance the drivers of ‘business pull’ on 
what we research, with ‘opportunity push’. 
Serendipitous research has given the world 
lasers, fibre optic communications and the 
internet, so we need to invest in both ways.

We hope you will enjoy the Conference and 
this publication. We trust that it demonstrates 
the relevance, value and diversity of our 
research to business leaders as well as 
growing and cementing our excellent 
partnerships with universities.



Session 1  
Developing our world
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Future-proofing building –  
smart technology in building frames

Thesis topic
Future-proof Building Structures

Doctoral study area
Structural Engineering

University
University College of London

Award
PhD

Group
Arup Buildings London

Date of study
January 2011 – December 2014

Introduction
The key problem identified by the research 
is the passive nature of structural systems 
of buildings which are often subservient to 
building form, with little impact on whole 
life sustainable criteria. This contrasts with 
heating, ventilation and air conditioning 
(HVAC) and security systems where smart 
systems are omnipresent. A radical rethink is 
necessary to unleash the building structure’s 
full potential in sustainable design, with 
ensuing economical benefits. This research 
reassesses building frames as future-proof 
assets through the introduction of smart 
sensing devices within the structural frames. 

Commercially available sensors are 
extensively used in large civil engineering 
projects to form part of the assets’ value-
added structural health monitoring 
system. They provide real time data on 
the performance of infrastructural fabric 
(bridges, tunnels, dams) allowing informed 
decisions to be taken if monitored elements 
are overstressed or need replacement. 
Data-acquiring systems can similarly be 
implemented in building frames to provide 
vital information on the behaviour of key 
components, environmental parameters acting 
on the building, performance of the structure 
over time and any residual structural capacity 
to inform future adaptability of the buildings. 
Such systems would provide long term 
benefits to various stakeholders including 
owners, end users, design consultants and 
contractors. 

Abstract
The major urban demographic shift over the past half century has imposed a 
great strain on existing infrastructure and building stock. This resulted in an 
increased trend to re-adapt existing buildings, especially in city centres. The 
big challenge that this research seeks to address is the reassessment of building 
structures as future-proof assets through the introduction of data-acquiring 
systems in structural frames.

Case studies on civil engineering projects incorporating data-acquiring 
systems were assessed to inform strategies on how similar systems could be 
successfully implemented in buildings. A literature review on state-of-the art 
sensors was carried out. This highlighted novel research on sensor typologies 
that can be implemented in buildings. Meetings were held with interested 
stakeholders to assess perceived added value offered by the proposed research 
and the findings were presented. 

A matrix setting out the attributes of each sensor typology against key 
characteristics was compiled to inform the most promising data-acquiring system 
to be implemented in building structural frames. The main challenges include 
reliability of systems, percolation, maintenance and replacement strategies. This 
study served as a stepping stone to inform laboratory and in-situ tests on Arup 
projects of preferred sensor typology to qualify viability of systems.

Konrad Xuereb

Value
The research is of value to 
investors/clients as it augments 
the assets’ value both in the 
short and the long term. Other 
key stakeholders, including 
contractors, design consultants 
and end users/tenants (if 
different from owners/
developers), will benefit from 
the findings too. 

Value to Arup: 

• Implement more efficient and 
sustainable designs 

• Become more influential in the 
design process 

• Become pioneers in the field 
through implementation of 
innovative solutions to existing 
challenges in buildings 

• Take advantage of Intellectual 
Property. Being in possession 
of performance data will 
allow Arup to seek trends and 
possibly patent findings to sell 
to third parties
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The research topic focuses on state of 
the art sensors and addresses innovative 
implementation techniques in structural frames. 

Methodology
The research focused on defining the need for 
future-proofing buildings with respect to the 
short and long-term benefits provided. Key 
infrastructural projects with inbuilt data-
acquiring systems were studied to serve as 
an analogy for the introduction of systems in 
buildings. A literature review was conducted 
on state-of-the-art sensors that could be 
applied in buildings.

Implementation of monitoring systems 
in infrastructure and built environment 
projects
Case studies on the successful 
implementation of structural health 
monitoring in civil engineering structures 
were carried out to serve as a tried-and-
tested analogy for the introduction of smart 
technology in buildings. These studies 
focused on bridges, tunnels and dams and 
included the Stonecutters Bridge in Hong 
Kong (see Figure 1) and the Humber 
Bridge, UK. Tall buildings with inbuilt 
smart technology serving other functions (eg 
adaptive facades) were also studied. Projects 
studied included the Al-Bahr Towers in Abu 
Dhabi UAE and the Guangzhou New TV 
Tower in Guangzhou, China (see Figure 2).

Current state-of-the art research on sensors
A detailed literature review was carried 
out concurrently on novel data-acquiring 
sensors. This review assessed intrinsic 
(embedded within structural materials) and 
extrinsic (located external to the structural 
components) sensor typologies, depending on 
their envisaged interaction with the buildings’ 
structure. The study on intrinsic sensors 
focused on carbon nanotube-filled cement-
based stress sensors, nanostructured concrete 
(see Figure 3), smart aggregate, intelligent 
reinforced concrete structure and fibre optic 
sensors. The extrinsic sensor typologies 
reviewed included fibre optic sensors, tactile 

Figure 1:  Stonecutters Bridge, Hong Kong – Intelligent Design and Health Monitoring System Implemented
  (Wong et al)

Figure 2: Guangzhou New TV Tower in 
Guangzhou, China

Figure. 3: Stress sensing property of prismatic moulds without 
additions (a) and with additions (b) of nanoparticles (Li et al)

pressure sensors and load cells. The review 
concentrated on the potential use of these 
novel sensors in building frames.

Doctoral College Conference | 2012
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Sensor typology    Sensor 
Attributes

    

 Accessibility 
for 
maintenance/ 
replace-
ability (A)

Design 
lifespan 
(B)

Reliability/
Drift (C)

Ease of 
installation 
during 
construction 
(D)

Manufacturing 
cost (E)

Versatility 
of use in 
construction 
materials (F)

Potential 
ubiquitous 
use if  
manufacturing 
cost reduced 
(G)

Factored 
weight 
(W)

Intrinsic Sensors:        

Carbon nanotube-
filled cement-
based stress 
sensors 

2 10 8 6 2 6 10 58

Nanostructured 
concrete

2 10 6 6 4 4 8 54

Smart aggregate 2 8 6 8 4 4 8 55

Intelligent 
reinforced concrete 
structures

2 8 6 8 6 4 6 56

Fibre optic sensors 4 6 8 4 8 4 8 59

Extrinsic Sensors:        

Fibre optic sensors 6 8 8 4 8 8 4 63

Tactile pressure 
sensors

6 6 4 8 6 8 10 64

Load cells 8 8 8 2 8 6 4 60

Notes:
1. Scoring between 1 to 10. Highest scoring denotes easiest access for maintenance, longest design lifespan, most reliable system experiencing least 
drift, ease of installation, least expensive and highest versatility.
2. Adopted factored weight W is derived from following function: W = 1.25A + 1.25B + 1.5C + 1.5D + 1.75E + F + 1.25G
3. Factored weights are rounded to the closest integer number

Table 1: Comparative Matrix (based on key assumptions made by the author).

Meetings with key stakeholders
In order to consolidate the perceived added 
value of these systems in buildings, strategic 
meetings were held with key stakeholders, 
including real estate fund managers, 
developers, architects and contractors. 
The ambitions of the research project were 
presented and the perceived opportunities and 
disadvantages debated. Key findings from the 
meetings were recorded.

Results and discussions
Findings from meetings with stakeholders
These meetings indicate the important 
attributes needed by smart systems to be 
successful, in particular reliability and 
cost effectiveness. The latter attribute 
measures the added value to the asset against 
upfront premium necessary to introduce 
the technology. Given the long-term nature 
of real estate assets, components that add 
long-term value provide great benefit to 

the assets. Long-term attributes identified 
include sustainability, adaptability and 
enhanced flexibility. Desirable trends include 
the ability for buildings to adapt to different 
functions in the future and their ability to be 
designed for longer lifespans. The real-time 
data attained on the structure’s performance 
forms part of the asset’s intellectual property 
and can be used to determine trends. To 
be ubiquitously introduced, the systems 
need to also provide short-term benefits. 
This is of particular relevance to short-term 
investors who sell the asset after a few 
years. Data-acquiring systems can enhance 
the asset’s quality control in the short-term, 
reducing uncertainty if doubt is cast on the 
performance of certain structural components. 
They are also of relevant use to contractors, 
especially if the structural behaviour during 
construction differs considerably from 
permanent cases.
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Findings from literature review on novel 
sensors
The intrinsic and extrinsic sensor typologies 
explored were assessed against key 
characteristics and a respective scoring was 
given against each attribute. The characteristics 
considered included accessibility for 
maintenance and replaceability, design 
lifespan, reliability of system (as a function of 
drift of data), ease of installation, versatility 
of use and cost of implementation. A weighed 
scoring was given against each attribute. These 
were summarised in a comparative matrix (see 
Table 1) to determine preferred intrinsic and 
extrinsic systems.

Conclusion and next steps
The case studies explored serve as reference 
systems for the proposed introduction of smart 
technology in building structural frames.  
The strategic meetings held with stakeholders 
emphasised the attributes that needed to be 
provided by the system to be successful. 
Based on the comparative matrix and the 
important assumptions made by the author, 
a preferred sensor system was determined. 
Extrinsic tactile pressure sensors, intrinsic 
fibre optic sensors and carbon nanotube-filled 
cement-based sensors are the most promising 
typologies.

Having concluded the literature review, the 
next steps envisaged include:
• Laboratory tests, including accelerated tests 

to quantify drift
• Review results of laboratory tests
• Assess feasibility of, and map out detailed 

plan for implementing tests in actual 
projects

• Carry out tests in actual projects
• Review initial results of tests carried out on 

actual projects
• Carry out critique of results attained
• Complete research



8 | Jozef Doboš

3D Repo: Revision control 
framework for 3D assets

Thesis topic
Real-Time Computer Graphics for 
Visualising the Built Environment

Doctoral study area
Computer Graphics

University
University College London

Award
Engineering Doctorate (EngD)

Group
Foresight, Innovation & Incubation

Date of study
January 2010 – January 2014

Introduction
With the recent progress in the capabilities 
of graphics processing units, there is a desire 
for even larger and more detailed models 
to be used during the design stages of 
architectural and engineering projects. The 
standard paradigm of collaborative editing 
is sharing of files between various instances 
of applications. Each user loads a particular 
3D scene into a modelling tool, modifies 
it and then re-saves the whole file again, 
making any version tracking and sharing 
unnecessarily obfuscated. By the time a 
simulation is completed, the design might 
progress so rapidly that the results are often 
inapplicable. What is more, when developing 
land or transportation systems, it is a legal 
requirement to host public inquiry during 
which the general public can voice their 
concerns. Such an event can incur significant 
costs and for very large projects risks not 
reaching the key stakeholders. In order to 
mitigate these problems, Arup’s Collaborative 
Map (http://www.collaborativemap.org) 
displays localised comments as an overlay 
on a 2D map. Here, the concept was taken 
further and developed into a 3D platform 
that can be used for collaborative 3D editing 
as well as public visualisations and data 
gathering. If successful, this application will 
be deployed as a web-based service.

Methodology
Spatial databases originate from the 
geographic information systems domain. 
They store features such as points, lines, 
areas and their associated metadata such as 
heights, names, etc. A few commercial and 
open source databases support spatial data 
directly, e.g. Oracle Spatial and PostGIS for 
PostgreSQL. However, they focus on 2D 
geometry, not 3D models and their properties. 
They also do not support the type of revision 
histories that is commonly required in 3D 
asset management. In contrast, NoSQL 
databases avoid rigid table structures and 
tend to be optimised for large read-write 
operations. It is thus possible to store models 
in a database and, due to its flexibility, also 
track other associated data such as semantic 
relationships and even individual revisions 
as done in 3D Repo. Similarly, a proprietary 
geospatial CityServer3D (http://cityserver3d.
de) from Fraunhofer Institute supports a 
NoSQL MongoDB as well as relational 
MySQL, PostreSQL and Oracle databases for 
its back-end.

Abstract
The maintenance of assets in a large 3D visualisation can involve many authors 
with potentially different skills and tools. This presents problems, not limited to 
maintaining consistency of the models and dealing with concurrent edits in the 
same part of a 3D scene. To address these issues, Arup developed a unified and 
integrated framework 3D Repo (http://3drepo.org) that supports collaborative 
editing and distribution of 3D assets. This framework tracks multiple revisions 
of 3D assets so that they can be integrated at a later date. It thus provides similar 
functionality to file-based revision control systems, but is built around a NoSQL 
database, hence avoiding the constraints of a file-based system. The framework 
also supports distributed editing over the Internet and additional lightweight 
clients in web-browsers and mobile devices. Such an approach is expected to 
improve the engineering as well as public engagement and considerably reduce 
the costs of future industrial development.

Jozef Doboš

Value
• Possibility of future tools and 

vision of digital environments 
for experimental design and 
novel designers’ perception of 
the finalised projects in their 
pre-production phases

• New opportunities for 
stakeholders as well as general 
public engagement in new cost 
effective ways

• Projects’ design life-cycle and 
development considerably 
enriched 

• Seamless integration into 
existing production pipelines 
and significantly improved 
collaborative exploration and 
simulation runs
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The prototype implementation of 3D Repo 
uses the open source MongoDB as its 3D 
repository. There, it assigns two collections 
(tables) per 3D scene, one for all the scene 
graph constituents and one for all the 
documents that belong to a revision history. 
Hence, each of these collections stores a 
directed acyclic graph, making the access 
implementation reusable. Once the data is in 
a database, access is implicitly supported in 
a distributed manner via a dedicated query 
language. Several database front-ends were 
developed, see Figure 1, most notably the 
C++ read-write Graphical User Interface 
(GUI) with a 3D differencing built in.

