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I	am	very	pleased	to	introduce	the	Arup	2012	Research	Review,	featuring	the	best	
of	the	firm’s	collaborative	research	from	around	the	globe.

The	Global	Research	team	is	proud	to	work	alongside	the	world’s	best	universities	
and	companies,	fostering	links	which	lead	to	academic	impact	and	business	benefit.	
Research	coupled	with	design	and	engineering	excellence	plays	a	key	role	in	
keeping	Arup	at	the	forefront	of	its	sector.

This	often	happens	at	the	touch-points	between	subject	areas.	The	rich	variety	of	
disciplines	at	Arup	means	there	are	many	opportunities	to	innovate.

Research	is	a	global	exercise	for	Arup,	and	there	are	Research	Champions	in	each	
of	the	five	regions.	They	are	responsible	locally	for	internal	and	external	
relationships	and	link	colleagues	with	university	partners.	

Within	Arup,	research	is	done	in	a	distributed	way,	mainly	within	project	teams	
globally,	with	a	third	of	staff	being	research-active.	We	capture	needs	and	
opportunities,	and	coordinate	global	collaboration	with	research	partners.

Using	horizon-scanning	and	road	mapping,	time-ordered	priorities	are	established	
for	research,	balancing	what	businesses	need	with	what	universities	are	evolving.	
As	well	as	providing	this	internally,	frequently	we	are	asked	to	apply	these	tested	
methods	when	clients	want	to	create	a	coherent	picture	of	their	research	needs.

The	Global	team	leads	key	initiatives	to	achieve	this.	In	addition	to	creating	
research	agendas,	capabilities	include:	undertaking	management	of	research	
programmes,	development	of	staff	through	doctoral	training	in	research	methods,	
and	work	with	funding	agencies	to	establish	research	priorities.	

However,	early	impact	is	often	achieved,	so	for	the	first	time	this	Research	Review	
also	includes	some	Impact	Stories,	intended	to	demonstrate	the	value	generated	by	
research.

We	hope	you	will	find	these	articles	interesting,	and	that	you	will	want	to	
collaborate	with	Arup.

Jeremy Watson:	Director,	Global	Research

“Innovation	supported	by	research	 
is	a	vital	factor	in	business	success.”

“Value from research comes in a variety of forms as well  
as	revenue	growth,	and	often	over	an	extended	period.”

“Research	at	Arup	is	a	tool	for	creating	financial	 
and	knowledge	value	by	building	capability	and	 
evidence;	these	enhance	business	advantage.”

“The	Global	Research	team	acts	as	a	catalyst	and	strategic	hub.”	
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Modelling the behaviour of reinforced concrete 
shear walls under severe earthquake loads
Arup:	Ibrahim	Almufti,	Gregory	Nielsen,	Michael	Willford,	Richard	Sturt

Abstract
Reinforced concrete walls have been 
widely used as the seismic resisting 
system,	especially	in	high-rise	
buildings,	in	the	last	decade.	The	
behaviour of such buildings in design 
level events is relatively unknown 
because most major urban centers have 
been	spared	large	magnitude	
earthquakes.	However,	data	from	the	
recent	2010	earthquake	in	Chile	
confirmed	that	reinforced	concrete	
walls	are	vulnerable	to	significant	
structural	damage,	and	in	some	cases	
collapse	(see	Fig.	1	and	2).		

It has been clear for some time that 
most commercially available analysis 
programs	are	not	able	to	predict	
accurately the nonlinear behaviour of 
reinforced concrete walls in strong 
earthquakes.	To	this	end,	this	study	
focused on validating newly 
implemented	material	models	in	
LS-DYNA.	This	is	a	nonlinear	dynamic	
finite	element	program	from	Livermore	
Software	Technology	Corporation.	
Arup’s	Advanced	Technology	and	
Research	team	has	developed	numerous	
new material models and features over 

the	past	25	years	for	the	LS-DYNA	
programme.	

The results of this research show that 
Arup’s	capabilities	are	at	the	forefront	
of	engineering	practice,	and	can	
convince	clients	(and	ourselves)	that	
our methods are more accurate and 
reliable.	In	the	context	of	performance-
based	seismic	design,	this	is	an	
invaluable	advantage	that	enables	Arup	
to	meet	clients’	seismic	performance	
objectives	with	greater	confidence	and	
economy.

Introduction
Most	national	building	codes	prescribe	
minimum seismic design and detailing 
requirements	for	buildings.	In	the	US	and	
most other jurisdictions the intent of the 
codes is for buildings to remain structurally 
undamaged in relatively frequent earthquake 
events,	and	to	provide	life-safety	
performance	in	much	larger	events;	life	
safety	performance,	whilst	preventing	
collapse,	accepts	considerable,	and	possibly	
irreparable,	damage	to	the	structure	and	
non-structural	components.	

The inherent limitations in the traditional 
code	methods,	and	the	desire	to	understand	
better,	(and	control)	the	likely	levels	of	
damage,	have	brought	about	alternative	
performance-based	approaches	which	predict	
the seismic behavior of buildings through 
use	of	non-linear	computer	analysis.	
Non-linear	response	history	analysis	subjects	
a	3D	numerical	representation	of	the	building	
to	actual	(or	modified)	ground	motions	
recorded	from	past	earthquakes.	The	
performance-based	approach	can	be	used	to	
meet	project-specific	or	enhanced	seismic	
performance	objectives	which	the	building	
owner	may	desire.	Whilst	it	enables	
structural engineers to have greater 
confidence	in	the	performance	of	their	
designs,	the	method	is	clearly	reliant	on	the	
capability	and	reliability	of	the	computer	
software	used	to	predict	the	dynamic	
response	of	buildings	to	severe	ground	
shaking.	

In the absence of much measured data from 
concrete wall buildings in real earthquake 
events,	structural	engineers	and	researchers	
must	validate	their	computer	predictions	by	
gleaning	information	from	physical	tests	
carried	out	in	laboratory	facilities.	Most	tests	
have	been	conducted	using	quasi-static	
testing	protocols	in	which	a	concrete	wall	
specimen	is	loaded	cyclically	very	slowly	in	
each direction with each cycle increasing in 

amplitude	until	the	specimen	reaches	 
failure.	Such	quasi-static	tests	have	
significant	limitations	in	that	the	loading	
protocols	are	fixed,	single-mode	behaviour	 
is	enforced	and	the	effect	of	damping	and	
stiffness degradation on the actual demands 
cannot	be	accounted	for.	Large-scale	
dynamic shake table tests are required to 
overcome	these	limitations.

In	2006,	a	full-scale	7-storey	reinforced	
concrete shear wall assembly was built on 
the large outdoor shake table at the 
University	of	California,	San	Diego	 
(UCSD).	It	was	subjected	to	a	suite	of	
ground	motions	with	increasing	intensity,	
including one of the strongest motions 
recorded	from	the	1994	Northridge,	
California	earthquake.	This	test	was	the	first	
of	its	kind	in	the	world	and	provided	
comprehensive	experimental	data	on	the	
actual nonlinear behaviour of a reinforced 
concrete	wall	structure.	In	order	to	assess	the	
state	of	the	practice,	a	blind	analysis	
competition	was	held	allowing	practitioners	
and	academics	to	predict	the	response	of	the	
structure through the numerical simulation 
method	of	their	choosing.	Arup	did	not	
participate,	however,	the	results	of	this	
competition,	in	which	no	team	successfully	
predicted	the	result	adequately,	revealed	that	
existing commercially available software 
was	not	adequate	to	predict	the	actual	
seismic behaviour of a concrete wall 
structure.	

At about the same time as this test was 
conducted,	Arup	developed	a	new	shell	
element	formulation	for	LS-DYNA.	It	
incorporates	two	complementary	non-linear	
material models for concrete and reinforcing 
steel.	This	was	verified	against	a	number	of	
quasi-static	shear	wall	tests	and	was	first	
used	for	a	seismic	design	project	on	the	
Taichung	Metropolitan	Opera	House.	The	
LS-DYNA	modeling	approach	is	rigorous	
and	has	become	Arup’s	standard	of	practice	

for	the	seismic	design	of	important	
reinforced concrete wall structures on the 
West	Coast	of	the	United	States	and	China.	

The	research	study	compared	the	results	of	
this new material model with the full scale 
results	from	the	7-storey	shear	wall	shake	
table	test	at	UCSD.	

Methodology
All of the reinforced concrete elements of  
the	walls	and	floors	of	the	test	structure	were	
modelled	using	the	2D	‘sandwich’	shell	
elements	in	LS-DYNA.	It	has	become	clear	
that the nonlinear distribution of strain along 
the	plane	of	a	reinforced	concrete	wall	
section	is	an	important	factor	in	certain	
seismic	collapse	mechanisms	of	walls.	Many	
of	these	behaviours,	including	shear/flexure	
interaction and localised crushing and 
spalling	of	concrete	cannot	be	captured	by	
‘plane	sections	remain	plane’	beam/fiber	
elements.	The	2D	‘sandwich’	shell	element	
in	LS-DYNA	can	capture	these	important	
effects	provided	that	the	wall	is	discretised	
into	many	shell	elements	along	its	length.

The wall was divided into discrete regions 
taking	account	of	the	steel	reinforcing	layout,	
and	confinement	of	boundary	elements.	
Longitudinal and transverse reinforcing bars 
were	modelled	in	separate	layers	in	the	

Fig 1 Collapse of a reinforced concrete shear wall apartment building observed following the 2010 M8.8 Chile earthquake

Fig 2 Buckling failure of a concrete shear wall boundary 
element observed following the 2010 M8.8 Chile earthquake

The seismic behaviour of 
reinforced concrete wall 
buildings	involves	complex	
interaction not easily 
captured	by	existing	
numerical simulation 
methods.	A	new	tool	is	
required	to	confidently	
predict	the	dynamic	response	
of	these	types	of	buildings.
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‘sandwich’	and	oriented	in	orthogonal	
directions,	creating	a	composite	element	with	
orthotropic	material	response.