Results and discussion
The interaction between modelling software 
and the repository takes place through the 
import and export of files. This successfully 
decouples the modelling from its long-term 
storage as the files are now considered to be 
only a temporary representation of 3D assets. 
Such an approach is of great importance as the 
range of editing tools used across Arup is vast. 
Some of the main features of the framework 
are demonstrated as follows:

1. As shown in Figure 1, it is possible to 
retrieve any revision from the repository 
and visualise it within a web browser. Here, 
examples of all types of the applications are 
present. The first is the read-write C++ GUI, 
the second a read-only web viewer and the 
third a mobile Android read-write app.

2. Figure 2 demonstrates the actual changes 
stored within the repository. Those scene 
graph components that have not been 
modified are queried from their latest 
revision, hence the requirements for storage 
are relatively small in comparison to other 
tracking methodologies. 

A serious problem with schema-less NoSQL 
databases is a lack of data validation on 
insertion, unless specified as a unique 
key. Hence it would be necessary to 
implement a server-side daemon acting as 
a database interface for a production-ready 

Figure 1a: C++ read-write GUI

Figure 1b: WebGL read-only GUI (Firefox)

Figure 1c: Mobile read-write GUI (Android)
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implementation of the framework. This 
would need to facilitate revision control, 
analyse commits and check for consistencies 
instead of relying on a GUI implementation. 
In addition, the framework relies on imported 
3D assets to preserve revision metadata (ID 
and a revision number) for each component. 

Conclusion and next steps
3D Repo automatically serves models 
from a centralised repository and records 
annotations alongside the preserved assets 
and their individual revisions. In order to 
offer a scalable visualisation platform, it 
streams decomposed scene graph components 
onto client devices, reconstructs their 3D 
representation and displays them for viewing. 
Given the direct database connection, 
the scalability of MongoDB and its built-
in support for geospatial indexing, Arup 

believes that this approach offers significant 
benefits over alternative techniques such 
as Geographic Information Systems (GIS). 
This NoSQL-based solution can be extended 
to support various data types including the 
Building Information Modelling (BIM) or 
other representations. The intention is to build 
this into a robust platform that can be used 
by the community. In the next release, the 
implementation will be expanded to capture 
textures in the database and will offer a plug-
in based access for one or more standard  
3D modelling package with locking 
mechanism enabled.

Figure 2a: Revision history

Figure 2b: Revision 0 and 8 respectively
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Polymeric façades:  
Advanced composites for retrofit

Thesis topic
Composites for façade retrofit

Doctoral study area
Structural use of wholly polymeric 
elements in construction

University
University of Bath

Award
PhD

Group
BRE Centre for innovative 
construction materials 

Date of study
October 2009 – March 2013

Introduction
The properties of GFRP that often constrain 
structural designs using pultruded elements 
are fortuitously bypassed in façade 
applications. Existing research into creep 
behaviour of GFRP is extensive and has 
resulted in a large amount of design guidance 
sensitive to serviceability criteria. For 
advanced composite facades however, the 
permanent action acting upon panels is often 
very low, attributed to only the minimal self-
weight of the panels themselves.

Fatigue behaviour, a characteristic of 
pultruded GFRP that is rarely of much 
consequence to design, could however be 
of greater concern in a cladding situation. 
Pultruded profile edges of prismatic GFRP 
units can assume forms that accommodate 
suitable connections. Such angled returns 
will require a fatigue resistance to withstand 
a lifetime of cyclic straining, due to the 
transient action of wind or occupancy 
loading. Fatigue testing to an equivalent 
degree is therefore required to validate viable 

façade schemes. A lot of existing research 
focuses on fatigue when axial stresses are in 
the principle fibre direction. However, this is 
not necessarily the critical stress direction in 
cladding connection situations. By targeting 
the secondary-fibre direction at angled 
sections, data produced will be directly 
transferrable to realistic connection designs.

Methodology
Specimens
Equal angle sections (pultruded as structural 
sections) were employed to represent the 
edge/connection region of a pultruded panel, 
thus avoiding the need to fabricate whole 
panels for testing. Sections of 1 m and 0.5 m 
in length were prepared with strain gauges 
at 50 mm intervals along the element length. 
Gauges were offset at a specific distance 
from the inferred apexes of the outer angle 
loci. Samples of size 75 x 75 x 6.4 mm had a 
gauge offset of 20 mm, and samples of 100 x 
100 x 9.5 mm had a gauge offset of 30 mm. 
These offset distances are proportional to the 
sample thicknesses.

Abstract
Replacing a building’s façade offers the prospect of improving the whole 
life performance of the building. This presents the opportunity to exploit the 
properties of advanced composite materials for maximum benefit. ‘Upwards and 
outwards’ retrofit, where extending floor slabs yields extra floor area, is permitted 
by a lightweight replacement façade, without the need to underpin foundations.

It is paramount to resolve how the connections in a façade system of Glass Fibre 
Reinforced Polymer (GFRP) can enable it to meet the many requirements of an 
integrated building envelope.

The unidirectional nature of pultruded glass fibre reinforcement yields a scenario 
of critical stresses at the panel interfaces, occurring in the weaker, secondary fibre 
direction. The fatigue-testing programme presented, examines the performance 
of pultruded angles compatible with ‘long-edge’ panel connections.

It has been established that at service loading within the range of a standard 
fatigue performance test for facades, the secondary transverse fibre reinforcement 
fails in some sections, at the internal root location.

Peter Gates

Value
The advanced composite 
retrofit façade must fulfil 
the many functions of an 
integrated building envelope 
simultaneously. The research 
areas targeted within this project 
of structural integrity in fatigue 
and durability, are revealed to 
be key in marrying material 
with application for significant 
benefit.

Retrofit that is upwards and 
outwards can increase the letable 
floor area of a building by as 
much as 20%. For schemes 
adopting lightweight, polymeric 
facades, the need for associated 
structural retrofit is greatly 
reduced, or avoided completely.

Retrofit of existing buildings as 
an activity makes up 50% of all 
building construction in the UK. 
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Figure. 1: Specimen located in test-rig. Jaws released from fin plate and crosshead moved up for photo. [Inset upper: custom made gripper. 
Inset lower: steel tabs taped to specimen]

Figure. 2: Graph for RMS Load as a function of the number of cycles, where an event of abrupt transverse fibre failure occurs



Test rig
In order to securely clamp one flange of 
the angle (representing a continuous panel 
face) and cyclically load a point on the free 
flange (representing a bolted connection 
to secondary structure), a steel rig was 
fabricated. Two horizontal rails were bolted 
into a fixed base, and together through 
the sample. The samples required drilling 
accordingly, to permit the bolts to pass 
through and hold the section in place. The 
load point consisted of two opposing bolt 
heads, housed in a custom made gripper 
shown in Figure 1.

Procedure
The loading programme chosen entailed 
imposing 10,000 load cycles at 1Hz, a 
standard validation practice in the field of 
building facades, and sufficient to avoid 
autogenous heating. The load was imposed 
in a sinusoidal manner about a neutral, ‘zero 
strain’ position. The tests were conducted 
under stroke (or ‘displacement’) control. A 
sampling rate of 10Hz was adopted.

Results and discussion
In order to analyse the generated data in a 
useful form, a simple numerical manipulation 
was adopted; the ‘Root Mean Square’ (RMS), 
commonplace in the discipline of electrical 
engineering to describe alternating currents, 
was calculated over 10 cycle intervals to 
display how the general state of load and 
strain in the sample, changed over the 
whole programme duration. This usefully 
reduced the number of data points by a 
factor of 100. The displacements chosen for 
testing corresponded to state of strain at the 
maximum critical location of either 2000 or 
3000 microstrain.

Most specimens exhibit a drop off in load, 
initially very steep, but becoming more 
gradual and almost plateauing over the 
10,000 cycles. As the testing is performed 
under displacement control, a reduction in 
load relates to a reduction in stiffness.

The sudden drop off in load observed in Figure 
2, at approximately 1700 cycles of load, is 
evidence of an event of abrupt fibre damage 
(fibres being the brittle component of the 
composite). A corresponding increase in RMS 
strain, right across the specimen was observed. 
A rupture in transverse fibre reinforcement at 
the inner root location results in a reduction in 
the compressive strain measured by the gauges 
on the back flange of the sample, and an 
increase in the tensile strains occurring at this 
location. Mathematically, this yields a result of 
increased RMS strain.

Both sizes of specimen, in conditions of 
loading where maximum transverse strain 
was 3000 microstrain, retained on average 
40% of their initial connection stiffness.

Conclusions and next steps
An experimental methodology has been 
devised to appraise the suitability of discrete 
mechanical connection details for pultruded 
façade panel design.

Using the approach outlined above, and 
suitable analytical manipulation, it has been 
demonstrated that the fibre architecture 
typical of pultruded structural sections would 
not always be appropriate for connected 
flange elements of façade panels.

The influence of various design and material 
parameters on connection performance has 
been established. Subsequent tensile testing 
of coupons cut form these specimens post 
cycling has examined the extent by which 
the principle longitudinal properties are 
maintained.

A theoretical model, calibrated by 
experimental findings will describe the 
accumulation of damage in pultruded 
composites over a lifetime of service. Based 
fundamentally around damage mechanics, 
and drawing on the work of others looking 
specifically at fatigue in GFRP, the model 
will stand as an essential tool for informed 
design of pultruded GFRP panels, and will 
determine optimum connection spacing.

Peter Gates | 13 Doctoral College Conference | 2012
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Introduction
Problem – lack of computational 
unification 
Urban masterplanning currently has limited 
computational support, particularly for 
quantitative analysis. Whilst complex design 
software and intricate analysis models 
are employed there is a lack of unifying 
computation results in separate islands of 
computation with slow disconnected analysis 
cycles. This precludes the rapid assessment of 
each design iteration and the comparison of 
design performance under multiple scenarios 
to explore the design space and improve  
the design. 

Solution – computational framework
Our previous research [1] has developed 
a computational framework to bridge this 
gap and test computational techniques for 
generating design insight. The HierSynth 
framework enables the automation of analysis 
models, querying design data, running 

analysis models under various scenarios and 
managing analysis results. The framework 
has been successfully employed on a live 
masterplanning project automatically running 
four analysis models and rapidly producing 
analysis results and insight for practitioners. 

Opportunities – computational 
investigations 
These advances have generated much insight 
for the design team however we believe that 
there is potential beyond automating current 
analysis practice. This paper reports the 
potential for computational techniques such 
as automation, model integration and scenario 
generation to enable design space exploration 
producing design insight from undertaking 
design team led investigations.

Abstract
The benefits and trials of applying a computational framework to the early 
stages of a live urban masterplanning project are reported. From simple model 
automation and graph generation we move to the complex integration of three 
Arup models into a composite model. This forms the basis for a number of 
investigations into the design space for the masterplan and its sustainability 
strategies.

Questions investigated include:
• What is the impact of electrical vehicle uptake on the performance of the 

masterplan area?
• What is the optimal density for the district energy system?
• What is the optimal mix of residential and commercial development for heat 

recovery and reduced vehicle miles travelled?

These were explored using the HierSynth platform to generate and analyse 
hundreds of scenarios. Using the framework we were able to identify and resolve 
model problems, explore model scenarios more quickly than otherwise possible 
and contribute to the masterplanning process with quantitative recommendations.

David Birch
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Value
• There is substantial 

opportunity for a 
computational platform to join 
together with the best practice 
design and the best practice 
engineering analysis giving 
great benefits to both

• Computational support for 
urban masterplanning analysis 
enabled a quicker analysis 
cycle with more detail 
providing greater insight 

• This platform facilitated 
the investigation of design 
questions which would not 
have been previously possible
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Methodology
Applied HierSynth to project and models 
To explore the questions posed by the design 
team we used the HierSynth platform  
(Figure 1) together with a number of 
analysis models. Arup’s Integrated Resource 
Management (IRM) model comprises 
highly integrated multidisciplinary models 
for analysing a masterplan for Key 
Performance Indicators (KPI’s) including 
carbon emissions, energy consumption and 
transportation metrics. This model was 
automated using HierSynth to input design 
and scenario parameters, run the model 
and read out calculated KPI’s. Energy 
demand KPI’s calculated by this model 
were then used by HierSynth as inputs to a 
Districted Energy Feasibility (DEF) model 
which calculates the impact of applying 
fourteen forms of district energy system to 
the masterplan. This integrated model was 
used to analyse three masterplan designs of 
varying density under three carbon plans 
which involve increasingly expensive 
mitigation strategies. Figure 1: The HierSynth platform as applied to a recent Arup project

Figure 2: Impact of varying the mix of residential and commercial developments
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Used HierSynth to undertake design space 
exploration 
This automation and integration created a 
more accurate analysis system which was 
used to investigate the best mix of residential 
and commercial land use for an efficient 
district energy system and reduced transport 
carbon. This investigation was undertaken 
by using HierSynth to vary a single design 
between different mixes of residential and 
commercial from 0-100% residential in 10% 
increments. Total development area and 
density were held constant. These designs 
were then automatically analysed under the 
three carbon strategies using the HierSynth 
framework to manage the several hundred 
model runs.  

A similar technique was used to answer 
questions concerning the optimal 
development density for a district energy 
system and to explore the impact of electric 
cars upon the masterplan. 

Results and discussion
What did we expect?
Having used HierSynth to automatically 
analyse eleven “mixes” of residential and 
commercial land use under three carbon 
scenarios, we explored the impact upon 
KPI’s calculated by the combined IRM / DEF 
models.

Our expectation is that district energy systems 
will be most efficient with a good mix of 
residential and commercial development. 
This is achieved by balancing the heating and 
cooling demands and excesses of different 
buildings over the course of the day avoiding 
expensive peak loads. On the other hand, 
a mix of residences amongst a commercial 
development should lead to workers living 
nearby and commuting by bike or bus, thus 
avoiding more polluting transportation. 

What did we find?
Figure 2 shows the impact of varying the 
residential mix upon a number of KPI’s 
normalised per capita. Most notably we see 
the impact on gas consumption (b) which can 

be negated by the district energy system until 
over 50% of the development is residences 
when gas fired technologies are required. 
Electricity consumption (a) shows a similar 
trend with lower residential resulting in 
higher savings and beyond 50% residential, 
an increase in consumption. Combined we 
see the effect upon carbon emissions (c) and 
see that up to 50% residential is optimal. 