The	LS-DYNA	concrete	material	model	
MAT_CONCRETE_EC2	(based	on	
Eurocode	2,	Part	1.2)	uses	the	well-
documented	Mander	equations	to	define	the	
confined	and	unconfined	concrete	stress-
strain characteristics with additional 
parameters	to	account	for	concrete	cracking,	
tension	stiffening,	shear	friction,	aggregate	
interlock,	dowel	action,	spalling	and	the	
effect of orthogonal cracking on the 
compressive	strength	of	concrete.	Concrete	
strength	was	based	on	experimental	
unconfined	concrete	cylinder	tests	which	
varied from between 36MPa to 43MPa over 
the	height	of	the	wall.

The steel reinforcing material model MAT_
HYSTERETIC_REINFORCEMENT	used	
the	stress-strain	curves	from	tension	tests	of	
the	actual	materials	to	define	the	plastic	
response	of	the	reinforcement	and	included	
additional	parameters	to	account	for	the	
Bauschinger	effect,	potential	bar	buckling,	
and	dowel	action.

Fig.	3	compares	the	3D	LS-DYNA	model	
with	a	photo	of	the	actual	test	specimen.	
Some	features	of	the	test	specimen	provided	
modelling	challenges,	particularly	the	
interaction	of	the	floor	slabs	which	connect	
the	web	wall	being	tested	to	closely	spaced	
gravity	columns	and	a	flange	wall	(connected	
by	a	slotted	slab	connection	providing	only	
partial	moment	transfer).	In	addition,	a	
post-tensioned	pre-cast	segmental	pier	with	

diaphragm	bracing	was	used	to	prevent	
torsional	responses	of	the	test	structure.	 
The	experimental	measurements	indicated	
that	these	interactions	approximately	doubled	
the	moment	capacity	of	the	system	compared	
to	that	of	the	web	wall	alone	(Panagiotou	 
et	al.	2007).

The	shake	test	program	comprised	four	
separate	motions	of	increasing	intensity	
(from	0.2g	to	0.8g	peak	ground	acceleration)	
applied	in	the	direction	of	the	web	wall.		
Simulation of the 120 seconds of ground 
motion	comprising	all	four	strong	motion	
recordings	took	approximately	eight	hours	of	
computing	time	on	an	8-core	CPU.	

Results and discussion
The	LS-DYNA	predicted	response	was	an	
excellent match to the measured wall 
behaviour.	The	global	hysteretic	response	
(base	moment	versus	roof	drift)	of	the	wall	
assembly	during	the	last	(largest)	ground	
motion	in	the	sequence	is	shown	in	Fig.	4	
The	response	shows	that	the	LS-DYNA	
simulation resulted in very close agreement 
of	the	positive	and	negative	moment	and	
drift demands associated with all the 
response	cycles.	This	indicates	that	the	
numerical	model	accurately	captures	not	
only	the	peak	plastic	response	of	the	wall	but	
also	the	degraded	post-yield	behaviour	on	
subsequent	cycles.	
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Fig 3 Comparison of the 3D LS-DYNA model with the experimental test specimen

Fig 4 Comparison of global hysteretic response of the analytical model with the experimental test

In	addition,	Fig.	4	does	not	include	the	
modelled	response	of	the	preceding	three	
motions but the agreement is similarly 
accurate.	When	the	simulation	was	re-run	
under	the	largest	motion	alone	(without	the	
accumulated damage due to the initial three 
motions),	the	peak	moment	was	the	same,	
but	the	peak	drift	was	under-predicted	by	
25%.	This	highlights	the	significant	effect	of	
accumulated damage and cracking on the 
global	behaviour	of	the	system.	This	effect	
could	be	particularly	important	in	the	
assessment of existing buildings that have 
already	experienced	significant	shaking.	This	
study offers an analytical model that could 
be	used	to	account	for	possible	pre-existing	
damage and its effect on seismic 
performance,	particularly	if	an	estimate	of	
the	previous	ground	motions	is	known.

Fig.	5	shows	a	comparison	of	the	plastic	
compressive	strain	in	the	cover	concrete	
from	the	analysis	with	pictures	from	the	
actual	test.	Regions	in	pink	indicate	where	
the	concrete	is	predicted	to	have	spalled,	and	
reasonably	matches	the	locations	of	spalling	
and	splitting	observed	in	the	test	specimen.	
Plastic	behaviour	(concrete	cracking,	
reinforcement	yielding)	was	largely	limited	
to	the	first	and	second	level	web	walls	and	
the	slabs,	and	was	consistent	with	the	
observations	from	the	experimental	test.

Parameter studies showed that the analysis 
model	was	generally	insensitive	to	typical	
variations in the material strengths and 
parameters	governing	the	cyclic	response	of	
the	material	models,	with	the	exception	of	
the tensile strength assumed for the slab 
concrete.

Conclusion and next steps
This research shows that the advanced methods 
Arup	has	developed	for	LS-DYNA	can	predict	
the	extremely	complex	behaviour	of	reinforced	
concrete walls during strong earthquake 
motions.	Predictions	are	more	accurate	and	
reliable	than	other	available	software.	

We	have	utilised	the	methods	presented	in	
this	article	for	several	projects	that	are	
currently	in	design,	including	some	of	the	
tallest	buildings	in	the	world.	Nowadays,	the	
capability	of	Arup’s	advanced	material	
models	and	the	speed	of	modern	computers	
enable	sophisticated	performance-based	
analysis	of	this	type	to	be	used	as	part	of	the	
iterative	design	procedure,	rather	than	as	a	
final	performance	check.	The	ability	to	tune	
building designs to achieve better seismic 
performance	as	an	integral	part	of	the	design	
provides	a	significant	competitive	advantage.	

As	a	result	of	this	research,	the	Advanced	
Technology	Council	and	the	Consortium	of	
Universities for Research into Earthquake 
Engineering	have	recognised	that	Arup’s	
LS-DYNA	modelling	approach	is	the	leading	
methodology for the analytical assessment of 
reinforced	concrete	wall	buildings.	As	such,	
Arup	has	been	approached	to	provide	the	
‘whole	building’	simulations	for	a	number	of	
tall concrete buildings which were severely 
damaged	in	the	2010	Chile	earthquake	These	
simulations are bring done for a current 
NIST	funded	research	project	in	the	USA.	

As these methods gain traction throughout 
the	industry,	Arup	will	be	increasingly	
recognised as a major leader in the global 
seismic	engineering	community,	leading	to	
more	opportunities	on	complex	projects.

Value
•	 Improves	capability	in	modelling	
the	nonlinear	seismic	behavior	of	
concrete	shear	walls

•	 Allows	us	to	confidently	use	these	
computational	models	to	iteratively	
test	and	improve	the	design	of	new	
structures

•	 Reinforces	Arup	as	a	leading	presence	
in	the	seismic	engineering	community
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Fig 5 Comparison of the plastic compressive strain in the cover concrete from the analysis with pictures from the actual test
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Life cycle assessment of Project Onyx
Arup:	Aaron	Yuen,	Rob	Turk,	Melanie	Koerner	and	Tania	Smith

Abstract
As new virgin oil sources become 
scarce,	prices	are	increasing	at	rapid	
rates.	In	response,	manufacturers	are	
searching	for	alternative	fuel	sources.	

Orica	Specialty	Chemicals	has	
responded	to	this	challenge	by	
developing	a	unique	process	and	
technology	to	purify	used	oil	known	 
as	Onyx	Process	Oil	(OPO)	to	replace	
virgin	oil	in	the	production	of	
ammonium	nitrate	explosives	(ANE).	

Whilst	there	are	economic	benefits	
associated	with	this	transition,	Orica	
also recognises the existence of  

 
environmental	impacts	from	such	a	
process,	and	engaged	Arup	to	undertake	
a	process	of	quantifying	the	
environmental	benefits	from	a	life	cycle	
perspective.

Utilising a methodology based on 
established	International	Standards,	
Arup	undertook	a	Life	Cycle	
Assessment	of	OPO,	with	the	project	
being	independently	reviewed	by	Life	
Cycle	Strategies.	The	assessment	
considered a range of environmental 
impacts	in	climate	change,	energy	
consumption,	non-renewable	resource	
depletion,	water	use,	eutrophication,	 

 
air	acidification,	photochemical	oxidant	
formation,	human	health	toxicity	and	
ecotoxicity.

The	findings	indicated	that	the	
production	of	OPO	has	less	inherent	
life	cycle	impacts	when	compared	with	
the	production	of	virgin	oil,	particularly	
regarding carbon emissions and 
non-renewable	resource	depletion.	
Additionally,	under	a	global	long-term	
perspective,	the	use	of	OPO	has	less	
aggregated	impacts	in	comparison	to	
virgin	oils.

Introduction
In future decades the scarcity of virgin oil 
due to global factors such as the industrial 
and economic modernisation of India and 
China	will	place	considerable	pressure	on	the	
viability	of	businesses	dependent	on	virgin	
oil	for	their	operations.	

One	strategy	to	minimise	an	organisation’s	
exposure	to	this	virgin	oil	demand/supply	
imbalance is to actively seek alternative fuel 
sources which may be utilised in oil 
dependent	processes.	In	this	instance,	one	
alternative to virgin oil is the use of waste  
or	used	oil	from	industrial	processes.	

Waste	or	used	oil	is	broadly	defined	as	
petroleum-based	or	synthetic	oil	that	
contains	impurities	or	has	lost	its	original	
properties	after	use.	

Traditionally,	waste	oil	has	been	disposed	of	
by industry or stored and burnt as fuels for 
energy.	In	Australia,	the	waste	oil	market	is	
now	reaching	the	point	of	being	constrained.	
That	is,	an	end	use	is	able	to	be	found	for	the	
majority of waste oil in the Australian 
market.	

As	an	alternative	waste	oil	end	use,	Orica	
Specialty	Chemicals	(OSC)	has	developed	a	
unique	process	through	Project	Onyx.	OSC	
is	a	producer	of	explosive	emulsifiers	and	
undertakes	research	for	Orica	Chemicals,	a	
leading global manufacturer of chemicals 
and services in industrial and mining 
markets.

The	Onyx	Process	has	been	developed	to	
purify	lower	quality	used	oil	to	produce	a	
replacement	for	virgin	oils	in	Orica’s	
production	of	ANE.	These	are	used	
extensively in the mining industry as a 
means	of	exposing	ore	bodies.	As	a	result	of	
replacing	virgin	oils	with	OPO	in	the	
production	of	ANE,	environmental	benefits	
can be demonstrated in addition to the 
economic	cost	savings	that	may	be	realised.