Now for the transport story….
The impact on transport was surprising (d), 
whilst expecting a strongly “U” shaped graph 
we actually saw two minima, firstly with a 
30% residential mix as workers live locally 
and commute sustainably and also at 100% 
which was unexpected but is explained since 
the average resident will travel substantially 
less than the average commuter. 

Conclusion and next steps
We conclude that the optimal mix of 
residential and commercial land use in the 
development is 30% residential since this 
gives the large reductions in electricity 
and gas consumption together with 
lower transportation emissions. Further 
investigation identified the same benefits 
from adding residential floor area to the 
development and increasing density which 
would have further benefits.

This technique of creating scenarios and 
designs for investigating the design space 
proved very effective at generating insight 
for the team. This is only possible via the 
use of a strong computational framework 
capable of automation, model integration and 
scenario generation. These techniques were 
used to answer a further four investigations 
into the design space via techniques such as 
sensitivity analysis. 

We believe that there is substantial scope for 
a computational framework to provide great 
insight for the urban masterplanning design 
and analysis community. 
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Abstract
People with advanced dementia experience vision and hearing losses. 
Nevertheless, the sensory needs of such individuals are often overlooked. 
This study will contribute to the knowledge base around sensory impairment 
and dementia. A participatory action research design has been chosen to 
address practical ‘real-life’ issues. Using a cyclic process involving problem 
identification, planning, action, evaluation and reflective learning, the 
researcher is working with six older people with advanced dementia and 
sensory loss, and their care-givers at one study site. 

Modifications to participants’ immediate social and physical environment  
will be monitored using individual and care-givers perspectives. The longitudinal 
research element will afford the opportunity to redesign the social and physical 
environment over time, and observe if instances of behavioral distress  
are reduced.  

Introduction
In the United Kingdom (UK), in 2010, there 
were 10 million people over 65 years of age. 
This number is predicted to rise to 16 million 
by 2034 [3]. The fastest growing cohort is 
people over 85 years [12]. Their numbers are 
projected to rise to 3.5 million by 2034.  
40 percent of people over 65 years have 
reported having a long term condition with 
numbers expected to increase to six million 
by 2030 [10].  

There are two million people in the UK with 
sight loss, the majority of which are over 
75 years of age [1]. Hearing loss affects 71 
percent of people over 70 years of which  
44 percent have moderate to profound 
symptoms [2]. The World Health Organisation 
(WHO) has predicted that by 2030, adult 
onset hearing loss will be one of the top 10 
disease burdens in the UK [8].

There are over 800,000 people in the UK with 
dementia [4]. People with advanced dementia 
have compromised sensory abilities with their 
visual attention limited to their immediate 
environment and hearing being muffled 
and indistinct [6]. The expected increase in 
numbers of people living with dementia into 
the advanced stages of the condition indicates 

that exploration of the needs of the vulnerable 
population is overdue.

Methodology
A variety of research methods will be used in 
this investigation. The views of people with 
the visual variant of Alzheimer’s disease and 
those with dual sensory loss without dementia 
will first be sought.  People living with visual 
dysfunction due to early stage AD and those 
with dual sensory loss without dementia 
are able to describe what they perceive 
and how these challenges impact on their 
lives. Research has shown that people with 
advanced dementia have damage to the parts 
of their brain dealing with sensory abilities 
leading to vision and hearing problems. 
However, by this stage in their condition, it is 
very difficult to communicate effectively with 
these individuals to understand what exactly 
they are seeing and hearing.   

The views of care home support workers 
and the individual’s family members will be 
explored to understand the difficulties they 
face in supporting and relating to people with 
advanced dementia and sensory loss.  
The views of care home residents will also be 
collected to try to understand the challenges 
they face either living with individuals 

“I know that obviously 
they can’t give him one-
on-one care, but you 
see if he’s left alone... 
unless he’s listening to 
the TV ..., he has no way 
of entertaining himself.  
Because he can’t see 
to read and he forgets 
anyway where he is.”  
(Lawrence et al: 2008)

Value
This investigation will inform 
a number of Arup global 
businesses (for example: 
healthcare, lighting, acoustic, 
environments, and buildings) 
to ensure that the company is 
at the leading edge of thinking 
regarding the environmental 
care needs of this vulnerable and 
increasing population.
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with sensory loss or having sensory loss 
themselves.  

Using an action research approach, in-depth 
case studies of up to six residents with 
advanced dementia and sensory losses will 
take place in one care home specialising 
in dementia care. Using the findings from 
initial research will enable consideration of 
environmental modifications that may aid 
individuals with advanced dementia and 
sensory losses to take place.
 

Results and Discussions
Approaches to dementia care have been 
criticised for overlooking the impact of 
the physical environment on people with 
dementia and additional sensory impairments 
[5]. In addition, a key barrier to ensuring 
the environment is adapted appropriately 
for people with dementia and sensory 
losses, is the lack of awareness of care staff 
regarding the challenges of living with such 
impairments [7] [9].  
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Research into this area is timely for several reasons:
1. The increase in the global ageing of the human population is resulting in a continuing 

rise of older individuals living with chronic conditions, including sensory and cognitive 
impairments.

2. There is currently a lack of awareness by policy makers and caregivers regarding the 
specific difficulties and experiences of people with dementia and sensory impairments.

3. Current models of dementia care do not draw adequate attention to sensory challenges.
4. There is a gap in current academic literature regarding the environmental care needs of 

people with advanced dementia.

“If you find it hard to hear what someone 
is saying, you watch their lips and facial 
expression for extra clues.  But if you 
become partially sighted, how will you 
understand what is being said?”  
(SENSE 2011)

“... My father used to 
have a visual image 
in his mind of how the 
house was laid out, 
but he has lost that 
capacity now. He can’t 
find his way around; he 
can’t even find his way 
to the toilet. Because 
he is not aware of his 
surroundings he panics, 
or he will get up four or 
five times in the night 
because he doesn’t know 
whether it is day or 
night.”  
(RNIB: 2010)

The longitudinal nature of this twelve  
month study:

1. Gain a better understanding of the 
challenges faced by individuals with 
dementia and sensory impairments.

2. Consider the specific sensory needs of 
people with advanced dementia.

3. Determine how people with advanced 
dementia respond to their physical and 
social environments.

4. Identify sensory triggers that can result in 
instances of behavioural distress in people 
with advanced dementia.

5. Discover if adapting the immediate social 
and physical environment to take account 
of sensory losses will reduce instances 
of behavioural distress in a person with 
advanced dementia.

6. Develop a learning programme for care-
givers regarding the specific needs of 
people with advanced dementia and 
sensory losses.

Conclusion and next steps
This study recognises the need for more 
rigorous exploration into the specific needs 
of people with advanced dementia and 
sensory losses. Understanding effective 
types of improvements that can be made to 
an individual’s environment and monitoring 
outcomes from both individual and caregivers’ 
perspectives will enable holistic changes to be 
made that may improve quality of life through 
the reduction of emotional distress. 
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Introduction
Categorising the behaviour of PVB laminated 
glass has been the objective of several 
previous studies but not the reaction forces 
applied by the glass to the supporting frame. 
Amongst others, Hooper [3] and Stephens [6] 
performed full-scale blast experiments to 
measure the glass behaviour, including the 
measurement of deflections and strains. Other 
researchers investigated the behaviour of 
the glass from a more analytical perspective 
employing a large deflection theory 
developed by von Karaman to predict the 
glass behaviour before and after cracking. 
Wei and Dharani [8] specifically used these 
theories and fracture mechanics principles 
to study the glass performance and the crack 
patterns which would be formed during a 
blast event.

Currently, the reactions occurring at the 
window supports are generally estimated 
by performing a Single Degree of Freedom 
analysis of an equivalent system (D. Smith [5], 
and K. Fischer, I. Häring [2]). This assumes a 
resistance-deflection function which allows, 
with standard coefficients, the calculation of 
the forces at each point in time [1].

In this study the DIC results were employed 
to calculate reactions before and after 
cracking. The results of tensile laboratory 
experiments were then modelled employing 
Finite Element Analysis (FEA) techniques, 
with the eventual aim of being able to predict 
the system response for a specific blast. 

Methodology
The calculation of edge reactions is split into 
two distinct phases; before and after cracking 
of the glass. For both of these, the DIC data 
described by Hooper [3] were employed. 
Additionally, the data obtained from strain 
gauges fitted to the horizontal and vertical 
framing members was used for the post-
cracking calculations.

Before the glass cracks, the blast pressures 
are resisted through both bending and 
membrane stresses in the glass and laminate. 
As the DIC data could not distinguish 
between these effects, an FEA model was 
created and the relative magnitudes of the 
stresses calculated. The bending moments 
and axial forces along the edges were 
subsequently estimated. These were then 
converted into pre-cracking reaction forces.

Abstract
Many injuries and material damage during blast events are caused by glass 
fragments from the façade entering the internal building space. Laminated glass 
windows are one of the systems employed to minimize the damage and risk of 
injury during blast events, as the Polyvinyl Butyral (PVB) membrane provides an 
effective mechanism to hold the glass fragments in place and prevent pressures 
from penetrating the internal space (Sukhram, 2005). 

The reactions applied to window supports are a key parameter for the design of 
facade systems using laminated glass. Hooper has performed full scale blast tests 
using the Digital Image Correlation (DIC) technique to measure 3D displacement 
and strains throughout the window panes. This data have been employed to 
calculate the reactions. Tensile tests of cracked laminated glass have then been 
employed to establish a link between the glass fragmentation pattern and the 
overall material strength of the cracked window. 
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Value
• The reaction results are being 

used directly to revise the 
predictive models currently 
used in the design of the 
elements

• The delamination calculations 
will be employed to provide a 
different method for the design 
of the windows

• Other experiments will be 
conducted to assess the 
viability of different structural 
systems and increase the 
options available during design
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For post-cracking reactions, the DIC data 
was used firstly to estimate the angle of the 
window and the strain at locations close 
to the strain gauge pairs. The angle was 
employed together with the gauges’ data to 
calculate the force acting at these locations. 
This was used to fit a plastic material model 
to the cracked glass. This material model 
used the DIC derived strains to calculate the 
total reaction force. 

This research has established that the key 
parameter affecting the post-crack glazing 
behaviour is the delamination of glass 
fragments from the PVB. Hooper [3] had 
performed several high strain rate tensile 
laboratory tests of cracked laminate. These 
tests were modelled through FEA. Cohesive 
elements were utilised to model the 
delamination, employing parameters derived 
by Jagota et al. [4] The experimental and FEA 
results were then compared to establish how 
model parameters affected the results.

Results and discussion
Figure 1 shows the out of-plane reactions for 
three blasts. Significant noise was present 
in the strain data, which increased the 
uncertainty in the fit of the material model 

and in the eventual reaction calculations. 
Filtering techniques were employed to 
overcome this. 

It is interesting however that the pre-crack 
reactions reach a constant maximum force. 
This indicates that a given panel make up 
can carry a maximum force before failing. 
The post-crack reaction curves tend towards 
a maximum at high deflections, however the 
ultimate value depends on the specific blast 
paramters since the material properties are 
highly load rate dependent.

The flattening of the reaction curves can 
be explained by the delamination process. 
As deflection increases, glass fragments 
progressively delaminate from the PVB 
membrane. This process absorbs some energy 
and allows progressively more PVB area to 
be freed and therefore stretch. The cracked 
laminate tensile tests and FEA models 
show a behaviour similar to that observed 
in the reaction plots, as seen in Figure 2, 
approaching a maximum stress as the strain 
is increased. Further work will be needed to 
improve the delamination model and include 
the nonlinear PVB material, which can be 
seen in Figure 2.

Figure 1: Reaction forces for three blasts. The total reactions are plotted against the central deflection
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Figure 2: Above: Graphical FEA results. Below: Stress strain curves of the experimental and FEA tensile tests of cracked PVB laminate and 
of the PVB membrane without glass layers.

Conclusion and next steps
The calculated reaction forces provide 
information for both direct design and for 
understanding how this complex laminated 
material behaves during explosions. The 
pre-crack reactions were found to be 
roughly constant. This indicates that for the 
early phase the glass make-up is the main 
parameter whereas, post-crack, the maximum 
force varies with the blast strength.

The form of the post-crack reaction could be 
matched with the stress strain plots obtained 
during tensile laboratory experiments. The 
early FEA results match the experimental 
ones, confirming that the techniques employed 
are appropriate. Future research will attempt 
to quantify the relative effects of delamination, 
the crack’s pattern and the PVB nonlinear 
material properties, with the ultimate aim of 
providing a predictive tool for the behaviour of 
laminated glass during blast scenarios.
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Introduction
The risk of acquiring nosocomial infections 
is omnipresent in healthcare facilities 
worldwide. The precise mode of transmission 
is often uncertain, particularly for those 
pathogens that cause Healthcare-Acquired 
Infections (HCAIs). Nevertheless there is 
evidence suggesting that potentially 20% of 
HCAIs could have arisen from environmental 
reservoirs [8]. 

Encouragingly, the NHS has an agenda to 
double the provision of single room hospital 
accommodation. It is believed that not only 
do single rooms provide a better patient 
experience but may also passively influence 
the risk of infection transmission. It is 
without surprise that bedside furniture, and 
other objects in the immediate environment 
of the patient, can become contaminated 
with pathogenic material [4]. The latter has 
been shown to accrue on healthcare workers’ 
(HCW) hands as they perform episodes 
of care [1] and be subsequently transmitted 
to other patients. However, quantitative 
evidence for the infection control benefits of 
single rooms is largely lacking.

Idealised single and two-bed hospital rooms 
are compared here to explore how layout 
influences hand contamination during 
patient care. The study focuses on airborne 
pathogen release from one patient, and uses 
CFD [3] combined with a stochastic pathogen 
accretion model to understand risks posed by 
pathogen deposition on surfaces.

Methodology
Accretion of pathogenic Colony Forming 
Units (cfu, subsequently called Y) on 
healthcare worker (HCW) hands  during 
surface contacts (n) can be modelled as a 
linear function [4]:

                                                              (1)

Transfer efficiency, λ is the percentage of 
microorganisms transferred from the surface 
to the HCW during hand contact. Rusin et 
al.[5] show λ = λ ~Normal(µ=0.35, σ= 0.142). 

Abstract
Aerial dispersion of pathogenic microorganisms and subsequent contamination 
of surfaces is recognised as a potential transmission route for hospital-acquired-
infection. However there is little knowledge on how design of the healthcare 
environment influences this risk. This paper combines Computational Fluid 
Dynamics (CFD) simulations of indoor airflows with a stochastic infection 
risk model to explore the relationship between design, healthcare practice and 
infection transmission potential. Validated CFD simulations are used to predict 
spatial distributions of bio-aerosol deposition in typical patient rooms. This is 
coupled with a stochastic pathogen accretion model that simulates potential for 
contamination of healthcare worker’s hands during episodes of standard patient 
care. Data from patient-care observations are used to model typical healthcare-
worker movements and hand-to-surface contact frequencies. Results show that 
predicted pathogen loading on healthcare-worker hands is significantly lower in 
single patient rooms, under comparable care and hand-washing conditions. The 
findings suggest that design of patient rooms is important in influencing the risk 
of indirect transmission via environmental reservoirs. 

Marco-Felipe King
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Value
• Arup’s involvement in 

healthcare building design is 
multinational and extensive 
– incorporating single room 
layouts into hospitals is 
fundamental to increasing the 
portfolio of healthcare building 
design and potential clientele

• Patients are both customers 
and stakeholders in the hospital 
environment and today 
expectation from the service 
provided is higher than ever 
before. Customer satisfaction 
is intrinsically coupled 
to infection transmission 
reduction, which can be 
achieved by promoting single 
room accommodation
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Spatial distribution of microorganisms 
on room surfaces V (cfu/cm2) is predicted 
from validated CFD models incorporating 
a discrete phase particle model and a RSM 
turbulence model [3]. Two scenarios are 
considered, a single and a 2-bed room, based 
on a laboratory mock up. 
 
Hand hygiene efficiency h (%): Accrued 
and available data shows the probability 
of antisepsis being distributed normally 
based on two factors: the number of surface 
contacts (n) and the type of care provided. 

Hand surface contact area A (cm2) is 
assumed to exhibit a normal distribution 
according to experimental values: A~ 
Normal(µ=18.6, σ= 4.1753) [4] for each 
contact with surface (i).

Surface contact frequency n: 430 separate 
episodes of care were observed at a 
community hospital; allowing for the 
creation of input parameter distributions of 
surface contact probabilities to provide a 
framework for the stochastic representation 
of healthcare-worker movements. Surfaces 
were subcategorised, based on literature: 
equipment, patient and clothing, hygiene 
products, near-bed objects and far-bed objects.

Figure 1: Schematics of hospital 
patient room mock-ups. Both measure 
4.2mx3.36mx2.26m and include 
heated mannequins (ISO-DIN-4715-1) 
replicating human heat-sources.

Figure 2: Normalised colony forming unit distribution for a 2-bed mock-up scenario where patient 1 is infectious[3]

a) Single room

b) Double-bed room

The Monte-Carlo Gillespie algorithm was 
implemented by sampling from parameter 
distributions for 10,000 care episodes.  Input 
parameter sensitivity analysis was carried out 
using variance-based methods [7].

Results and discussion
Figure 2 shows normalised surface pathogen 
deposition distributions (V) for a two patient 
room where patient 1 is the infection source. 
While the results are room specific, they 
suggest significant potential for cross-
contamination between patient zones.
 
The hospital observational study showed that 
care type significantly alters the probability 
of contact with surface categories (p=0.04). 
As a result the pathogen accretion model 
is care-type specific. Typical hand hygiene 
procedures were used to represent idealised 
hand-washing frequencies and efficacies. 

The empirical Probability Density Function 
(pdf) for the values of microorganisms accrued 
by HCW hands during a single typical episode 
of direct patient care is shown in Figure 3. 
The pdf exhibits a clear right skew and loses 
the characteristic bell-shape curve the input 
parameters would have suggested. 
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Nursing behaviour during an activity is 
assumed to be independent of the number of 
patients present. It is however a reasonable 
assumption that once a HCW concludes 
an activity within a particular patient’s 
vicinity, they subsequently do not return. 
Under comparable care and handwashing 
conditions comparison is made between the 
single and a 2-bed patient room (after patient 
1 care: Y mean=69, std=60, after patient 2: 
Y mean=76, std=62). This reveals that the 
spatial distribution of pathogens on surfaces 
increased HCW hand pathogen loading 
significantly in a 2-bed room (p<0.01).

Conclusions and next steps
The spatial deposition model clearly shows 
airborne microorganisms can contaminate 
surfaces across a room, including those 
beyond the vicinity of a patient. This 
creates a possible environmental pathogen 
reservoir that may result in indirect contact 
transmission through HCW hands.

The pathogen accretion model shows that for 
a typical direct care episode in an idealised 
room this contamination is likely to be higher 
in 2-bed environments than single patient 
rooms.  Initial results also suggest that HCW 
surface contact frequency may be more 
important than hand hygiene efficacy as the 
highest concentration of cfu is towards the 
lower end of the contacts scale, where a clear 
peak is observed.

This study takes one step closer to 
quantifying the relationships between 
room layout, environmental dispersion of 
pathogens and HCW behaviour. Future 
work will consider other types of care and 
application to HBN04 single and 4-bed rooms 
as well as conducting a parametric study to 
investigate altering HCW behaviour.

Figure 3: Microorganisms (Y) on HCW hands after a single episode of direct care are presented for 10,000 Monte-Carlo realisations.
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Introduction
Modelling structural response using the finite 
element method involves idealising structural 
behaviour and dividing the structure up into 
elements. The solution obtained from such 
a procedure is therefore an approximation 
and contains errors. These errors can arise 
from discretisation (representing infinite 
dimensional operators in finite spaces), 
choice of mathematical model (the physical 
system being modelled does not obey the 
assumptions of the mathematical model 
chosen), from round off (representing and 
operating on real numbers as finite precision 
numbers on computers) or from modelling 
(error in using the software). 

Errors that lead to an ill-conditioned 
problem during analysis can produce results 
that are unreliable. An ill-conditioned 
problem is one whose solution changes 
disproportionately with respect to changes 
in the input. Conditioning is therefore an 
important consideration while solving the 
problem numerically with finite precision on 
a computer. For implicit analysis involving a 
stiffness matrix, the conditioning is measured 
using the condition number of the matrix. The 
accuracy of the results has a direct relation 
with the condition number.

In a recent enhancement to GSA, the 
condition number was reported as part of the 
analysis output. This led to engineers posing 
the problem “how can we detect where in the 
model the ill-conditioning lies?”. In this work 

we present a technique to identify sources of 
ill-conditioning in structural analysis models 
and demonstrate its applicability. 

Problem description
The stiffness matrix K of a structural model 
becomes ill-conditioned when one or 
more sets of its columns become linearly 
dependent. Some examples of when this 
could typically arise are as follows:

• Spurious nodal connectivity: adjacent 
elements that are supposed to share a 
common node are connected to different 
ones that are coincident, resulting in one 
of the elements acquiring insufficient 
restraints.

• Due to presence of nodes with restraint 
conditions incompatible with each other, 
which can happen as a result of including a 
node in more than one constraint equation 
acting in different directions.

• Failure to idealise member end connections 
correctly: when moments are released 
at a connection, other members at the 
connection may not have sufficient restraint 
against rotation in perpendicular directions.

In such circumstances, the resulting model 
can sometimes be a mechanism, which 
results in a singular K. On other occasions, 
some entries in K acquire small values due to 
rounding during coordinate transformations, 
and it becomes ill-conditioned.

Abstract
Solutions obtained when modelling structural behaviour using the finite element 
method have errors inherent to their computation. These errors can arise in the 
process of model creation or during discretisation and can lead to numerical 
inaccuracies in the solution. It is vital to make engineers aware of these errors 
and provide a tool to rectify them. We identify a class of errors that lead to ill-
conditioned problems and develop a technique to identify the location of the 
errors. Our method has been implemented in Arup’s structural analysis software 
Oasys GSA and we illustrate its effectiveness with real life structural models.
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Value
The research provides 
confidence to our engineers in 
the analysis results they use for 
structural design. Conventional 
rule of thumb approaches to 
ensure correctness become 
difficult to apply as structures 
come to be larger and more 
complex; therefore our approach 
solves an important problem. 
By virtue of being assimilated 
within our software product, 
the findings make the software 
commercially more competitive.
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Figure 1: GSA model of the roof frame.

Figure 2: XX rotations contoured for the second eigenvalue reveal nodes that are insufficiently restrained.

Figure 3: A view of the façade model.

In such a matrix, we found that the smallest 
eigenpairs of K reveal the location of the  
ill-conditioned degrees of freedom (dofs).  
An eigenpair (λ,v) of K satisfy the equation

Kv=λv
for vector v∈Rn and scalar λ. The 
eigenvectors v  corresponding to eigenvalues 
close to 0 contain rich information about 
the dependent columns of K, i.e. they have a 
sparse structure that contains large nonzero 
components corresponding to the columns.

A brief explanation for this observation is as 
follows: we defer details to our article in the 
references. For a singular, symmetric, banded 
matrix, we can pick specially structured 
null vectors such that they have nonzero 
components corresponding to the dependent 
columns in the matrix. The eigenvector of 
an ill-conditioned matrix can be shown to 
be a small perturbation away from the null 
vector of a nearby singular matrix. The large 
components of the eigenvector therefore 
contain information about tuples of columns 
that are dependent.

Solution procedure and results
The observation in the previous section can 
be used to depict ill-conditioned dofs visually. 
The procedure for identifying them is:

1. Estimate the condition number κ (K) 

2. If κ is higher than 1010, perform model 
stability analysis (3-6), else exit

3. Solve Kv=λv for the first few smallest 
eigenvalues, using a shift if necessary

4. Map components of v back as nodal 
displacements and rotations

5. Highlight, by contouring, nodes with dofs 
that have large nonzero components

6. Cycle through all eigenpairs that form a 
cluster near zero

This method has been implemented in Oasys 
GSA version 8.6 as the Model Stability 
Analysis. We list two examples of models 
where the method was successful in detecting 
the cause of ill-conditioning.



1 Framed roof model 
 Model 1 (Figure 1) is a small roof frame 

with about 100 beams. It has a string of 
beam elements ending at nodes restrained 
against translation in X, Y and Z directions. 
At the other end, the string joins a junction 
of other beams and has moments released. 
As a result of this combination of support 
conditions, the string of beams is free to 
rotate about its XX axis. 

 The condition number returned for this 
model is infinity since it is a mechanism 
and is hence singular. On performing 
model stability analysis we find five of the 
smallest eigenvalues are close to zero and 
contouring nodal XX rotations for one of 
the modes reveals the problematic degrees 
of freedom (Figure 2). 

2 Façade model
 Figure 3 shows a view of a large model 

of a structure with glass façade with more 
than 30,000 elements including shells and 
beams. The façade panels are modelled 
as shells supported on beams with spring 
elements. A close inspection in the vicinity 
of one of the elements reveals that two of 
its corners are actually supported on nodes 
that are not connected to the springs.

 The condition number of this model is 
approximately 1013. Stability analysis on 
this model and subsequent contouring of 
resolved nodal displacements reveals large 
displacement at the free node (Figure 4). 
Adjusting nodal definition of the shell such 
that it connects to the spring reduces the 
condition number by 105. 

Conclusion
A well-conditioned model is important for 
ensuring the reliability of analysis results 
that engineers get from finite element 
software. Where a model is ill-conditioned, 
it is necessary to identify the cause. Our 
procedure can provide the engineer with 
a qualitative guide to where modelling 
problems potentially lie. The method has 
been found effective in practice on real life 
structural models that were ill-conditioned.
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The inclusion of this method in software 
increases the confidence in modelling results 
returned from Oasys GSA, thereby increasing 
the safety and reliability of the built 
structures designed in it. 

Further work will include detection of 
eigenvectors that represent rigid body modes; 
isolating them will help engineers converge 
faster on localised ill-conditioning issues.

Figure 4: View showing elements shrunk to reveal nodal connectivity.

Figure 5: Nodal rotations contoured for the first eigenvalue indicate problematic nodes.
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Introduction
The reduction of Greenhouse Gas (GHG) 
emissions and energy consumption are 
important sustainability goals. To minimise 
the effects of climate change, annual 
emissions need to be reduced by as much as 
80%  of current levels (1) and the transport 
sector needs to play its role in this.

It has been suggested that significant 
reductions of emissions from transport 
can only be achieved through behavioural 
change (2), which may include modal shift 
towards less polluting modes of transport.  
In this context, rail is seen to be preferable 
to competing modes (3) such that it may be 
a good target for modal shift from road and 
domestic air travel. 

On average, operational energy consumption 
and emissions per passenger-km are less for 
rail travel than they are for driving or flying.  
However, whereas data for cars are fairly 
comprehensive, there is a paucity of accurate 
data for trains. Additionally, technological 

improvements in the motor industry are 
happening at a faster rate than elsewhere.  
The aim of this research is to deepen the 
understanding of rail’s energy consumption 
and emissions in order to ascertain how they 
can be reduced and when it is appropriate to 
promote rail as a target for modal shift.

Methodology
The research can be broadly broken 
down into two separate components – an 
investigation of operational emissions and 
energy consumption and an investigation 
into the embedded energy and carbon in rail 
infrastructure.