In order to understand and quantify the 
environmental	benefits	or	impacts	associated	
with	the	Onyx	Process,	a	Life	Cycle	
Assessment	(LCA)	was	undertaken	by	Arup.	
The	LCA	was	part	funded	by	OSC,	the	
Plastics	and	Chemicals	Industry	Association	
of Australia and the Environmental 
Protection	Authority	of	Victoria.	

LCAs	have	been	used	by	industry	as	a	
systematic	and	quantitatively	based	approach	
in	comparing	a	range	of	environmental	
effects	to	the	delivery	of	products	or	
services.	The	assessment	aims	to	assess	the	
impacts	associated	with	a	product	or	a	
service across all stages of its life; from 
extraction	of	raw	material,	manufacturing	
processes,	distribution,	use	and	disposal.	 
A	LCA	approach	differs	from	other	
environmental	management	approaches	 
in	that	it	measures	and	calculates	impacts	
normalised	per	unit	of	output.	

For	OSC,	this	LCA	quantified	the	
environmental	benefits	of	the	Onyx	Process	
for	two	of	its	technologies:	a	fixed	plant	
process	within	metropolitan	Melbourne,	
Victoria; and a remote mine site facility 
located	at	Boddington,	Western	Australia.	

For	each	technology	the	LCA	sought	to	
quantify	the:
•	 environmental	impacts	associated	with	the	
manufacture	of	OPO,	including	Scope	1,	2	
and	3	greenhouse	gas	emissions	

•	 environmental	benefits	in	comparison	with	
the	use	of	virgin	oil	to	Orica	customers	for:	
	- replacement	of	diesel	oil	and	SN150	(a	
base	oil)	
	- replacement	of	diesel	oil	and	SN150	in	
ammonium	nitrate	explosive	products	
	- in	Orica’s	annual	operations

•	 strategies	and	actions	to	enable	OSC	to	
improve	its	performance

Methodology
The	LCA	was	undertaken	by	Arup	and	
peer-reviewed	by	Life	Cycle	Strategies	in	
accordance with International Standards;  
ISO	14040	and	ISO	14044.	As	per	the	
international	standards,	Fig.	2	outlines	the	
key	phases	of	the	LCA	as:	defining	the	goal	
and	scope	of	the	assessment;	compiling	an	
inventory	of	relevant	inputs	and	outputs	of	 
a	product	system;	evaluating	the	potential	
environmental	impacts;	and	interpreting	 
the results in relation to the objectives of  
this	study.

This	methodology	was	applied	to	the	
comparison	of	the	use	of	OPO	or	virgin	 
oils	in	the	production	process	of	ANE.	The	
specific	oils	compared	were,	for	the	fixed	
plant;	OPO	and	SN150,	and	for	the	remote	
facility;	OPO	and	diesel	oil.

Goal and scope definition
All	unit	processes	which	contribute	to	the	
supply	of	raw	materials	and	main	processing	
energy demands and those which treat or 
process	waste	produced	from	the	main	
processing	system,	were	included	within	the	
system	boundaries.	Furthermore,	the	impact	

Interpretation
of results

Life cycle
inventory
analysis

Goal and
scope

definition

Lifecycle
impact

assessment

Fig 1 Part of the Onyx process fixed plant facility

Fig 2 Life Cycle Assessment methodology summary

Orica’s	Project	Onyx	seeks	
to	define	a	process	to	replace	
the use of virgin oils in the 
production	of	ammonium	
nitrate	explosives	with	
purified	waste	oil.	An	
important	part	of	this	
transition is understanding 
the	associated	quantifiable	
environmental	benefits	from	
a	life	cycle	perspective.
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of blasting ammonium nitrate was taken  
into	account.	As	used	oil	contains	certain	
amounts	of	heavy	metals,	the	release	of	these	
into	the	atmosphere	during	blasting	was	
considered	as	a	worst-case	scenario	in	 
this	study.

The	goal	and	scope	of	the	study	was	to	
determine	the	life	cycle	impacts	associated	
with	a	broad	range	of	environmental	impact	
categories.	The	specific	impact	categories	
selected	were;	climate	change,	energy	
consumption,	non-renewable	resource	
depletion,	water	use,	eutrophication,	air	
acidification,	photochemical	oxidant	
formation,	human	health	toxicity	and	
ecotoxicity.	

In	addition	to	individual	impact	categories	a	
ReCiPe	Analysis	was	undertaken.	ReCiPe	is	
a	life	cycle	impact	assessment	method	which	
aggregates	multiple	impact	categories	into	a	
single	score.	The	method	considers	three	
perspectives	of	a	global	system	that	influence	
the	weightings	of	impact	categories	in	
providing	an	aggregate	score:
•	 Individualist:	based	on	short-term	
interests,	considering	impact	types	that	are	
undisputed	and	human	adaptation	reliant	
on	technological	advancement

•	 Hierarchical:	based	on	the	medium-term,	
considering	common	policy	principles	
adopted	by	countries

•	 Egalitarian:	the	most	precautionary	
perspective,	considering	the	longest	
time-frame	and	impact	types	where	some	
indication	is	available

Life cycle inventory analysis
A	data	and	processes	inventory	of	the	
purification	of	waste	oil	was	then	
determined.	Data	were	sourced	directly	from	
OSC	Onyx	Process	engineers	and	scientists.	
Where	data	could	not	be	sourced	directly	
(such	as	the	emission	impacts	of	Australian	
grid	electricity	production),	processes	and	
data	were	adopted	from	Ecoinvent	and	
Australian	Life	Cycle	Assessment	peer-
reviewed	databases.

Life cycle impact assessment
The	impact	assessment	was	modelled	using	
SimaPro	7.2	–	LCA	software	which	assists	
practitioners	in	building	complex	models	
systematically	and	with	transparency.	 
Each	of	the	impact	categories	that	were	
modelled are based on characterisation 
models	that	are	publicly	available	and	
frequently	used	in	LCA.

As	for	any	quantitatively	based	assessment,	
the	validity	of	the	study	data	used	underpins	
the accuracy and robustness of the 
assessment.	For	the	data	collected,	values	of	
uncertainty	were	estimated	using	a	pedigree	
matrix	against	a	range	of	criteria.	Uncertainty	
analyses were carried out using a Monte 
Carlo	Analysis	over	one	thousand	modelling	
iterations	per	impact	category.

Results and discussion
The	LCA	indicates	that	the	production	of	
OPO has an overall result of less lifecycle 
impacts	in	comparison	to	the	production	of	
virgin	oil.	The	LCA	has	also	been	used	to	
identify	the	manufacturing	process	or	

processes	that	contribute	to	the	greatest	
impacts	and	assisting	in	redesign	for	
improved	environmental	outcomes.	The	
specific	benefits	for	the	two	technology	
scenarios	are	considered	below.

Fixed plant process
Compared	to	the	production	of	virgin	oil,	
OPO	reduces	the	production	of	carbon	
emissions	by	approximately	78%.	Energy	
consumption	across	the	lifecycle	is	also	
significantly	reduced	by	81%,	and	85%	 
of	the	non-renewable	resources	normally	
depleted	from	virgin	oil	production	 
are	avoided.	

However,	the	production	of	OPO	has	 
been determined as a more water intensive 
process	compared	to	SN150	production,	
mainly due to the washing and cooling 
requirements	of	the	waste	oil	purification	
process.	Nevertheless,	in	absolute	terms,	 
the	additional	water	consumption	for	the	 
Onyx	Process	is	relatively	small.

Facility located at a remote mine site
The	production	of	OPO	at	a	remote	mine	site	
facility	in	Boddington,	Western	Australia,	
when	compared	to	the	production	of	diesel	
oil,	reduces	the	production	of	carbon	
emissions	by	approximately	77%.	Energy	
consumption	across	the	lifecycle	is	also	
significantly	reduced	by	81%,	and	82%	of	
the	non-renewable	resources	normally	
depleted	from	diesel	oil	production	are	
avoided.

1E3kg
Onyx Process Oil

72.5kgCO2e

1.05E3kg
Washed oil

(settled)

12.7kgCO2e

947kg
Steam

8.65kgCO2e

1.2E3kg
Cooled water

(from cooling tower)

26.8kgCO2e

1.1E3kg
Waste oil and water

mix (for settling)

11kgCO2e

40.7kg
Steam (boiler)

8.65kgCO2e

183MJ
Electricity,

high voltage,
Victoria/AU U

64.2kgCO2e

154MJ
Energy, from

natural gas/AU U

8.85kgCO2e

167MJ
Electricity brown
coal VIC, sent

out/AU U

61.8kgCO2e

1.05kg
Volatiles

(carbon scrubber)

7.55kgCO2e

Fig 3 Climate change impact flows (CO2e) of Onyx Process Oil – fixed plant facility Fig 5 Onyx Process Oil

Fig 4 Carbon scrubbers

However,	the	production	of	OPO	has	been	
determined	as	having	more	impacts	to	
photochemical	oxidant	formation.	The	
majority	of	these	impacts	are	associated	with	
volatiles that have been vented from the 
vacuum	pump	and	are	released	to	the	
atmosphere.

Contextualisation of impacts
When	compared	to	the	production	of	virgin	
oils,	the	avoided	impact	of	the	annual	
production	of	OPO	at	a	remote	mine	site	
facility,	and	fixed	plant	respectively,	is	
equivalent	to:
•	 Removing	99	to	232	average	Australian	
cars	off	the	road	each	year	in	terms	of	
carbon	emissions

•	 Reducing	annual	energy	consumption	
by	that	consumed	by	292	to	684	average	
Australians,	when	considering	total	
embodied	energy

•	 Avoiding	the	burning	of	46	to	112	tonnes	
of	brown	coal,	when	considering	non-
renewable	resource	depletion

Additionally,	the	ReCiPe	analysis	was	used	
as	a	basis	for	contextualisation	of	impacts	in	
a	global	and	time-based	perspective.

The	ReCiPe	analysis	undertaken	
demonstrated that under all the considered 
perspectives	of	a	global	system,	the	use	of	
OPO	led	to	less	aggregated	impacts	
compared	to	virgin	oils	(see	Fig.	3).	 
A	majority	of	the	aggregated	impacts	for	
virgin oils were related to human health 
toxicity	in	a	long-term	horizon.