Research into the operational emissions 
and energy consumption began with a 
review of existing data, both for rail and for 
other modes and included analysis of some 
‘carbon-calculator’ tools, used for comparing 
different modes of transport for a given 
journey. The Arup RouteMaster tool – used 
for simulating the performance of a train 
over a given route – has been developed so 

Abstract
Energy efficiency and emissions reductions are increasingly important 
objectives for several reasons, including rising energy costs and concerns about 
climate change.  There is potential for the railway industry to benefit from 
contributing towards these goals.

However, there has been a scarcity of operational energy consumption and 
emissions data for trains.  Relevant factors include stopping patterns, driving 
style and features of the infrastructure, such as tunnels.  It is found that they 
can lead to significant variation in energy consumption and work is ongoing to 
help quantify the effects. This includes the development of an Arup tool and 
analysis of empirical data.

Additionally, work has been done to investigate the embedded energy and 
carbon in railway infrastructure. A review of existing studies has shown that 
this is not insignificant. It is intended to combine the different aspects to 
understand the circumstances under which rail can best contribute to energy 
and carbon targets.

James Pritchard

Value
• The research has already 

helped develop Arup tools such 
as RouteMaster and CO2ST

• The research should help 
understand when and how 
to promote rail as part of a 
sustainable transport system

• The research should help 
understand how energy 
consumption and emissions 
from rail can be reduced, both 
through improved operating 
practices and improved 
infrastructure design
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that it can now be used to estimate energy 
consumption. Using an appropriate range of 
(largely theoretical) routes, RouteMaster has 
been used to predict how energy consumption 
may vary with different stopping patterns 
and other features of a train run. Some more 
theoretical modelling, including use of the 
Davis Equation (4) has been undertaken to 
estimate the impact of tunnels on operational 
energy consumption (and by extension, 
GHG emissions). Two train operators have 
provided empirical energy data from their 
trains, which are currently being analysed in 
order to validate the simulated findings and 
further understand the impact of factors such 
as driving style. 

As part of the research into embedded energy 
and carbon, data about rail infrastructure were 
gathered for the Arup CO2ST tool, used for 
calculating the embedded carbon associated 
with infrastructure construction. A review of 
existing studies, particularly in the area of rail 
tunnelling has also been undertaken.

Results and discussion
According to the existing data, the most 
economical internal-combustion engine car 
on sale today (a Hyundai i20 (5)) emits less 
CO2 per passenger-km than some trains 
(notably the Class 221 Voyager (6)). Three 
carbon-calculators were analysed, each one 
being used to estimate the emissions for three 
distinct journeys. Although rail consistently 
performed better than the alternatives of 
driving and flying, the bus emerged as a 
more serious competitor. However, a reliance 
on average data and some potentially poor 
assumptions were noted.

Comparisons were made between the 
outputs from RouteMaster and timetable 
data for a given train over a known route, 
and it was found that the estimations of 
train performance (in terms of timings) 
were acceptable. It was found that stopping 
patterns can significantly increase the energy 
consumption of a train and that there is a good 
theoretical correlation between stop density 
and energy consumption (Figure 1), although 
other factors appear to dominate in reality.

Figure. 1: Variations in energy consumed by a Class 158 train over 100km with varying stopping densities
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By modifying the resistance coefficient 
of the Davis Equation, it was found that 
the resistance experienced by a train is 
significantly higher in a tunnel than the open 
air, particularly at high-speed (Figure 2).  This 
was used to corroborate existing research (7), 
which suggests that energy consumption in a 
tunnel may increase by over 90%.

A review of two different railway tunnels 
suggests that tunnels also contribute 
significantly to embedded energy and carbon.  
Although there is much scope for uncertainty 
and variation, it is suggested that a length 
of tunnel is responsible for 10 times the 
embedded energy of the equivalent open track.

Conclusions and next steps
It is clear that the use of average data to 
compare the environmental performance of 
rail with other modes may be misleading and 
that there may be some circumstances where 
rail is not a good candidate for modal shift. 
In the same way that the type of journey 
can affect the energy consumption of and 
emissions from a car, the service type has an 
impact on energy consumption and emissions 
from a train, with stopping services requiring 
more energy per passenger-km.  

It is also clear that features of the 
infrastructure, such as tunnels, can have 
an impact on energy consumption and 
emissions.  Although infrastructure design is 
important for other sustainability goals (such 
as the reduction of noise or visual intrusion), 
the effect on energy and emissions must be 
seriously considered in the planning and 
design process.

The next step is to further validate the 
findings using empirical data.

Figure 2: Davis Resistance Curves for a Class 390 Intercity train

References
[1] Stern, N. STERN REVIEW: The 
Economics of Climate Change Executive 
Summary.pp. 1-27.
[2] Banister, D. Proceedings from the 12th 
World Conference on Transport Research, 
Lisbon, 2010.
[3] Armstrong, J., and J. Preston. Proceedings 
from the 12th World Conference on Transport 
Research, Lisbon, 2010.
[4] Rochard, B. P., and F. Schmid. A review 
of methods to measure and calculate train 
resistances. Proceedings of the Institution 
of Mechanical Engineers, Part F: Journal of 
Rail and Rapid Transit, Vol. 214, No. 4, 2000, 
pp. 185-199. Available at: http://pif.sagepub.
com/lookup/doi/10.1243/0954409001531306 
[Accessed August 11, 2011].
[5] carpages.co.uk. Car CO2 Emissions 
between 0 g / km and 100 g / km. carpages.
co.uk, 2012, Available at: http://carpages.
co.uk/co2/co2-0-to-100-2.asp [Accessed 
September 11, 2012].
[6] RSSB. Traction Energy Metrics. 2007. 
Available at: http://www.rssb.co.uk/
SiteCollectionDocuments/pdf/reports/research/
T618_traction-energy-metrics_final.pdf.
[7] HS2 Ltd. HS2 Traction Energy Modelling. 
2009. Available at: http://www.hs2.org.uk/
assets/x/56774. 



Intertidal structures: engineering for 
sustainability and biodiversity

Introduction
Coastal regions are defined as the natural 
boundaries between land and sea, which are 
typically high stress environments, providing 
habitats to an abundance of organisms 
specially adapted to tidal fluctuations. Coastal 
zones occupy less than 15% of the Earth’s 
land surface cover, however more than 60% 
of the global population resides within close 
proximity (<100km) of these areas and this is 
continuing to increase [1,2]. 

Human populations rely on coastal areas 
for important resources such as food, 
habitat, defence systems and water quality. 
Therefore, increased population demands 
and urbanisation through the development of 
marine structures, are causing disturbance to 
these dynamic systems and threatening the 
organisms that inhabit them [1]. 

Alongside this is the concern of climate 
change and its accelerated effect on the 
environment [3, 4, 5]. Climate change is causing 
an increase in sea levels and higher intensity 
storm surges, which impact on coastal areas, 

resulting in a loss of land and modifications 
to coastal zones. Therefore, there is a 
requirement for the development of Coastal 
Defence Structures (CDS) for protection.

Existing research
Previous research suggests that artificial 
structures are poor replacements for hard 
bottom natural shores because they are 
susceptible to more frequent, higher intensity 
disturbance and reduce habitat availability 
[6]. Evidence shows a distinct difference 
between species assemblages on natural and 
artificial habitats [6, 7], however there is little 
understanding behind the colonisation and 
development of benthic communities on 
artificial structures over time [8,9].

Current research has focused on altering 
conventional structural designs to incorporate 
ecologically enhancing elements such as 
construction materials, surface roughness, 
porosity, size and placement of the structure 
on the shore, block size and habitat 
complexity (Figure 2) [10].

The idea of utilising ecological resources 

Abstract
Increased sea level rise and intensity of storms due to climate change is a 
serious concern for coastal regions. Many lowland countries and major cities 
will be susceptible to flooding and an ensuing loss of land area. Increasing 
global population and land subsidence adds pressure to coastal land, 
ecosystems and resources. Coastal defence schemes need to become an integral 
part of coastal management alongside the development of stronger and more 
sustainable coastal structures. 

While work to date has surveyed the associated ecological communities, less 
attention has been paid to how engineering designs may enhance colonisation. 
Many natural intertidal habitats have been replaced by artificial substrata, 
which affect the marine communities that reside in those areas. Modern designs 
have started to consider aspects that may be ecologically enhancing.

The aim of this project is to bridge the gaps in previous research and 
investigate how engineering designs could not only benefit biodiversity but 
also enhance the stability and longevity of structures. 

Talia Sherrard
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Value
This research will provide 
information for engineering 
companies in order to:

• optimise structural designs for 
the consideration of ecological 
growth

• determine whether ecology can 
play a significant role in the 
stability of structures

• potentially reduce maintenance 
requirements through structural 
stability and longevity
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in engineering to reduce the hydraulic 
forces and modify traditional structures has 
been acknowledged for decades. Creating 
technical, innovative ecological engineering 
concepts can strengthen and reduce 
maintenance costs of structures [5]. However, 
this is limited by a lack of knowledge 
regarding the dynamic interactions between 
traditional engineering and ecological 
engineering [11].

Aims and objectives
The main aims of this project are:

• To further investigate the potential for 
coastal structures as artificial habitats for 
intertidal communities.

• The effects of coastal communities on the 
stability and longevity of structures in a 
dynamic and interactive environment.

• To provide information in the form of a best 
practice guide for engineering companies to 
consult for the development of new schemes.

The  intended study areas for this project are:

• Natural vs. artificial shores: investigating to 
what extent natural shores vary in structural 
complexity and habitat availability, 
compared to artificial habitats. 

• Maintenance of structures: maintenance 
is an important function in engineering to 
reduce the failure of structures. Exploring 
the impacts of maintenance on ecological 
colonisation and the introduction of 
opportunistic species through simulating 
maintenance activities on structures. 

• BIOBLOCKS: BIOBLOCKS are artificial 
habitat-enhancing blocks designed to be 
included during construction of coastal 
defence structures (Figure 1). Investigations 
into the effectiveness of increasing structural 
complexity of BIOBLOCKS to encourage 
habitat availability and biodiversity. 

• Modelling: studying ecological colonisation 
on artificial structures and the effects they 
have on water flow, porosity and stability 
of the structures using numerical modelling 
and wave flumes for experimental research. 

• Structural stability: Deployment of bespoke 
sensor networks adapted from glacier 
studies on coastal structures to investigate 
the impact of wave loading on structural 
stability and sliding of coastal structures. 

• Time Zero Survey: Case study based research 
into the initial colonisation and growth of 
ecological communities on engineering 
structures in a coastal area will be conducted. 

Conclusions and next steps
Coastal structures are a principal defence 
system against sea level rise and extreme 
weather conditions; therefore the need 
for stronger and more sustainable coastal 
structures is increasing [6]. Without coastal 
protection, there will not only be a severe loss 
of land area, but a significant topographic 
change to hard shorelines through erosion 
and inundation. This can alter coastal 
habitat availability and have major impacts 
on intertidal assemblages, as well as 
repercussions for humans. 

Human activity has already significantly 
affected the coastal environment and its 
natural resources, as a result of the excavation 
and movement of sand and gravel from 
offshore and inshore beaches, and the 
construction of sea defence structures [12]. 

The results of this multidisciplinary research 
outline sustainable and ecologically 
enhancing coastal designs to inform 
engineering companies on the development 
of coastal infrastructures, and maintenance of 
healthy coastal environments.

Figure 1: Example of a SEA CAM 
BIOBLOCK (Firth et al., 2012)

Figure 2: Study after eight months investigating the colonization on three different substrates: concrete, granite and limestone.  
(Coombes et al. 2011; Firth et al., 2012)

Concrete Granite Limestone
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Controlling stray current at the source in 
DC powered transit systems

Introduction
From the literature review, field testing and 
transit agency interviews conducted by Arup, 
it is evident that many local and international 
transit agencies, to this date, are still struggling 
to find efficient and well defined ways to 
mitigate stray current. Stray currents are one of 
the major causes of corrosion in utility pipes 
and other infrastructure in the vicinity of DC 
powered transit systems. The current generated 
by a DC traction power system can sometimes 
reach thousands of amperes depending on the 
location of the train and the substation. Some 
of this variable current, which is referred to 
as stray current, finds its way into the earth 
making it challenging to control its path and 
the resultant corrosion it causes to conductors 
on its way to the substation. This is more of 
an issue with the older transit agencies, which 
were not designed to avoid stray current 
issues, making the older transit agencies more 
vulnerable to stray current issues.

However, in newer transit systems this leakage 
of current can be controlled to acceptable 
values as defined by design. The best way is to 
control it at the source by designing the correct 
electrical isolation of the track. 

Methodology
A careful analysis and design of power 
loads, and vehicle operating characteristics, 
is also necessary along with the design of 
isolation techniques including maintenance 
procedures for the control of stray currents. 
With the goal of controlling the stray current 
at the source, Arup participated in the pre-
revenue service testing at a transit agency to 
identify and understand the design criteria, 
constructability and maintenance issues and 
requirements to attain the desirable stray 
current levels.

Tests were conducted over a period of two 
days, following the guidelines mentioned 
in the ASTM standard (G 165 – 99, 1999), 
as part of the pre-revenue service testing 
at the transit agency with the objective of 
measuring the track-to-earth resistance of 
ballasted and embedded tracks. The intent 
was to validate the correct isolation technique 
and/or combination of isolation techniques 
that could limit the amount of stray current 
leakage by keeping the track-to-earth 
resistance high. 

Abstract
This paper identifies the significance of the correct electrical isolation and/or 
combination of isolation techniques to control stray current leakage in Direct 
Current (DC) transit systems. It highlights the process and importance of pre-
revenue testing, defines the testing methodology and outlines the importance of 
maintenance of the embedded tracks to control stray current leakage. 

The outcomes of testing methods for a specific transit agency were studied 
and compared against their own design criteria. It was observed that most of 
the stray current tests for the embedded rail sections failed to meet the defined 
criteria, whereas the tests for the ballasted track section met the criteria.  

The test results supplemented by literature research, led Arup to the conclusion 
that stray current leakage in a new transit system with embedded tracks could 
be kept to acceptable levels by correct isolation techniques, augmented with an 
appropriate maintenance plan for the tracks. 