Conclusion and next steps
There	are	significant	environmental	benefits	
from	the	production	of	OPO	compared	to	the	
production	of	virgin	oils.	Overall,	OPO	is	
less carbon intensive and reduces the reliance 
on	fossil	fuels	compared	to	virgin	oil.	When	
considering	the	total	volume	of	explosives	
consumed across Australasia and globally the 
impact	of	the	OPO	environmental	benefit	
becomes	more	significant.	

There	are	some	negative	impacts	associated	
with	OPO,	with	regard	to	human	health	
toxicity.	These	impacts	can	be	attributed	to	
the	worst-case	scenario	consideration	of	
heavy metal release in the blasting of 
ammonium	nitrate	explosives.	However,	
these	emission	concentrations	appear	to	be	
within Australian and relevant state air 
quality	limits,	which	were	established	to	
consider	human	health	impacts.

Overall,	the	purification	and	use	of	waste	 
oil	presents	an	economically	viable	and	
environmentally	beneficial	alternative	to	 
the extraction and use of virgin oils for 
manufacturers.	From	a	life	cycle	perspective,	
waste	oil	treatment	and	use	has	the	potential	
for	significant	environmental	benefit	if	
adopted	at	a	global	scale.	Additionally,	
considering	long-term	and	global	
perspectives,	the	use	of	OPO	presents	less	
aggregated	impacts	when	compared	to	 
virgin	oils.
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Value
•	 Build	and	enhance	existing	client	
relationships	with	OSC	and	with	the	
Plastics	and	Chemicals	Association	of	
Australia	

•	 Link	new	client	relationships	between	
OSC	and	BHP	Billiton	

•	 Increased	understanding	in	the	
quantification	of	environmental	
benefits	from	waste	oil

•	 Contribute	life	cycle	assessment	data	
into	the	newly	developed	AusLCI	
database

•	 Enhance	the	strength	of	LCA	
consulting	services	to	the	marketplace

Fig 7 Comparison of environmental impacts of Onyx Process Oil with virgin oils – ReCiPe analysis
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Verification	of	CFD	for	air	ventilation	 
analysis in a dense urban environment
Arup:	Raymond	M	H	Yau,	Rumin	Yin,	Sui-Hang	Yan,	Jason	Yang

Abstract
With	the	rapid	development	of	the	
urban environment in cities such as 
Hong	Kong,	air	ventilation	has	gained	
increasing	public	attention	over	the	 
past	decade.	

As an advanced tool to study air 
ventilation	in	the	urban	environment,	
there are various international wind 
computational	fluid	dynamics	(CFD)	
guidelines	across	different	regions,	
such	as	COST	Action	C14	for	European	
countries.	However,	the	urban	
morphology	for	these	countries	is	
relatively	low-rise	and	low	density.	For	
cities	like	Hong	Kong,	there	is	not	yet	a	
commonly	accepted	guideline	that	is	

suited for ventilation assessment in the 
high	density	context.	The	current	study	
attempts	to	extend	the	application	of	
Detached	Eddy	Simulation	(DES)	to	a	
dense	urban	environment.	To	carefully	
address	this	topic,	the	study	was	carried	
out with close collaboration with the 
Chinese	University	of	Hong	Kong,	the	
Hong	Kong	University	of	Science	&	
Technology,	Tohoku	University	and	
Tokyo	Polytechnic	University.

A series of simulations were carried out 
to	assess	the	suitability	of	the	proposed	
methodology	of	CFD	for	the	dense	
urban	condition	in	Hong	Kong.	 
The	methodology	was	put	through	a	
comparative	study	with	a	wind	tunnel	 

test	to	find	out	the	capability	of	 
the	DES	model	in	general.	Then,	a	 
‘blind	test’	through	a	third	party	was	
conducted as a detailed validation on 
both the methodology and outcome of 
the	CFD	study	to	ensure	the	robustness	
of	application	on	similar	urban	
environment.

The	study	found	that	the	proposed	CFD	
methodology was suitable for studying 
the	pedestrian	wind	environment	in	the	
dense	building	context.	The	DES	
turbulence	model	could	better	predict	
velocity	ratios	at	individual	test	points	
when	compared	to	the	velocity	ratios	
provided	by	standard	k-ε	turbulence	
model.

Introduction
For	urban	ventilation	study,	both	CFD	and	
wind tunnel tests have the ability to 
approximate	the	large-scale,	complex	
unsteady	flow.	For	CFD,	it	has	been	
generally	accepted	to	be	accurate	under	a	
wide	range	of	applications,	but	it	has	not	
been fully validated for the urban 
environment,	especially	a	dense	building	
context	like	Hong	Kong.	Unfortunately,	it	is	
in such big cities that ventilation becomes a 
big	concern	and	requires	careful	study.	To	
carry out and validate a methodology for 
robust	CFD	application	such	as	Air	
Ventilation	Assessment,	a	solid	reference	is	
required	to	be	compared	with,	such	as	on-site	
measurements.	However,	site	wind	
conditions	are	time-varying	in	nature	and	
contain	many	other	uncertainties,	e.g.	the	
complexity	of	street	conditions	near	
pedestrian	level.	The	best	readily	available	
source	of	comparison	is	the	scaled	wind	
tunnel	test.	Although	a	wind	tunnel	test	is	
unable	to	achieve	complete	dynamic	
similarity to real site conditions and has 
inaccuracies in taking measurements within 
the	boundary	layer,	it	is	an	accepted	
methodology for studying the urban wind 
condition.	Therefore,	this	study	aimed	to	
establish	the	reliability	test	of	CFD	through	
comparison	to	wind	tunnel	data	and	the	
relative accuracy between the two methods 
was	assessed.

It	is	well	known	that	the	problem	of	the	
standard	k-ε	turbulence	model	is	that	it	
cannot	reproduce	the	separation	and	reverse	
flow	at	the	leeward	side	of	a	building	due	to	
its overestimation of turbulence energy k at 
the	impinging	region	of	the	building	wall.	 
To	propose	a	more	advanced	and	suitable	
methodology for urban environments such as 
Hong	Kong,	an	international	standard	could	
be	referred	to:	the	COST	Action	C14	for	
European	countries	and	The	Architect	

Institute	of	Japan	(AIJ)	Guidelines.	Based	on	
these	standards,	a	similar	but	tailor-made	
CFD	methodology	using	DES	is	proposed	
for	Hong	Kong’s	unique	built	environment.	
To	investigate	a	typical	building	context	in	
Hong	Kong,	the	famous	Tsim	Sha	Tsui	area	
was selected as the study area for an initial 
test	of	the	proposed	methodology.	This	area	
covers	more	than	100	hectares	and	comprises	
a	large	number	of	closely	packed	low-rise	
and	high-rise	buildings.	The	3D	model	was	
constructed	and	simulated	by	using	both	k-ε	
and	DES	turbulence	models.	The	reliability	
of	CFD	methodology	was	assessed	by	
referring to the wind tunnel test results and 
corresponding	accuracy	and	issues	of	each	
method	were	discussed.	A	follow	up	study	
would be conducted at another 80 hectares 
site	in	Tuen	Mun	area,	located	in	south	west	
New	Territories.	The	comparison	between	
CFD	results	and	wind	tunnel	test	results	was	
conducted	independently	(a	blind	test)	by	a	
third	party	to	investigate	the	correlation	of	
different	sets	of	data.	This	impartial	and	
direct	comparison	process	would	be	
considered as a validation on both the 
methodology	and	outcome	of	CFD	study.	
Both	standard	k-ε	turbulence	model	and	DES	
turbulence	model	were	simulated.

Methodology
To	achieve	accurate	prediction	of	wind,	the	
setting	of	CFD	study	needs	to	be	carefully	
designed,	including	the	3D	model	and	
computational	method	for	the	simulation.	
This methodology took into consideration 
available	wind	CFD	standards	and	how	the	
wind tunnel test was conducted so that the 
methodology could best reveal urban wind 
conditions while at the same time allow 
comparison	to	the	wind	tunnel	result.

Building the 3D model
The	CFD	models	of	two	sites	are	built	with	
reference to the wind tunnel model and 
available	site	plan.	The	buffer	area	provided	
for	all	lateral,	inflow	and	outflow	area	was	
5H	(H	=	the	height	of	the	highest	building	in	
site	area)	in	Tsim	Sha	Tsui.	Minor	edge	effect	
was noted in the simulation of Tsim Sha Tsui 
area,	hence	this	length	was	increased	to	6H	
for	the	Tuen	Mun	model.

Setting up turbulence model
The	most	important	factor	of	CFD	simulation	
is	the	selection	of	the	turbulence	model.	
More	sophisticated	models	means	finer	
treatment of wind turbulence but more 
computational	effort.	Therefore,	when	
choosing	the	appropriate	model	for	this	
study,	both	factors	required	careful	
consideration.	To	accomplish	this,	the	
advanced	CFD	technique,	namely	the	DES	
was	employed.	The	DES	turbulence	model	 
is an hybrid model of the Large Eddy 
Simulation	(LES)	turbulence	model	to	the	
area which classical LES is not affordable  
in	terms	of	computational	resources	(e.g.	
high-Re	external	aerodynamics	simulations)	
without	sacrificing	the	advantage	of	the	LES	
model.	This	model	combines	the	
computational	efficiency	of	Reynolds	
Averaged	Navier	Stokes	(RANS)	models,	
and	the	accuracy	of	LES	in	the	separated	
regions,	a	key	requirement	for	accurate	
modelling	of	external	air	flow.

Fig 1 CFD simulation of Tuen Mun area

Fig 2 Comparison of turbulence models with wind tunnel test

An	advanced	CFD	tool	with	
improved	turbulence	model	
was	employed	to	study	the	air	
ventilation	in	a	compact	and	
high-density	urban	
environment	in	Hong	Kong.	
A robust methodology was 
established through 
international academic 
collaboration.	Similar	 
methods	can	be	employed	to	
study the microclimate at the 
scale	of	cities.	
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In	order	to	resolve	the	detailed	flow	structure	
within	the	area	of	interest,	a	fine	scale	grid	is	
needed	in	the	assessment	area	to	capture	the	
finer	scale	eddies	within	the	flow.	Due	to	the	
computational	resource	for	DES	simulations,	
the	grid	would	act	as	a	filter	to	distinguish	
large	and	small	eddies	that	are	explicitly	
simulated	or	passed	on	into	the	sub-grid	
model.	Hence	an	adaptive	meshing	approach	
with	varying	size	mesh	was	proposed.	For	
this	study,	the	vertical	grid	expansion	ratio	
was	set	to	1.5	from	ground	level	as	
recommended	in	COST	Action	C14	and	AIJ	
guideline.	The	main	street	with	measurement	
points	(or	test	points)	was	meshed	with	6-10	
cells	across	its	width.	A	prism	layer	will	be	
created	for	the	first	5m	above	ground,	which	
was	also	consistent	with	COST	Action	C14	
and	AIJ	guideline,	with	at	least	0.5m	
resolution	to	capture	the	boundary	layer	flow.

Given	the	high	Reynolds	number	of	the	flow,	
near-wall	turbulent	flow	structures	are	
assumed to have a relatively small effect on 
the	bulk	flow.	These	structures	can	only	be	
represented	if	the	grid	resolution	is	extremely	
fine.	Such	spatial	resolution	would	lead	to	a	
smaller	time	step	due	to	an	increased	CFL	
number,	making	wall-resolved	CFD	of	this	
flow	unfeasible.	Therefore,	an	approximate	
wall	boundary	condition	is	used	in	this	work.	
The logarithmic law boundary condition is 
applied	at	the	ground	level.

Other	settings	of	the	CFD	model	such	as	
solving algorithms and convergence criteria 
are	listed	in	Table	1.

Results and discussion
The	velocity	ratios	(VR)	between	a	wind	
tunnel	test	and	a	CFD	simulation,	which	is	
defined	as	pedestrian	wind	velocity	over	
wind	velocity	at	the	top	of	wind	boundary	
layer	(usually	at	500m	or	above	ground),	
were	compared	for	both	of	the	selected	wind	
directions.	Results	of	average	velocity	ratio	
for	both	k-ε	and	DES	turbulence	modelling	
are	presented	in	Table	2.

In	comparing	the	results	obtained	from	a	
wind	tunnel	test	against	the	computational	
models,	the	DES	model	gave	lower	deviation	
in average VR values for both East and 
South	East	wind	conditions	k–ε	(see	Fig.	4).	
This	indicated	that	the	DES	model	is	more	
accurate	than	the	k–ε	model	in	predicting	
general	wind	conditions	of	the	study	area.	
On	the	other	hand,	in	terms	of	the	individual	
VR	value,	the	R-square	(represented	by	
accumulated squared deviation from the 
wind	tunnel	result)	was	also	larger	for	k–ε,	
which	meant	a	larger	error	(higher	R-Square	
value).	This	also	implied	that	the	DES	model	
is	better	in	predicting	the	magnitude	of	the	

average VR values and offers better 
quantitative	predictions	as	compared	to	k-ε	
turbulence	model.	The	initially	proposed	
methodology	for	DES	modelling	was	
effective	in	providing	comparative	prediction	
when	referenced	against	wind	tunnel	results.

With	some	further	improvements	on	CFD	
with	the	purpose	of	eliminating	edge	effect	
caused	by	the	insufficient	CFD	domain	size,	
the	study	case	at	Tuen	Mun	further	verified	
the	value	of	applying	a	DES	turbulence	
model	to	the	urban	wind	environment.	The	
DES	model	offered	an	average	velocity	ratio	
closer to the wind tunnel test result as shown 
in	Table	2.	Moreover,	Fig.	6	showed	that	the	
results	simulated	by	DES	model	were	closer	
to	the	diagonal	line,	and	along	with	CFD	and	
wind	tunnel,	yielded	identical	results.	With	
reference	to	the	wind	tunnel	test	results,	 
Fig.	4	showed	that	the	DES	model	offered	
much smaller cumulative deviation than the 
standard	k–ε	model,	indicating	better	
prediction	of	wind	condition	in	specific	
locations	by	DES,	whereas	k–ε	model	tended	
to	have	a	relatively	larger	error.

Fig 3 Mesh of Tsim Sha Tsui Area

Table 2 Local velocity ratio (LVR) comparison between wind 
tunnel and CFD

Table 1 CFD model setting and processing

Fig 4 R-square values of DES and k-ε turbulence models
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Wind 0.22 0.20 0.25
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Model Scale 1:1 Model

Model details Include topography, buildings, streets, footbridges

Domain
Includes whole building information within the calculation boundary: 
Stage 1: lateral: 5H; Inflow: 5H; Outflow: 5H 
Stage 2: lateral: 6H; Inflow: 6H; Outflow: 6H

Surrounding building area ≥ 2H area 

Grid expansion ratio
In vertical direction: 1.5 from low levels;  
In horizontal directions, the grid should satisfy the grid resolution 
requirement and with maximum expansion ratio = 2

Prismatic layer Prism layer must cover pedestrian level, spacing recommend 0.5m for  
the first 2m above ground level

Grid Resolution Minimal 6-10 cells for street width with measurement points 

Inflow boundary condition Incoming wind profile and turbulent intensity as measured from wind tunnel

Outflow boundary Pressure boundary condition with dynamic pressure equal to zero

Wall boundary condition Logarithmic law boundary

Solving algorithms QUICK for momentum equation; 
MARS for all other equations

Convergence criteria Below 1x10-4

Blockage ratio < 5%

Conclusion and next steps
In	this	research,	the	two	80-100	hectares	sites	
were	simulated	by	CFD	using	both	standard	
k-ε	turbulence	model	and	DES	turbulence	
model.	The	results	of	CFD	and	wind	tunnel	
tests	were	assessed,	and	the	corresponding	
accuracy	and	issues	were	discussed.

By	adopting	the	method	through	the	CFD	
model	of	Tsim	Sha	Tsui	area,	the	DES	results	
of	the	CFD	model	of	Tuen	Mun	area	were	
comparable	to	the	wind	tunnel	test	data.	For	
the	DES	model,	analogous	to	the	findings	for	
Tsim	Sha	Tsui,	the	velocity	ratios	deviated	
less	from	the	wind	tunnel	result	as	compared	
to	the	k-	ε	model.	The	simulation	results	also	
showed	that	the	DES	model	was	able	to	
predict	velocity	ratios	at	individual	test	
points	more	accurately	compared	to	the	
standard	k-ε	model.

On	the	choice	of	turbulence	model,	COST	
Action	C14	and	AIJ	guidelines	have	
concluded	that	the	standard	k–ε	model	
should not be used in simulation for wind 
engineering	problems,	as	demonstrated	by	
this	study.

Based	on	the	comparison	results	and	
literature	review,	the	following	
recommendations	were	made.
•	 The	DES	turbulence	model	could	be	
considered	as	good	tool	for	predicting	
urban	wind	conditions,	such	as	in		
Hong	Kong.

•	 A	standard	k-ε	turbulence	model	should	be	
avoided	when	conducting	Air	Ventilation	
Assessment,	whereas	a	DES	model	could	
fulfil	the	requirement.
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Value
•	 Systematic	setup	and	verified	
methodology	of	using	advanced	
Detached	Eddy	Simulation	(DES)	
turbulence	model	for	a	dense	urban	
context	such	as	Hong	Kong

•	 First	piece	of	research	undertaken	
for	dense	urban	built	environment	
application

•	 Accurate	computational	prediction	
of	complex	external	airflow	by	
DES	with	much	less	requirement	of	
computational	resource	compared	to	
Large	Eddy	Simulation	(LES)

•	 Alternative	efficient	tool	to	study	
air	ventilation	with	good	accuracy	
compared	to	scaled	wind	tunnel

•	 Built	good	relationship	with	leading	
research	collaboration	teams	in	Hong	
Kong	and	Japan

•	 Form	the	basis	of	future	air	
ventilation	assessment	in	Hong	Kong	
for	detailed	study	by	computational	
CFD	method	

Fig 5 CFD simulation of Tsim Sha Tsui area

Fig 6 Wind tunnel model of Tsim Sha Tsui area Fig 7 Contour plot of velocity ratio (VR)
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StructuralComponents:	a	parametric	and	 
associative	toolbox	for	conceptual	design
Arup:	Anke	Rolvink,	Bastiaan	van	de	Weerd,	Jeroen	Coenders

Abstract
StructuralComponents	is	a	parametric	
and associative design and estimation 
toolbox	for	conceptual	structural	
design.	The	current	implementation	is	
aimed	at	tall	buildings.	The	tool	allows	
the structural engineer to quickly 
compose	design	reasoning	and	
justification	which	forms	the	conceptual	
structural	design	in	a	matter	of	minutes,	
while simultaneously running analyses 
to	explore	the	resulting	performance	of	
the	building.	

The analysis results are immediately 
displayed	to	the	engineer	and	serve	as	a	
basis	for	further	conceptual	design	
decisions,	creating	a	continuous	loop	of	
design	justification,	exploration	and	
adjustment.	StructuralComponents	aims	
to	describe	this	process	as	computable	
logic	which	can	be	used,	reused	and	
adjusted	with	instant	feedback.	This	
will document the argumentation in a 
flexible	form	and	provide	a	starting	
point	for	further	design.	

The	philosophy	behind	the	tool	is	to	
allow the engineer to easily and quickly 
compose	the	conceptual	justifying	story	
for the structural design of a building 
and	analyse	its	performance.	This	story	
now often only exists in the brain of the 
designing engineer and describes the 
different	responses	the	building	will	
give	to	different	scenarios.	The	
requirement	for	ease	and	speed	stems	
from the dynamic nature of early stage 
design,	where	architects	make	quick	
changes	and	developers	want	solid	
estimates.

Introduction
Design	itself,	whether	it	is	structural	design	
or	any	other	form,	evolves	through	the	
iterative	cycle	of	proposals,	testing	and	
modifications.	Important	in	early	design	
stages is to reason through and justify the 
design	concept	step	by	step	to	get	an	
understanding	of	the	relationship	between	
the scenarios the design has to face and its 
responses	to	those	scenarios.	The	aim	of	this	
design	justification	is	to	build	confidence	in	
the	solution,	used	methodology,	methods,	
tools,	etc.	A	designing	engineer	makes	use	of	
different	methods	to	achieve	this	goal.	Prior	
knowledge	and	experience	are	combined	
with	forecast	methods	to	predict	the	
performance	of	a	design.	