Saud Memon

Thesis topic
A uniform system for embedded 
track stray current isolation and 
Quality Control (QC)

Doctoral study area
Rail

University
University College London 

Award
Engineering Doctorate (EngD)

Group
Rail – Houston (Infrastructure 
Group)

Date of study
2010 – 2014

Value
• Arup name recognition within 

the national and international 
transit industry

• Opportunity for technical 
papers and presentations on 
this important topic, at both 
national and international 
meetings and conferences

• Strengthening of relations 
between Arup and the 
participating DC-powered 
transit agencies

• Key high-level supplier of 
stray current corrosion related 
technical services 

• Receiving funding from US 
Transportation Research Board 
for research project to develop 
a guidebook on stray current 
control design

Acknowledgements
Graham Gedge,  
Internal Supervisor, Arup 
Dr. Paul Fromme,  
External Supervisor, University 
College London



38 | Saud Memon

The track-to-earth resistance is dependent 
on the effectiveness of isolators (rail boot, 
fasteners) and soil resistivity. Although the 
track-to-earth resistance increases as the soil 
resistivity increases, the isolators are the 
controlling factor. Additionally, track fixation 
components, their types and the maintenance 
and testing of the tracks play a significant role 
in controlling the levels of electrical isolation 
of a track.

The testing required use of multimeters 
(used to measure the current, voltage and 
resistance), two 12-volt DC batteries, an 
automatic timer and cables to run between the 
testing stations. Figure 1, shows a section of 
embedded track tested with rail boot and the 
equipment used.

Results and discussion
Of the many sections tested for track-to-earth 
resistance calculations, most of the ballasted 
sections were within the limiting values 
defined in the agency’s criteria manual. 
However, none of the embedded sections 
passed the test even after cleaning and 
brushing of the track. 

Track-to-earth resistance for ballasted 
track and embedded track
This testing was conducted by impressing a 
test current, with the help of 12volt batteries, 
at one location along the rails and measuring 
the track-to-earth voltage shift and return 
current spans along the rail at specified 
locations using the multimeter. The ballasted 
track length tested showed more than 500 
ohms-1,000 Track Feet (TF) which was set 
as the target resistance by the contractor, 
whereas none of the five embedded track 
locations tested met the desired limit of 250 
ohms - 1,000 TF. All the embedded sections 
tested fell below 100 ohms-1,000 TF and it 
was concluded that the track needed to be 
retested after a thorough cleaning from all the 
debris and dirt. 

Figure 1: Track-to-earth testing for embedded track

Figure 2: Rubber boot flangeway – used to isolate contact with concrete 
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Visual Inspections
Visual inspections were also conducted in 
conjunction with the physical measurements 
taken at the embedded sections. The 
inspections identified some concrete overflow 
over the isolating membrane (rail boot) 
between the concrete and the rail essentially 
exposing the tracks to concrete.

Audio Frequency Signal Tracing
Audio frequency signals tracing results were 
used to pinpoint local low resistance areas 
and electrical discontinuities. These tests 
were conducted by impressing a 750 hertz 
signal onto the rail in various configurations 
and measuring the signal strength along the 
rails. The results identified that the signal loss 
was occurring at the crossover location. 

Conclusion and next steps
It was concluded that the embedded section 
had a flangeway of concrete which will hold 
earth and debris that in turn provided a path 
for the stray current. Additionally, the concrete 
had spilled over the rail boot at many locations 
creating a contact with the rail annulling the 
purpose of the rail boot isolation. 

It is apparent from the test results that track-
to-earth resistance for the embedded track 
largely depends on the isolation methods, 
skill at the time of construction and then 
onward on the maintenance of the tracks. 
Based on literature research and transit 
agency personnel interviews conducted, it 
would be safe to conclude the following as 
key needs of the industry: 

• Improved rail isolation techniques

• Standardisation of pre- and post-revenue 
testing programme

• Consistent track maintenance program to 
keep rail track-bed areas clean and drained 
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Track Type Recommended track-to-earth 
resistance

Measured track-to-earth 
resistance

Ballasted Track 500 ohms – 1,000 TF 580 ohms – 1,000 TF
Embedded Track 250 ohms – 1,000 TF 80 ohms – 1,000 TF

In newer constructions it is recommended to 
provide a rubber boot flangeway to isolate the 
rail contact with the earth as shown in  
Figure 2. Moreover, visual inspections are 
equally important for ballasted tracks,  
Figure 3 shows a cracked insulation cap on 
the fastener clip that was identified during the 
visual inspection.

Figure 3: Cracked insulation cap on the fastener clip

Table 1: Transport Agency’s recommended track-to-earth resistance values
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Introduction
Due to its booming economy, energy demand 
in China has increased rapidly and China 
is now the world’s second largest energy 
consumer. Carbon emissions from energy use 
in China showed a rising trend over the past 
30 years (Figure 1). In 2007, China replaced 
the United States as the world’s largest CO2 
emitter. There have been a number of studies 
using different decomposition techniques for 
analysing the driving forces of energy and CO2 
emissions in China. These techniques have 
been recognised as sound and practicable for 
monitoring economy-wide energy consumption 
and efficiency. Many researchers have focused 
on the index decomposition approach to 
analyse energy use, CO2 emissions and other 
indicators at a country level. However, there 
are few studies applying decomposition 
techniques to analyse energy use and emissions 
at a city, regional or sectoral level. One of these 
is the Dhakal et al. study, which estimated the 
CO2 emissions from energy use in East Asian 
megacities over the period of 1985 to 1998 by 
using the decomposition method. This study 
is extended to identify five different driving 
forces between population and economic 
production structure, energy and emissions 
efficiency at both city and sectoral levels of six 
key Chinese cities (Table 1). 

Methodology
This study focuses on the changes and 
identifies the determining factors in 
production-related CO2 emissions from 
energy use (excluding residential energy 
consumption). Equation (1) is a variant of 
the IPAT (Impact = Population × Affluence 
× Technology) equation and a fundamental 
aggregate underlying emissions:

                                                                     (1)

where
C = total production-related emissions,
Ci = CO2 emissions arising in sector i,
Ei = energy consumption in sector i,
E = total production-related energy 
consumption,
Yi = gross regional production contribution of 
sector i,
Y = total gross regional production, 
P = population.

The general index decomposition analysis 
identity can be presented as:

                                                                     (2)

Abstract
This study investigates the key drivers affecting emission increases in terms of 
population, economic growth, industrial transformation and energy use in six 
Chinese megacities: Beijing, Shanghai, Tianjin, Chongqing, Guangzhou and 
Hong Kong. These cities represent the most developed regions in China and 
have similar per capita carbon dioxide (CO2) emissions as many developed 
countries. There is an urgent need to quantify each factor in driving emission 
changes in those cities to initiate a bottom-up climate mitigation policy design. 
Index Decomposition Analysis (IDA) is adopted and results in both additive 
and multiplicative approaches are presented to reveal how each factor drives 
emission changes during 1985–2007. Among all cities, economy and energy 
intensity effects have been the two dominant factors contributing to the 
changes in carbon emissions. This study reveals that there are large variations 
in the ways driving forces contribute to emission levels in different cities and 
industrial sectors.
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where
V = energy or environmentally related 
aggregate
i = a sector of the aggregate
n = factors leading to variations in V over time

The above changes of aggregated production-
related emissions can be expressed in 
multiplicative or additive form: 

                                           (3)

                                                         (4)

where
ce = carbon effi ciency
int = energy intensity
str = structure of production pattern
eco = economics
pop = population

In the literature, a number of index 
decomposition methodologies are available 
but the Log Mean Divisia Index (LMDI) is 
the preferred method since it eliminates the 
complication of allocating a residual term. 
The LMDI method also satisfi es all the 
criteria of being time reversible, consistent 
in aggregation and relatively easy to use and 
interpret. Using this method, the formulae for 
the multiplicative and additive effect of the 
decomposition factor on the right-hand side 
of equations (3) and (4) are calculated by the 
following:

                                                                     (5)

                                                                     (6)

Table 1: Key indicators of 6 major cities (Beijing, Shanghai, Tianjin, Chongqing, Guangzhou, Hong Kong)

Figure 1: Total energy consumption by fuel in six major cities of China
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Results and discussion
The decomposition results (Table 2, Figure 2 
and 3) for the period 1985–2007 can be 
summarised as follows:

• There appears to be a race between the two 
determining factors of energy intensity 
improvements and economic growth in 
driving the changes of emissions at both 
national and city levels. 

• Population and structure effects also lead 
to increasing emissions, but to a relatively 
lesser extent

• The carbon effi ciency effect contributes to 
declining CO2 emissions, but the magnitude 
of the accumulated carbon effi ciency effects 
is relatively small over the entire period.

• Accumulated negative effects are 
outstripped by accumulated positive effects, 
which give rise to a considerable increase in 
overall emissions.

The results identifi ed the economic effect as 
the major factor in driving emission growth 
in China and the six cities, with the largest 
contribution from the industrial sector. 
Although improvements in energy intensities 
have been the key factor in decreasing 
emissions, the increase in economic affl uence 
is more dominant. The degree of infl uence 
of other effects, including carbon effi ciency, 
structure and population, on emissions 
varies from city to city. There has been no 
signifi cant improvement in carbon effi ciency 
in any of the cities and the role played by the 
fuel shift and changing mix of energy supply 
is not signifi cant. The impact of structural 
change in the economy on emissions has 
been highly variable across the cities. The 
population effect, however, has played an 
essential role in growing emissions in cities 
where there are large “fl oating” populations 
engaged in less technical, more labour-
intensive production.

Figure 2: Result of carbon dioxide emissions decomposition: additive decomposition at the aggregative level

Table 2: Results of carbon dioxide emission decomposition: multiplicative decomposition
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Conclusion and next steps
China’s climate commitment has been 
focused on carbon intensity reduction. The 
efficiency level has to be achieved in cities, 
especially in urban industries. However, 
there are no specific instructions on how 
local and city governments should adapt 
their urbanisation plans to specific regional 
conditions. 

The Chinese government can strengthen 
its energy efficiency monitoring system 
and quantify the progress by employing 
the decomposition approach. By analysing 
economic sectors and levels, a more 
decentralised approach to regulation instead 
of national targets should be considered. For 
example, cities must pursue both sides of 
the equation to further decouple energy use 
from Gross Domestic Product (GDP), driving 
greater energy efficiency and encouraging 
low carbon economic growth. To meet the 
carbon intensity target, a national target needs 
to be split across different cities in proportion 
to their economic activities to reflect the 
“common but differentiated responsibilities” 
principle and supported by a domestic 
emissions trading scheme.

Figure 3: Time series decomposition of carbon dioxide emission at the aggregative level
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Examining Excel evolution

David Birch and Helen Liang

Spreadsheet models are complex, difficult to evolve and audit. 
We present a tool suite for analysing complex spreadsheet based 
engineering models. This enables comprehension of complex 
model structure and identification of model bugs. Application 
to three generations of Arup’s Integrated Resource Management 
(IRM) model has shown great potential.

Name
David Birch (Imperial College) and Helen Liang 
(University of Bath)  

Thesis topic
Computationally unifying urban masterplanning 

Doctoral study area
Computing

University, Award  
Imperial College, PhD

Group:  
Arup Foresight, Innovation & Incubation

Date of study: 
2009 – 2012

Abstract
Complex engineering analysis spreadsheets are widely used and 
known to be error prone. These models frequently change hands and 
evolve as they are applied to new projects requiring engineers to 
relearn their inner workings.

We apply computational techniques to extract, visualise and analyse 
the calculation graph underlying the model. Extraction is done by 
starting with a model output, parsing its formula, identifying which 
cells it references, then recursively processing these cells in turn 
to build up a calculation graph, which is then analysed using many 
techniques as shown in Figures 1-4.

This Extraction and Analysis Methodology (EAM) has been applied 
to three generations of Arup’s sustainability assessment Integrated 
Resource Management (IRM) model. This model integrates 
sustainability models from many disciplines into a coherent 
assessment tool. Exploring this model gave insight into model 
complexity, focus, construction and bugs. 

Figure 1 shows a visualisation of the per capita transport carbon 
metric showing its constituent calculations for different modes of 
transport and a model bug, which was later fixed. Figure 2 shows 
the evolution of Arup’s IRM model over several years from a fairly 
simple early concept model to a comprehensive and detailed model 
built using complex structure, which as shown in Figure 3, can be 
difficult to maintain.  

Finally we see from Figure 4 the focus of the 2009 model on energy 
demand and passenger transport disciplines. We identify the creep 
from strict demarcation of input and output worksheets by the 
number of inputs required in the output models. 

These analysis techniques provide much needed insight to 
practitioners and model maintainers.

Value
• Presents tools for comprehending large 

engineering spreadsheets
• Identifies model quality challenges and aids 

maintenance of such models
• Explores the evolution of a complex 

model over several years and several 
projects identifying changes in focus and 
complexity

• Sensitivity analysis identifies the inputs 
with most scope to impact project goals 
from the thousands in the model.

Conclusions & next steps
Applying this Extraction and Analysis Methodology to Arup’s IRM 
models we have shown the need for model analysis tools to aid 
practitioners in their adaptation of the model to new projects. We 
also applied a sensitivity analysis to each model to identify which 
of the over 1000 model inputs will give most scope to impact the 
projects per capita carbon emissions, whilst measuring impacts upon 
other metrics. This gave valuable focus to efforts to improve the 
projects sustainability. 

We believe that there is a substantial need for spreadsheet analysis 
tools such as these to improve model quality and auditing, as well as 
aid practitioners in their tasks. 

We also foresee requirements for tools to help maintain different 
branches of the IRM model incorporating model fixes automatically. 
Optimisation efforts should be supported by more sophisticated 
sensitivity analysis and optimisation engines such as constraint 
based optimisation.