Justification	often	takes	the	form	of	an	
explanatory	story	that	sometimes	only	exists	
in	the	mind	of	the	designing	engineer.	This	
story	of	justification	explains	how	a	structure	
works,	how	it	deals	with	different	scenarios	
and	with	unforeseen	situations.	This	
justification	story	is	based	on	gathered	
evidence	and	application	of	logic,	making	
use	of	reasoning,	thought,	schematisation,	
calculations,	modelling,	analysis	and	the	
development	of	scenarios.	These	
justifications	are	based	on	a	set	of	design	
assumptions	and	the	definition	of	the	
requirements,	design	constraints	and	
boundary	conditions.	Forming	the	conceptual	
story	concludes	the	conceptual	design	stage	
and	allows	the	engineer	to	present	the	
generated	solution	to	the	other	parties	in	the	
design	process	or	to	the	client.	

In	the	current	design	practice,	computational	
design tools are not commonly used to 
compose,	define,	explore,	communicate	and	
visualise structural design alternatives and to 
support	the	engineer	with	the	formation	of	
the	conceptual	story	during	early	design	
stages.	At	this	design	stage	highly	accurate	
solutions	are	not	yet	required.	It	is	more	

important	to	quickly	compose	and	assess	
different alternatives and gain insight in the 
impact	of	decisions.	With	the	current	tools	
available	to	the	engineer,	it	is	difficult	to	
compose	and	justify	conceptual	structural	
solutions,	which	contrasts	with	the	often	high	
impact	of	decisions	made	during	these	early	
stages.	Towards	later	stages	it	becomes	very	
costly	and	sometimes	even	impossible	to	
compensate	for	design	choices	made	at	the	
beginning	of	the	design	process.

Another	problem	which	can	be	identified	
when considering the characteristics of 
computation	and	structural	design	is	the	
black	box	problem.	Software	applications	
often	do	not	provide	insight	into	the	internal	
working methods and it is therefore hard for 
the	engineer	to	have	confidence	in	the	
software.	If	an	engineer	does	not	
comprehend	the	software	and	have	
confidence	in	its	working	methods,	he	will	
not	use	it.	Hand	in	hand	with	this	problem	
goes	a	problem	of	inadaptability	of	most	
software.	It	often	is	not	possible	to	adapt	the	
software	to	fit	certain	purposes	in	a	simple	
manner.

The objective of this research is the ongoing 
development	of	a	design	toolbox	which	
allows	for	a	structural	design	approach	which	
combines	parametric	and	associative	
modelling	with	direct	analysis.	This	supports	
the	appropriate	speed	and	accuracy	for	the	
early	design	stages.	The	toolbox	must	assist	
the	user	in	setting	up	the	conceptual	story	as	
computable	logic	which	can	be	used,	re-used	
and	changed	in	near	real-time	and	to	
document	this	argumentation	in	a	flexible	
form	which	can	serve	as	a	starting	point	for	
further	design.	This	design	story	would	
always	be	able	to	refer	back	to	the	concepts	
documented	to	check,	control	or	verify	the	
developments	in	the	design	against	the	
documented benchmark formed by earlier 
reasoning.

Methodology
To demonstrate the above mentioned 
concept,	a	prototype	of	the	toolbox	has	been	
developed	for	the	conceptual	structural	
design	of	tall	buildings.	This	prototype	has	
been	implemented	in	C#	based	on	the	.NET	
Framework.	The	toolbox	has	a	modular	
software	architecture,	so	that	pre-
programmed	blocks	of	logic	can	be	
developed	which	can	be	recombined	as	part	
of	the	composition	process.	The	
implementation	consists	of	two	parts:
•	 The	framework	(a	layered	structure	of	
classes,	applications,	libraries,	etc)	that	
can	be	used,	extended	or	customised	for	
specific	design	questions	of	the	toolbox,	
contains	all	the	design	logic,	analysis	
methods,	solvers,	etc.	It	has	been	set	
up	independently	of	existing	software	
applications,	which	offers	the	possibility	
to	connect	the	framework	to	different	
parametric	software	packages	via	the	
user	interface	or	to	build	a	stand-alone	
application.	

Design, engineering and
construction process

Information
Design

freedom
DesignD n

freedomr m

Fig 1 A design definition of a tall building set up in StructuralComponents

Fig 2 Oversight of the design freedom during a design 
project versus the information available to base decisions on

Using	the	toolbox,	a	
designer’s	intuitive	reasoning	
is	rapidly	recorded,	evaluated	
and	justified,	providing	
immediate	deep	and	verifiable	
insight and overview without 
having to assemble laborious 
calculation	models.
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•	 The	user	interface	which	can	be	built	on	
top	of	the	framework	and	can	be	loaded	
into	a	parametric	and	associative	software	
application.	The	user	interface	contains	
only	visualisation	and	geometry	features	
and	the	current	version	has	been	developed	
for	Grasshopper,	a	graphical	algorithm	
editor	tightly	integrated	with	Rhino’s	3D	
modelling	tools.	

Design composition
The	user	of	the	toolbox	can	compose	a	model	
from	different	building	components	available	
in	the	components	library	of	the	user	
interface	to	build	justification	underneath	the	
design	concept.	This	describes	different	
situations,	scenarios,	cases,	assumptions,	and	
combinations	of	these,	as	well	as	checks	
against	codes,	standards,	requirements,	
experience	or	common	sense.	Design	
composition	is	a	process	which	develops	
with	the	engineer’s	insight	in	the	design	
itself	and	the	performance	of	the	design.	

Visualisation on a dashboard
As the user combines various building 
components	–	each	embedded	with	design	
logic	–	the	design	performance	is	
simultaneously analysed and instantaneously 
and	comprehensibly	displayed	on	a	
dashboard.	The	dashboard	provides	a	means	
to	build	the	design	composition	for	fast	
review,	ease-of-use	and	overview	over	the	
composition	and	its	underlying	logic	as	well	
as the analysis results and checks of the 
design	concept	being	constrained.	

Structural design and analysis
StructuralComponents	provides	a	large	
number	of	analysis	methods.	The	main	aim	is	
that	these	analyses	are	(near)	real-time	to	
streamline the sensitive and fast changing 
process	of	composition.	The	building	

components	mentioned	in	the	previous	
paragraph	have	structural	design	logic	
embedded	in	the	form	of	simple	rules	of	
thumb,	analytical	and	numerical	analysis	
algorithms,	standards,	etc.	As	the	user	
assembles	a	design	concept	from	above	
mentioned	components,	the	structural	
performance	is	automatically	analysed.	

During	the	first	composition	steps,	mainly	
rules	of	thumb,	codes	and	standards	are	used	
to	provide	feedback	to	the	user,	such	as	the	
wind	load	on	the	building,	possible	structural	
configurations	and	required	distribution	of	
stiffness.	As	the	design	heads	forward	the	
analysis	becomes	more	advanced.	A	finite	
element	solver	has	been	implemented,	
amongst	other	solvers,	into	the	framework.	
This	version	is	based	on	super-elements,	
whereby	a	tall	building	model	is	composed	
from	a	limited	amount	of	elements,	such	as	
cores,	outriggers	and	columns.	These	are	
analysed	using	super-elemental	differential	
equations	to	provide	fast	analysis	with	high	
accuracy.

Results and discussion
The	research	has	resulted	in	a	prototype	of	
StructuralComponents	which	provides	fast	
modelling	of	abstract	concepts	for	structural	
design	of	tall	buildings.	The	development	
efforts	around	StructuralComponents	have	
focused	on	a	proof-of-concept	and	resulted	
in an extensible toolbox architecture with an 
independent	computational	core	framework.	
The	toolbox	augments	and	complements	the	
intelligence and creativity of the engineer 
during	the	conceptual	design	stages	with	
computational	output.	The	result	is	that	
structural	insight	is	provided,	even	during	
early	stages,	without	having	to	assemble	
laborious	models,	while	enabling	the	
engineer to see more accurately the 
influences	of	changes	on	the	key	design	
drivers from the beginning of the design 
process.	In	this	way	the	engineer	is	able	to	
describe	the	conceptual	design	process	in	a	
form	of	computable	logic	which	he	or	she	
can	use,	reuse	and	adapt	in	near-real	time	
and which can serve as a basic for further 
design.

Fig 4 The latest developments are based on a client-server architecture, which allows the development of the tool for thin 
clients, such as the iPad
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Fig 3 Example of some analysis results of the toolbox

This research shows that new design and 
engineering	opportunities	arise	from	building	
tools	on	new	digital	technologies.	Custom-
developed	design	tools	and	tool	strategies	
can	focus	on	more	specific	engineering	
problems	than	standard	software	packages,	
which are more broadly focused and 
primarily	target	later	design	stages.	These	
design	tools	tend	to	have	an	open	structure	
and	allow	the	user	to	understand,	review,	
adapt	and	complement	its	working	methods,	
avoiding	the	black	box	syndrome.	This	offers	
flexibility	in	early	design	stages	and	allows	a	
choice of those tools that best suit the unique 
nature	of	the	design	process.	

It	is	important	to	note	that	it	is	not	enough	
just	to	develop	new	and	advanced	
technologies.	The	rate	of	future	success	of	
early	stage	design	tools	depends	on	their	
adaptability	and	recognition	within	the	
engineering	practice.	The	use	of	these	
technologies requires a change in current 
working methodologies and the engineer 
needs to innovate in order to use and 
understand	the	new	technologies.	The	
engineer	must	have	confidence	in	the	
toolbox,	before	he	or	she	will	use	it	for	
design	purposes.	To	gain	confidence,	the	
engineer must know what the toolbox can 
and cannot do and therefore needs some 
basic	knowledge	concerning	parametric	and	
associative	design.	Second,	since	each	design	
project	is	unique,	the	toolbox	will	inherently	
have	to	be	adaptable	and	allow	extension	
with	new	methods	and	algorithms.	

Conclusion and next steps
This	article	has	presented	the	development	 
of	StructuralComponents.	The	developed	
prototype	is	a	proof	of	concept	and	a	 
medium	to	explore	ideas.	Enhancements	are	
relatively easily made due to the modular set 

up	which	allows	the	toolbox	to	be	extended	
for	future	design	needs.	

The	latest	developments,	aside	from	
incremental	updates	such	as	improving	
visualisation	and	summary	output,	
implementing	new	design	and	analysis	
methods	and	incorporating	design	methods	
for	other	disciplines	such	as	MEP	or	lighting	
and	other	structural	typologies,	such	as	
stadiums	or	bridges,	focus	on	the	following:
•	 To	build	the	next	version	of	
StructuralComponents	as	a	stand	alone	
application.	Running	the	program	on	an	
underlying	proprietary	software	package	from	a	
third	party	developer	requires	licenses	for	every	
machine,	limiting	mobility	and	potentially	
creating	future	issues	of	dependency.	A	
stand	alone	application	allows	a	much	greater	
degree	of	development	freedom.	Furthermore,	
the	choice	was	made	to	continue	development	
along	a	server-client	architecture	with	web	
services	interfaces.	Computations	will	be	
performed	on	capable	server	side	hardware	
while	thin	clients	–	such	as	on	an	iPad,	in	a	
web	browser	or	on	an	embedded	device	–	
provide	the	end	user	interface.

•	 To	focus	more	on	the	generation	of	a	range	
of	design	alternatives	by	incorporating	a	
bandwidth	approach	to	the	design	
composition.	The	toolbox	would	allow	the	
user	to	initially	specify	design	variables	as	
lying	within	a	range	instead	of	as	a	single	
value,	leaving	the	final	design	specification	
to	later	stages	where	more	information	is	
available,	provided	that	the	values	stay	
within	the	earlier	specified	range.	The	
toolbox	analyses	the	synthesised	
alternatives	and	presents	visual	feedback	
on	the	result	of	changing	design	variables	
in	specific	directions,	continuously	guiding	
the	user	throughout	the	process.
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Value
The embedded design logic in tools 
based	on	a	parametric	and	associative	
approach	provides	the	designing	
engineer:
•	 A	means	of	setting	up	design	concepts	
easily	and	quickly	during	early	design	
stages

•	 Better	insight	in	the	influence	of	
decisions	during	the	early	design	
stages,	avoiding	costly	changes	later	
in	the	process

•	 The	possibility	to	explore	a	wide	
range	of	design	alternatives	in	an	
effective	and	efficient	way

Fig 5 Conceptual story and design justification
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Arup’s	4see	model:	combining	socio-economic	
and	energy	aspects	of	a	whole	economy
Arup:	Simon	Roberts

Abstract
In	support	of	low-carbon	transition	
plans,	there	is	extensive	research	on	the	
individual technologies needed for 
renewable energy and energy 
efficiency.	In	contrast,	there	is	much	
less work on analysing whole transition 
plans	in	a	combined	physical	and	
economic	approach	for	an	entire	
economy.	Arup’s	4see	modelling	
approach	has	been	developed	to	fill	this	
gap.	Its	purpose	is	to	identify	and	
explore	the	systemic	impact	of	
investment	options.	A	4see	model	is	
data-driven	using	official	statistics,

bringing	together	economic	activity,	
capital	stocks,	employment,	energy,	
transportation	and	balance	of	payments.
As	in	embodied	carbon	analysis,	4see	
makes	the	link	between	end	products	
and services delivered by the economy 
and	the	source	fossil	fuels	consumed.	 
It	takes	this	further,	capturing	other	
embodied	concepts	en	route	together	
with	their	time	dependent	trends	and	
systemic	interactions.

Applying	the	approach	in	a	UK	model,	
a	business-as-usual	scenario	suggests

that increasing economic activity and
travel	will	cancel	efficiency	gains	
resulting	in	constant	emissions.	The	
model can be used to quantify how the 
investment	part	of	gross	domestic	
product	(GDP)	must	be	increased	to	
deliver	low-emission	policies	showing	
the	systemic	consequences	of	these.	
4see	will	be	applied	in	future	work	to	
evaluate	low-carbon	investments,	such	
as	wind	turbines	and	energy	efficiency	
retrofits	to	existing	buildings.

Introduction
The	UK	economy	consumes	fossil	fuels	
giving	rise	to	CO2	emissions,	a	key	
contributor	to	climate	change.	The	sector	
break down of these emissions and their 
variation	over	time	are	shown	in	Fig.	2:	(a)	
using	historical	data,	and	(b)	in	a	forecast	 
to	2030.

The historic half from 1990 shows only a 
small	reduction	in	emissions,	despite	the	
increasingly	high	profile	and	concern	that	
climate	change	now	receives.	The	projection	
in	the	right	half	is	a	possible	business-as-
usual	scenario	from	Arup’s	4see	model.	The	
4see model continues historical trends in 
energy	efficiency	of	vehicles	and	buildings.	
It	also	trends	changes	in	final	demand	that	
give rise to economic growth and increasing 
travel.	The	outcome	of	constant	overall	
emissions	on	the	right	shows	that	efficiency	
gains	will	be	cancelled	by	greater	activity.

Reduced emissions could be achieved in a 
scenario of economic recession since this 
reduces	general	activity,	but	a	recession	
exacerbates	unemployment	so	is	the	least	
desirable	option.	To	bring	emissions	down,	
investments are needed at a faster rate than 
their market viability would otherwise 
warrant.	However	at	a	macro	level,	
irrespective	of	the	detail	of	their	
implementation	instrument,	such	as	
subsidies,	tax	concessions	or	regulation,	 
they	all	divert	final	output	from	the	economy	
to	investment.	

This	research	is	about	the	novel	approach	of	
a 4see model to understanding this systemic 
problem	and	the	development	of	optimal	
investment	plans.	It	examines	the	question	of	
how	a	nation	can	adopt	a	low-carbon	
transition	without	increasing	unemployment	
or	bankrupting	the	economy.

Methodology
The	4see	model	was	developed	to	capture	the	
systemic interactions within a national 

economy	of:	economic	activity,	physical	
assets,	employment,	energy	generation	and	
use,	transportation	and	balance	of	payments.

We	know	from	economics	that	a	market	
consists	of	supply	and	demand.	The	4see	
model	has	full	coverage	of	the	supply	side	
including	the	way	supply	might	be	limited,	
either	by	physical	constraints,	by	the	need	
for investment or by time needed to make 
changes.	The	model	then	splits	demand	into	
two	parts:	intermediate	demand	at	each	step	
through	the	supply	chain	on	the	one	hand,	
and	final	demand	by	end	consumers	on	the	
other.	In	simple	terms,	a	4see	model	sets	out	
to	answer	the	question:	given	projected	
values	for	final	demand,	what	necessary	
steps	in	supply	and	intermediate	demand	 
are	needed?	For	various	scenario	projections	
of	final	demand,	the	model	computes	the	
consequences	for	supply	along	with	
indicators	such	as	unemployment,	CO2 
emissions	and	dependency	on	imported	
energy.

A	4see	model	takes	as	its	starting	point	a	
physical	perspective	of	economic	assets:	
goods need factories for their manufacture; 
services	require	offices;	even	transactions	 
on	the	web	require	computers	that	have	a	
physical	location	in	a	building.	Physical	
assets	(fixed	capital)	consist	of	buildings,	
machinery	and	transport	equipment	which	
together	make	up	economic	sectors,	such	as	
manufacturing,	construction	and	the	service	
sector.	Data	for	physical	assets	comes	from	
national	accounts’	details	of	capital stocks,	
these being derived from the size of 
investment	needed	to	make	the	asset,	then	
depreciated	according	to	asset	life	times.

The	next	step	in	modelling	each	sector	is	the	
volume	of	economic	output	(domestic	
production)	of	goods,	buildings	and	services,	
also	known	as	gross	value	added	(GVA)	
from	national	accounts.	Modelling	of	each	
sector	is	completed	by	detailing	inputs	
needed	from	various	data	sources.

Consider	the	example	of	the	service	sector	 
in	Fig.	1(a)	which	shows	historical	data	for	
inputs	of	gas	and	jobs,	physical	assets	and	
economic	output	of	services	(GVA).	The	
4see	model	first	compares	the	economic	
output	to	the	size	of	the	asset,	and	then	
compares	each	input	necessary	for	the	
output,	these	ratios	shown	in	Fig.	1(b).

For	economic	output	compared	to	physical	
assets	(return	on	capital),	the	result	is	
remarkably	flat	over	the	historical	period	in	
this	example.	It	seems	reasonable,	at	least	to	
a	first	approximation,	to	extend	this	constant	
ratio	into	the	future.	For	the	amount	of	gas	
and	jobs	each	needed	per	unit	of	output,	
these both show falling trends over the 
historical	period.	These	trends	are	
extrapolated	into	the	future	using	best-fit	
decay	curves,	as	shown.

Having	examined	one	sector	in	detail	 
(Fig.	1),	let’s	now	consider	how	the	4see	
model	covers	the	whole	UK	economy	and	its	
systemic	interactions.	This	aspect	of	the	
model	can	be	represented	by	the	diagram	in	
Fig.	3	which	extends	from	inputs	on	the	left	
of fossil fuels used in the economy and jobs 
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Fig 2 CO2 emissions from fossil fuel use in the UK economy: 
(a) historical data; (b) business-as-usual scenario using the 
4see model

Renewables and energy 
efficiency	measures	reduce	
emissions	but	are	capital	
intensive.	Such	measures	
should be evaluated against a 
country’s	physical	ability	to	
provide	the	goods,	
construction	capacity	and	
services that form the basis 
of	investment.
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through	to	final	consumption	expenditure	by	
consumers	on	the	right.	The	form	is	a	Sankey	
diagram in which the line widths are 
proportion	to	flow.	(Width	scales	for	the	
fossil energy and electricity lines are 
equivalent	in	energy	terms.)	Note	that	the	
area	of	the	yellow	boxes	does	not	correspond	
to	the	size	of	the	assets	they	represent.	For	
clarity,	the	diagram	misses	off	balance	of	
payments	and	assets	of	the	smaller	economic	
sectors.

There	are	three	destinations	for	final	outputs	
of	the	economy.	Largest	is	consumption	by	
consumers,	either	as	direct	purchases	or	
benefitting	from	government	services	paid	
for	indirectly	through	taxation.	At	the	bottom	
are	exports	of	goods	and	services.	The	last	is	
the	return	flow	to	sector	assets	that	enables	
the	economy	to	grow,	known	as	gross	fixed	
capital	formation	or	the	investment	
proportion	of	GDP.	Historical	data	for	the	
parts	of	final	demand	and	imports	are	shown	
in	Fig.	4(a).