Figure 1: Visualisation of Transport Carbon calculation graph
Identifying a model bug which was later fixed 

Figure 2: Evolution of Arup’s IRM model
Showing a rise in size and complexity of the model 

Figure 3: Formula length in the 2011 IRM model 
Identifying a minority of formulas which were difficult to maintain

Figure 4: Discipline specific metrics from the per capita Carbon calculation
Identify model focus by areas of highest complexity in the model
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The Animal Liberation Front: 
The challenge for corporate 
resilience
Jeff Green

The use of animals for research has attracted violent opposition 
in an attempt to bring about its cessation. To this end the medical 
research community in the United Kingdom has been targeted by 
terrorist groups since the early 1970’s. This research has mapped 
the development of such groups and the methods used in their 
ongoing campaign. The direct tactics used, including violence 
and property destruction, have affected the operation of those 
targeted. The evidence found through the research has allowed 
effective mitigation measures to be tabled based on victim 
accounts told through semi-structured interviews.
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Abstract
The issue of animal rights has been discussed throughout history 
by philosophers such as Aristotle, Emanuel Kant and more recently 
Peter Singer. It is claimed that Peter Singer provided the spark, 
which ignited the current campaign instigated by Ronnie Lee and 
the Animal Liberation Front (ALF). This campaign has brought the 
fight to the front door of every establishment connected with animal 
research. 

To understand the extent of the problem, specific attack data needed 
to be collected. This was done through an open source investigation 
based on claimed attacks having been committed by various groups. 
Historical data from the period January 2003 to December 2009 
was collected and coded to allow assessment. A sample of these was 
verified through general media collaborative reports. The methods 
used and the market sector affected are presented in Figures 1 and 
2 respectively.

The manner of how business reacted then needed to be understood. 
Gaining access to interview subjects within the industry proved 
difficult unless a gate keeper could be found. Through peers I was 
able to break down some barriers and gain entry to this guarded 
community. Once inside, semi-structured interviews were conducted 
and qualitative data was forthcoming. Common themes were 
uncovered and effective practices established. These real world 
tested measures can now be disseminated to the wider business 
community as best practice methods that have been bench marked 
by others in similar situations. 

Value
• Terrorist development
 An understanding of how skills learnt by 

one group are transferring to others
• Research understanding
 An appreciation of how the 

pharmaceutical and bio-medical science 
communities operate and communicate 
has been established, a window on their 
world has been opened.

• Business continuity
 The benefit of business continuity planning 

can be presented based on real life 
scenarios exposed during this research task.

• Mitigation measures
 Text book mitigation measures have been 

assessed in their actual effectiveness and 
can now be offered as tried and tested with 
real life cases discussed.

Conclusions & next steps
The tactics employed and methods applied by the terrorists have 
evolved over the last four decades. We have witnessed peaceful 
protests, direct malicious attacks and more recently strategic 
intervention. All have had a direct measurable effect on not only 
the profitability of business, but its ability to operate and discover 
medical advances.

Historically in the UK there were a number of test subject suppliers. 
These have been reduced to only a few in recent times through 
the successful campaigns waged against them. Campaigns of a 
traditional nature involving protests, vandalism and even liberation of 
the subjects have been endured. 

The groups have changed and key players replaced by younger 
more determined faces. The newer leading lights are looking at 
the achievable impact available, by targeting the supply chain and 
logistical routes instead of protesting outside individual research 
company headquarters. So far this method of disruption has impacted 
a number of research institutes and the effects are causing concern.

A business continuity and supply chain resilience focus would feature 
greatly in any further research in this area. 

Figure 3: Securing Huntingdon Life Sciences, 2006

Figure 1: Market Sectors affected

Figure 2: Attack Methods
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DC buildings and  
the Internet of Power

James Johnston

The Internet of Power is a vision for the future of electrical 
power distribution. DC microgrids in our buildings will connect 
renewable power sources directly to DC loads without the need 
for a mains AC connection, inverters or rectifiers. Embedded 
energy storage will enable intelligent routing of power between 
devices, leading towards the creation of an Internet of Power.

Thesis topic
Towards an architecture for the Internet of Power 

Doctoral study area
Electrical Engineering, Computer Networks

University, Award 
University of Strathclyde, PhD

Group:  
Buildings North West & Yorkshire

Date of study: 
October 2009 – December 2012

Abstract
The electricity distribution industry can take many lessons from 
the development of the internet over the last 40 years. Indeed, the 
analogies between both industries are amazingly similar in many 
respects. The challenges of centralised control, increased constraints 
on scarce resources, synchronous nationwide networks and strangle-
hold monopolies were present in the telecommunications industry 
before the revolution of packet switching in 1961. Instead of 
deploying ‘Intelligent Networks’ as was pushed by the incumbent 
monopolies, it became clear that the radically distributed and ‘Dumb 
Network’, which relied on distributed IP routing held. far more 
opportunity for growth and innovation.

Taking this a step further, the power network can become part of 
an extended systems architectural model which unifies information 
and power into one standard. Client (power demands) and servers 
(power sources) can request and share both power and data over an 
“Enernet”. To enable this, power networks need to be rethought on 
every level:

At the physical level, power should be distributed around the 
building over asynchronous direct current networks (see Figure 1). 
Energy storage should be inbuilt at every node to enable buffering 
between supply and demand mismatches and to allow a linkage with 
data routing. 

At a virtual inter-networking layer, the scope of the TCP/IP protocol 
can be extended to enable the routing of packets of power alongside 
packets of data. Enernet switches can evolve on from the role 
of Ethernet switches in forwarding packets of power around the 
network in the most efficient route (see Figure 2).

At the application layer, power can be delivered from multiple 
sources simultaneously depending on some higher level command, 
creating a world-wide-web for energy. These higher level commands 
could, for example, route power from the nearest 150 “low-carbon” 
power stations (see Figure 3).

Value
From the outset, the research has positioned 
Arup at the forefront of one of the catalyst 
technologies: DC power networks, which is 
already winning work for the firm.

However, it is imagined that significant 
change will be more gradual and over 
the next decade could signal a radical 
transformation in the way power is 
distributed on a global scale. By investing 
in this research and continuing to sponsor 
development in building prototype designs 
and developing standards, Arup can remain at 
the forefront of this exciting new sector.

Conclusions & next steps
This research has started building momentum in an entirely 
new industry: the result of a convergence between the 
telecommunications and electrical power sectors. The research has 
developed a general architecture and proved the concepts through 
simulation and experimental work.

The next stage is to translate this into tangible devices and systems 
through building prototypes. Of equal importance is to remain 
a strong player in the development of international standards, 
encouraging holistic and joined up thinking. Bridging the gap 
between the separate disciplines of networking science and electrical 
engineering has been an important element in this project. 

Figure 1: A Three-tier DC microgrid classification for buildings

Figure 2: Routing of power in the most efficient route 
over the “Enernet”

Figure 3: World-Wide-Web for energy: routing of power from the 150 nearest 
“low-carbon” power stations to London
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Predicting groundborne noise 
and vibration in buildings 
from railways
Daniel Lurcock

Occupants of buildings near railways often experience 
groundborne noise and vibration from the passing of trains. 
However, the mechanism is complex and hard to predict, being 
influenced by many often unknown factors.  New approaches 
are required to reduce prediction uncertainty and allow for the 
flexibility required by building designers.

Thesis topic
Predicting groundborne noise and vibration in 
buildings from railways 

Doctoral study area
Transport & the Environment

University, Award 
University of Southampton,  
Engineering Doctorate (EngD)

Group:  
Institute of Sound and Vibration Research

Date of study: 
October 2011 – October 2015

Abstract
Propagation of vibration from railways into buildings depends 
on many factors including: train type, train speed, wheel/rail 
condition, track design, tunnel design, ground type and layering, 
building foundation type and configuration, building structure type 
and geometry, as well as room size and surface finishes. Many of 
these factors can be well known on some projects, whilst others, 
particularly the ground parameters are often not known in detail.  
This leads to a high level of uncertainty in predictions.

The approach towards an improved prediction methodology is to 
model a number of buildings using Finite Element Analysis and 
compare the results with measurements of noise and vibration 
undertaken on the buildings. Once models have been verified by the 
measurements, it is possible to simulate the effects that changing 
various model parameters might have on the noise and vibration 
response and from inspection simple empirical expressions can then 
be developed.

A previous Arup project involved an office development on 
Tottenham Court Road, London (Figure 1), with measurements 
of vibration from underground trains undertaken throughout the 
building by Dave Anderson in the early 1990s. A finite element 
model has been developed of the building (Figure 2). Results of 
vertical vibration response to a vertical base excitation showed that 
whilst the model displayed good agreement with measurements 
for the floor mid-span amplification (Figure 3), the agreement of 
results for vibration attenuation up the building (Figures 4 & 5) were 
not quite as good. This is thought to be due to inaccuracies in the 
column geometry or parameters used, which are currently  
being investigated.

Value
• Building designs affected by train noise 

and vibration may have mitigation options 
explored more completely.

• Reduction of uncertainty means that the 
inherent overdesign of track and building 
isolation measures may be reduced.

• Improved designs may bring cost savings 
and reduced risk to Arup’s projects.

• Arup’s image as being at the forefront of 
acoustics will be maintained.

Conclusions & next steps
A finite element model of an office development has been 
developed, which shows reasonable agreement with measurements 
for vibration propagation. The model will be improved through 
inspection and refinement of column geometry and parameters, as 
well as coupling with the soil.

A room will be incorporated into the model in order to establish a 
representative groundborne noise environment, prior to calculating 
the noise and vibration responses in a variety of building 
configurations. From this parametric investigation, simple empirical 
expressions will be developed.

The previous will be repeated for a number of buildings including 
other Arup projects near Kings Cross and Waterloo.

It is hoped that sufficient interesting material will be collected for 
presentation by means of a paper or poster at the 11th International 
Workshop on Railway Noise, September 2013.

Figure 1: Aerial view of Tottenham Court Road office development Figure 2: Vertical response of finite element model to vertical force excitation at base (15.5 Hz)

Figure 3:  Vibration level at a central third floor mid-span location relative 
to vibration at the column

Figure 4:  Vibration level at a central third floor mid-span location relative 
to vibration at the basement

Figure 5:  Overall vertical vibration level at a central mid-span location for 
each storey relative to vibration at the basement
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Deconstruction and reuse: 
Realities of design, commerce 
and logistics for portal frames
Muiris Moynihan

Structural steel elements are ideal for reuse but are damaged 
during demolition. Deconstructing would overcome this and 
there are many design strategies to allow it, however they are 
currently costly. Co-benefits are identified that will incentivise 
clients to specify deconstructable designs, and hence foster reuse.

Thesis topic
Material efficiency in construction

Doctoral study area
Engineering

University, Award  
University of Cambridge, PhD

Group:  
AT+R

Date of study: 
October 2010 – October 2013

Abstract
Structural steel elements, such as beams and columns, are ideal 
candidates for reuse because they are manufactured in standard 
sections, connected using regular interfaces and typically reach end-
of-life without degrading physically. Reusing these elements would 
give environmental benefit by reducing the demand for new steel, and 
hence diminishing associated carbon emissions from steel production. 

Reuse does not occur widely because deconstruction takes longer 
and is riskier than demolition, so instead buildings are usually 
demolished and steel elements scrapped. Many ‘Design for 
Deconstruction’ (DfD) strategies have been proposed to encourage 
deconstruction by overcoming these barriers, however without 
commercial benefits during initial construction (co-benefits) these 
are unlikely to be implemented.

Nine construction professionals were interviewed to ascertain which 
features of DfD also give co-benefits. A portal framed building was 
chosen as the reference case because it is suited to deconstruction – 
members are typically bolted together in a simple arrangement.

A parallel study investigated a commercial demolition project on 
which there was no time constraint, and therefore deconstruction 
was being examined as a viable, competing option. By interviewing 
the engineering project manager and the cost consultant, secondary 
barriers to deconstruction are revealed – factors other than time, 
which could prevent deconstruction occurring. 

Figure 1 summarises the literature review leading to the research 
questions being addressed.

Value
This research adds to knowledge about:
• Co-benefits that designs for deconstruction 

have over traditional construction
• Factors that influence choice of demolition 

and deconstruction at end-of-life
• Examples of design for deconstruction and 

deconstruction specifications

All of which will inform Arup to provide 
useful guidance to clients on these topics.

Conclusions & next steps
From the interviews, three major co-benefits of DfD are identified:
• Time savings during construction
• Reduced programme and health & safety risks
• Increased building adaptability

These co-benefits accrue largely because DfD incorporates 
modularity and prefabrication to enable quick and easy dismantling 
at the building end-of-life.

Industrial and retail clients are identified as most likely to value 
these benefits and trial DfD buildings. If sufficient numbers 
of innovative clients can be persuaded to specify DfD, then a 
‘virtuous circle’ can be created that overcomes the main barriers to 
deconstruction – increased cost and risk. The flowchart in Figure 2 
depicts the stages that enable this to occur.  Future research would 
study further commercial projects and assess whether the co-benefits 
identified could be realised.

Where the primary barriers to deconstruction – time and programme 
risk – are removed, three secondary barriers remain:
• Increased contract cost (more labour required)
• Logistical barriers (lack of skills, specifications and storage space)
• A poor ratings system reward

Future research would investigate how best to overcome each of 
these, as none are thought insurmountable, and record more projects 
to determine any remaining barriers.

Figure 1: Schematic of literature review leading to research questions addressed Figure 2: Schematic showing increased construction of DfD buildings leading to the removal of barriers and creating a ‘virtuous circle’
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Turbulent heat transfer from 
urban surfaces

Wagner Nogueira Neto

Thermal comfort in urban areas is an important consideration in 
contemporary urban design and new experimental methods and 
mathematical models are required to explain how building shape 
and layout affect it. This work modifies and improves Arup’s 
ability to model outdoor comfort by incorporating simple models 
of complex flow processes.

Name
Wagner Nogueira Neto, Janet F Barlow, Jake 
Hacker, Michael Holmes, Andrew White 

Thesis topic
Turbulent heat transfer from urban surfaces 

Doctoral study area
Urban Meteorology

University, Award  
University of Reading, PhD

Group:  
Meteorology (UoR), Advanced Technology + 
Research (Arup)

Date of study: 
2010 - 2013

Abstract
The air and surface (radiant) temperatures experienced in an urban 
environment are dependent on turbulent heat transfer from urban 
surfaces to the surrounding air.  This is highly complex, however, 
Harman et al. (2004) modelled turbulent transfer from street canyons 
in a relatively simple way, by accounting for flow recirculation and 
ventilation regions (Figure 1).

Figure 2 shows turbulent transfer as a series of resistances in 
Arup’s OutdoorRoom model (ODR), which is based on the Harman 
scheme. The outdoor environment is coupled with Arup’s Room 
model, which models the fabric of the buildings and allows the 
buildings of the canyon to play a role in conducting/radiating heat 
away from the surface.

Flow in a street canyon with a flat roof is a well-studied area, but 
typical urban morphology is more complex than this. Figures 3a 
and 3b show a flow visualisation study (Barlow, pers. comm.) and 
differences between the flat and pitched roof set up. For a pitched 
roof, the dynamics of the flow depart from a single vortex within 
the canyon to a double vortex within the recirculation region. This 
change in flow dynamics means that the air travels a longer distance 
before impinging on the street surface, slowing it down and, thus, 
increasing the resistance and reducing the flux. In order to take 
the model one step forward, a pitched roof parameterisation was 
implemented. Figure 4 shows the new resistance network and Figure 
5 indicates a significant decrease in ventilation at street level due to 
the addition of a roof to the canyon.

Value
• Outdoor thermal comfort is highly 

relevant to planning policy, so providing 
methodologies to quantify the influence 
of building morphology and materials on 
thermal comfort/heat transfer is crucial.

• This research will lead to an enhanced 
ODR model capable of capturing a 
broader range of geometries and physical 
processes. 

• The models developed will also help to 
improve meteorological models that can 
be used to forecast the urban heat island  
of cities.

Conclusions & next steps
A better understanding about the dynamics of flow around buildings 
is necessary in order to develop simple models to represent more 
complicated processes. Simple changes in morphology of buildings 
can have a rather large impact on the processes occurring at street 
level, such as heat fluxes.

A stand-alone version of the resistance network model was 
formulated for a street canyon with a 45° pitched roof. This 
parameterisation was formulated by observing the change in flow 
dynamics from a single to a double vortex flow regime, where the 
vortex at roof level acted to slow down flow near the surface. In 
turn, this caused a significant decrease in heat fluxes from the street 
canyon, leading to higher street level temperatures and decreased 
thermal comfort.

The next step of this work is to validate the model against wind 
tunnel measurements, which is currently being done at the University 
of Reading. This parameterisation will be implemented to Arup’s 
ODR model and test runs will be done with real atmospheric data.

Figure 1: Flow patterns around street canyons for different 
aspect ratios (building height to street width, H/W) (Harman 
et al, 2004; Oke, 1987). From a) to c), the flow regimes 
represented are the isolated roughness regime, the wake 
interference and the skimming flow regime, respectively. 

Figure 2: The Arup OutdoorRoom (ODR) resistance network 
model for heat transfer in a street canyon. Internal, canyon 
and forcing temperatures are indicated.

Figure 4: The new resistance network for a steeply pitched roof. 
For the street surface, only the resistances 5, 7, 8 and 10 are active.

Figure 5: The influence of changed roof pitch on the resistance to heat transfer. The magenta line depicts the inverse 
of the resistance (non-dimensionalised by wind-speed U) for transfer from the street surface with a flat roof (Harman 
et al. 2004) and the blue line represents the results with the new pitched roof parameterisation.   

Figure 3a: Flow visualisation for a street canyon with flat 
roofs. Mean velocity field indicated by the arrows.

Figure 3b: Flow visualisation for a 45° pitched roof. The roof 
level vortex can be clearly seen. The indication of poorer 
ventilation can be noted by the higher concentration of tracer 
gas near the surface. (Thanks to B. Leitl at University of 
Hamburg for use of wind tunnel facilities).
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The competition between 
distributed and localised 
sources of buoyancy
Jamie Partridge

The fluid dynamics of natural ventilation has come a long way in 
the past 20 or so years. Despite this there still remain some areas 
that have not been covered. Heat transferring boundaries are one 
such example, which can play a key role in the flows found in 
real buildings. 

Thesis topic
Green Buildings: The effects of non-adiabatic 
boundaries on natural ventilation 

Doctoral study area
Fluid Dynamics

University, Award 
Cambridge, PhD

Date of study: 
October 2010 – March 2014

Abstract
Energy consumption is a growing concern for the modern world. 
Due to this, any way that energy can be utilised in a more efficient 
way is beneficial. The built environment uses a large share of energy 
in the developed world, typically in the region of 30-40%. Focusing 
on the end use, it is found that the majority, again around 30-40%, 
is used for heating, cooling and ventilating the space. This is mainly 
due to the majority of buildings relying on heating ventilation and 
air conditioning (HVAC) systems, which are typically inefficient. 
Therefore, in order to reduce energy consumption a sustainable 
alternative is desired, e.g. natural ventilation.

In order to aid optimum design of natural ventilation systems, a 
good understanding of the fluid dynamics is required. Many aspects 
of such flows have been studied in the past but some key questions 
remain, such as the effects of heat transfer at the boundaries. This 
important feature has been neglected in previous models yet it is 
prevalent in real world buildings. Obvious examples include directly 
heated/cooled floors and ceilings as well as the less obvious, for 
example heated patches via solar gains. 

To tackle this problem, the effects of a heated floor, a distributed 
source of buoyancy, and how it interacts with a point source plume, 
a localised source were studied. In keeping with previous work, a 
simplistic steady state model has been found for such a situation.  
This should also allow quick calculations which would be beneficial 
in the designing stages of a building where time is of the essence. 

Value
• Improved research of natural ventilation 

flows
• Simplified models which can be introduced 

into ROOM, an in-house software

Conclusions & next steps
A two layer stable stratification, as found in the case of displacement 
flow driven purely by a point source plume, is still maintained even 
with the introduction of a distributed source of buoyancy. This is 
only true provided that the heat flux of the distributed source is not 
several times (~6) larger than that of the plume. 

This stratification is now altered from that expected of the 
purely plume case, as now the lower layer, previously at ambient 
temperature, has some temperature in between that of ambient and 
the upper layer. Aside from this, the interface height separating the 
stratified layers is now at a greater height as the turbulent convection 
in the lower layer pinches off, or entrains, fluid from the upper layer.  
 
The next steps are to study the effects of time-varying boundary 
conditions on the floor/ceiling of the enclosure. This could then be 
used as a model for patches being heated by solar gains, or simply 
the intermittent nature of heating/cooling at these boundaries. 

Figure 1: Schematic of the filling box with heated floor for Ψ<6 Figure 2: Experimental results of the interface height location for varied values of Ψ. In these experiments A* remained fixed at A* ≈ 42
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DSM-IV Personality Disorder Hogan & Hogan (1997) HDS Themes Oldham & Morris (1991) Miller (2008) Dotlich &  Cairo (2003)

Borderline Inappropriate anger; unstable and 
intense relationships alternating 
between idealisation and devaluation.

Excitable Moody and hard to please; intense 
but short-lived enthusiasm for 
people, projects or things.

Mercurial Reactors Volatility

Paranoid Distrustful and suspicious of 
others; motives are interpreted as 
malevolent.

Sceptical Cynical, distrustful and doubting 
others’ true intensions.

Vigilant Vigilantes Habitual 

Avoidant Social inhibition; feelings of 
inadequacy and hypersensitivity to 
criticism or rejection.

Cautious Reluctant to take risks for fear 
of being rejected or negatively 
evaluation.

Sensitive Shrinkers Excessive Caution

Schizoid Emotional coldness and detachment 
from social relationships; indifferent to 
praise and criticism.

Reserved Aloof, detached and 
uncommunicative; lacking interest 
in or awareness of the feelings 
of others.

Solitary Oddballs Aloof

Passive- 
Aggressive

Passive resistance to adequate social 
and occupational performance; 
irritated when asked to do something 
he/she does not want to.

Leisurely Independent; ignoring people’s 
requests and becoming irritated or 
argumentative if they persist.

Leisurely Spoilers Passive resistance

Narcissistic Arrogant and haughty behaviours or 
attitudes, grandiose sense of self-
importance and entitlement.

Bold Unusually self-confident; feelings 
of grandiosity and entitlement; over 
valuation of one’s capabilities.

Self-Confidence Preeners Arrogance

Antisocial Disregard for the truth; impulsivity 
and failure to plan ahead; failure 
to conform

Mischievous Enjoying risk taking and testing 
the limits; needing excitement; 
manipulative, deceitful, cunning and 
exploitative.

Adventurous Predators Mischievous

Histrionic Excessive emotionality and attention 
seeking; self dramatising, theatrical 
and exaggerated emotional 
expression.

Colourful Expressive, animated and dramatic; 
wanting to be noticed and needing 
to be the centre of attention.

Dramatic Emoters Melodramtic

Schizotypal Odd beliefs or magical thinking; 
behaviour or speech that is odd, 
eccentric or peculiar.

Imaginative Acting and thinking in creative and 
sometimes odd or unusual ways.

Idiosyncratic Creativity and 
vision

Eccentric

Obsessive- 
Compulsive

Preoccupations with orderliness; 
rules, perfectionism and control; 
over- Conscientiousness and 
inflexible.

Diligent Meticulous, precise and 
perfectionistic, inflexible about rules 
and procedures; critical of others; .

Conscientious Detailers Perfectionistic

Dependent Difficulty making everyday decisions 
without excessive advice and 
reassurance; difficulty expressing 
disagreement out of fear of loss of 
support or approval.

Dutiful Eager to please and reliant on 
others for support and guidance; 
reluctant to take independent 
action or to go against popular 
opinion.

Devoted Clingers Eager to please

The dark side of leadership – 
How negative traits can in some 
instances lead to promotion 
Mary-Clare Race

The relationship between dark side personality traits and 
management derailment have been well documented but in 
some environments these same traits have been associated as 
much with success as failure.  This study carried out early in my 
PhD aimed to explore the nature and extent of the relationship 
between negative leadership behaviours and performance.

Thesis topic
Leadership derailment

Doctoral study area
Leadership derailment

University, Award  
University College London, PhD

Group  
Operations Consulting

Date of study: 
January 2011 – January 2015

Abstract
The majority of leadership research has focused on the positive 
impact of leadership such as how it can contribute to business 
outcomes, individual job satisfaction and the performance of 
followers. More recently researchers have turned their attention 
to the negative or destructive side of leadership with a focus on 
understanding the factors that can lead to derailment (Khoo & 
Burch, 2008; Padilla, Hogan & Kaiser, 2007; Furnham, 2007).  
Research has shown that certain behavioural traits or ‘dark side’ 
characteristics can lead to an individual being “plateaued, demoted, 
or fired below the level of anticipated achievement or reaching that 
level only to fail unexpectedly” (Lombardo et al. 1988).  See Table 1 
for a summary of these typical dark side traits.

Whilst there are a host of studies on management failure (Aasland, 
Skogstad, Notelaers, Nielsen & Einarsen, 2009; Newton, Khanna & 
Thompson, 2008; Pelletier, 2010) there are also studies that suggest 
that some dark side traits like Boldness (Narcissistic Personality 
Disorder) may be at times positively associated with leadership 
success (Bollaert & Petit, 2010; Ouimet, 2009; Rosenthal & 
Pittinsky, 2006).  This study explores the idea of Judge and LePine 
(2007) that socially undesirable traits can in some (work) situations 
have positive implications (Board & Fritzon, 2005). The aim was to 
look at the relationship of the dark side measures and promotion in 
one large, international, financial institution.                                                            

297 adults completed the Hogan Development Survey (HDS), 
and promotions and employment data was made available by the 
organisation. Some dark side traits were predictably associated with 
lower levels and frequency of promotion (Reserved, Imaginative) 
whilst other traits indicated a strong positive relationship with 
promotion (Excitable, Leisurely, Diligent and Dutiful). An 
interesting finding emerged whereby females were significantly 
more likely to experience higher frequency and number of 
promotions and scored higher on those dark side traits that were 
found to contribute to career success.

Value
• Increased understanding of the factors that 

contribute to leadership success
• Develop links into a new sector and 

organisation who were previously unaware 
of our services in this area

• Insight into the different promotions 
experience of men and women and the 
factors that can impact on this

• An interesting case study and new insight 
to share with clients

Conclusions & next steps
There were a number of interesting aspects to the study.  Firstly the 
correlational and regressional analysis showed that whilst some dark 
traits are highly negatively correlated with work success (Reserved, 
Imaginative) other traits indicated a strong positive correlation with 
promotion (Excitable, Leisurely, Diligent and Dutiful). 

Secondly the analysis showed that gender accounts for a significant 
percentage of the variance with a strong relationship between being 
female and getting promoted. The interesting question this study 
poses is whether the females in the study have been promoted more 
because they naturally possess the traits favoured by the organisation 
or whether they have become socialised by the organisation to adopt 
these traits as a strategy for career success.  

The next phase of my research will explore some of these trends in 
more detail. In particular, I will be exploring the degree to which 
different dark side traits are prevalent in different sectors and how 
this contributes to career success in different organisational contexts.  
I will also be looking at some of the factors that mediate the impact 
of negative leadership behaviours.

Table 1: Different labels for traits associated with similar disorders Figure 1: The toxic triangle: elements in three domains related to destructive leadership

(A. Padilla et al. / The Leadership Quarterly 18 (2007) 176-194)

Destructive 
Leaders

Conducive 
Environments

Susceptible 
Followers

• Charisma
• Personalized power

• Narcissism
• Negative life themes

• Ideology of hate

• Instability
• Perceived threat
• Cultural values

• Lack of checks & balances
and ineffective institutions

Conformers
• Unmet needs
• Low core self- 
 evaluation
• Low maturity

Colluders
• Ambition
• Similar  
 world-view
• Bad values
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