An	expanded	Sankey	diagram	of	the	
economic	sectors	is	shown	in	Fig.	5	detailing	
the	inter-sector	flows,	using	data	from	
Supply	and	Use	Tables	in	national	accounts.	
For	example,	imported	manufactured	goods	
starting	at	the	top	left	are	combined	with	
domestic	manufacture	or	GVA.	Some	
manufactured goods are used by the service 
sector,	so	embodied	in	their	final	output	at	
the	bottom	right.

Discussion
A	novel	feature	of	the	4see	approach	is	the	
mixture	of	units,	such	as	monetary	value,	
energy	and	jobs.	Insight	can	be	gained	by	
using time series data to examine the 

mixed-unit	ratios	over	time	(Fig.	1).	Where	
there	is	a	clear	historical	trend,	this	insight	
into	the	sector’s	dynamics	forms	the	first	step	
in	the	foresight	process	of	creating	future	
scenarios.	Using	the	complete	data	sets	
compiled	for	a	4see	model,	first-order	
extrapolations	of	historical	insight	are	derived	
for all the variables enabling a foresight 
scenario	to	be	created,	as	in	Fig.	2(b).	Those	
extrapolated	ratios	that	give	rise	to	major	
components	of	the	scenario	output	might	
warrant	revisiting,	perhaps	consulting	with	
appropriate	experts	for	a	more	informed	view	
of	future	trends.	4see	scenarios	can	either	be	
iterated	with	revised	extrapolations	or	
subjected	to	sensitivity	analysis.

Another consequence of not being tied  
only to monetary values is to select units 
appropriate	to	each	variable.	The	electricity	
bill	might	be	much	less	than	labour	costs,	but	
electricity is essential since if it goes off 
business	operation	is	jeopardised.	Electricity	
in	energy	terms	is	a	necessary	input,	
complementary	to	other	inputs	and	assets.

The	complementary	ratios	of	inputs	are	not	
fixed	but	evolve	over	time.	For	example,	as	
investment	replaces	depreciation	and	to	grow	
the	business,	there	are	opportunities	for	
change;	replacement	machines	are	often	
more	automated,	desirable	for	reducing	
labour	costs.	The	behaviour	of	input	ratios	
changing over time is referred to here as 
evolving complementarity,	a	key	aspect	of	
4see;	occurring	at	a	micro	level,	it	manifests	
at	a	macro	level.	

The	economic	dependency	between	sectors	
(Fig.	5)	is	also	complementary	and	can	be	
related	to	the	work	of	the	economist	Wassily

Léontieff	who	first	applied	input-output	(I-O)	
tables	to	the	USA	economy	in	the	1930s.	 
He	treated	the	I-O	tables	as	a	matrix	and	
used his Léontieff inverse function to 
compute	the	input	requirements	needed	to	
meet	output	objectives.	Several	countries	
used	to	use	this	technique	to	develop	their	
five-year	economic	plans,	but	its	dependency	
on	fixed	technical	coefficients	is	a	limitation	
given	that	they	can’t	be	assumed	to	remain	
fixed	over	time.	In	contrast,	4see’s	evolving	
complementarity	fully	embraces	continual	
change.

The	complementary	aspect	within	4see	
extends	to	the	inputs	for	investment	from	
three	economic	sectors,	as	illustrated	in	 
Fig.	3.	Supposing	there	is	increasing	
consumer	demand	for	services,	this	would	
need increased investment in the service 
sector,	and	following	back	along	the	blue	line	
for investment from this sector shows the 
systemic	consequences	across	the	economy.
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Results
There is much research into the technologies 
needed	to	reduce	carbon	emissions,	such	as	
improved	energy	efficiency,	more	renewable	
energy	or	using	less	fossil	fuel	per	unit	of	
electricity.	Many	of	the	solutions	are	capital	
intensive	and	currently	not	competitive	or	
needing	long	payback	times.	There	are	
proposals	to	correct	this	disadvantage	by	
financial	incentives,	but	all	such	investment	
plans	have	to	be	evaluated	against	a	
country’s	physical	ability	to	provide	the	
goods,	construction	capacity	and	services	
that	form	the	basis	of	investment.	So	when	
considering the investment needs for 
emissions	reduction,	can	current	investment	
be diverted? 

The	Sankey	diagram	in	Fig.	3	is	useful	for	
showing	key	features	of	the	UK	economy,	in	
particular	how	services	dominate.	For	jobs,	
the	vast	majority	are	in	the	service	sector.	
The	point	in	the	diagram	between	‘final	
supply’	and	‘final	demand’	corresponds	to	
GDP	plus	imports.	Since	most	imports	are	
goods,	it	is	clear	from	Fig.	5	that	services	are	
a	major	proportion	of	GDP.	Finally,	the	
majority of investment goes to the service 
sector	(Fig.	3).

Referring	to	Fig.	1(b),	this	shows	that	
jobs-needed-per-unit-of-service-output	has	
been declining incessantly over the historical 
period.	Employing	staff	is	a	major	cost	for	all	
service	sector	organisations,	so	it	is	hardly	
surprising	that	there	is	a	continuous	pressure	
to	reduce	these	costs	by	efficiency	gains	to	
stay	in	business	in	a	competitive	market.	
However	if	unemployment	overall	is	not	to	
rise	as	jobs-per-unit-output	continues	to	fall,	
then the whole service sector would need to 

compensate	for	the	loss	of	jobs.	The	historical	
data shows that the economy has managed to 
accomplish	sector	growth	but	with	a	
consequent	large	draw	on	investment.	This	
discussion of the service sector suggests that 
its	significant	draw	on	investment	is	an	
essential	part	of	its	growth	and	provision	of	
jobs,	so	can’t	be	reduced.	Therefore	
investment for emissions reduction beyond 
current market trends needs additional 
investment which would need to be diverted 
from	final	consumption	by	consumers,	as	
shown	in	Fig.	4(b).	The	key	point	of	this	shift	
from	consumption	to	investment	is	not	to	
reduce	overall	economic	activity	(the	envelope)	
otherwise	unemployment	might	increase.

Conclusion and next steps
In	summary,	a	4see	model	works	with	
complete	data	sets	and	generates	insights	
from hindsight of historical data to create 
foresight	scenarios.	It	is	a	tool	to	test	
consequences	of	trajectories	in	final	demand,	
implications	of	proactive	investments	and	
sensitivity to changes in the insight 
relationships.	Policies	that	result	are	thus	
evidence-based.

While	existing	data	on	embodied	emissions	
can	inform	and	bias	purchasing	and	design	
decisions	to	lower	emissions,	there	are	many	
system constraints and the systemic 
interactions are lost by shrinking the result 
down	to	a	single	embodied	carbon	value.	In	
contrast,	a	4see	model	keeps	the	granularity	
of variables through the economy together 
with	their	relationships	and	trends	from	
historical	data.

Next	steps	for	the	4see	project	are	to	
examine	the	implications	of	proactive	

investments	for	low-carbon	beyond	 
business-as-usual.	For	each	technology	
option,	information	is	needed	on	
implementation	planning,	marginal	
investment	cost	and	marginal	energy	change.	
The	marginal	cost	simply	forms	part	of	the	
investment	component	in	the	4see	model.	
Technologies	that	can	be	evaluated	include:	
wind	turbines,	photovoltaics,	concentrated	
solar	power	in	North	Africa	with	transmission	
across	Europe	to	the	UK,	carbon	capture	and	
sequestration,	building	retrofit,	LED	lighting	
and	range-extended	electric	cars.

In	addition	to	emissions	reduction,	4see	
models can also be used to investigate other 
issues,	such	as	energy	shortages	and	
technological solutions to mitigate effects of 
peak	oil	on	an	economy.	More	inputs	can	be	
added	to	4see	models,	such	as	water,	and	the	
4see framework is readily transferable from 
the	example	of	the	UK	here	to	other	national	
economies.
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Value
•	 Sets	actions	on	climate	change	and	
sustainability	in	a	country-wide	
context

•	 Brings	rigor	to	investment	planning		
at	a	national	level

•	 Thought	leadership
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Transitions:	moving	from	rhetoric	 
to	priority	in	21st	century	Perth
Arup:	Ryan	Falconer,	Owen	Thomas,	Kym	Hockley,	Danya	Alexander

Abstract
This research examined the increasing 
importance	of	public	transport	in	
Western	Australian	transport	policy	and	
planning.	It	also	identified	current	
philosophies	in	relation	to	public	
transport	service	provision.	These	
include	the	intent	for	public	transport	to	
operate	in	synergy	with	smart	growth	
initiatives	and	as	a	realistic	competitor	
to	private	motor	vehicle	travel	along	
major	corridors.	

This	information	underpinned	an	
exploration	of	international	leading	

practice	to	assist	with	the	development	
of A Practitioner’s Guide to Bus 
Movement and Priority (2011) on 
behalf	of	the	Public	Transport	Authority	
(PTA)	of	Western	Australia	and	
Department	of	Transport	(DoT).	

The	Guide	is	intended	to	help	drive	
future investment decisions in 
conjunction	with	the	implementation	of	
the	Activity	Centres	Policy	(Directions	
2031)	and	a	‘Moving	People’	Network	
Plan,	which	is	due	for	release	in	2012.	
The	Guide	was	developed	

collaboratively	by	Arup,	the	
Department	of	Transport	and	Public	
Transport	Authority	as	an	update	to	less	
user	friendly	guides	developed	in	the	
early	2000s.	This	article	also	describes	
the	policy	context	for	the	Guide,	how	
priority	projects	are	being	planned	and	
implemented.	It	outlines	some	of	the	
challenges that arise when trying to 
deliver	the	best	value	public	transport	
services	using	limited	resources.

Introduction
The	last	two	decades	have	seen	a	partial	shift	
in	transport	policy	away	from	predict	and	
provide	(e.g.	forecast	traffic	growth	and	
provide	road	infrastructure	to	cater	to	it)	
towards	travel	demand	management.	As	part	
of	this	agenda,	the	State	Government	of	
Western	Australia	has	made	significant	
investments	in	public	transport.	Some	of	this	
investment	has	been	in	major	projects	
defining	higher	frequency	and	quality	
services on key routes to increase the 
competitiveness	of	public	transport	
compared	to	the	private	vehicle.	However,	a	
sizeable	proportion	of	added	investment	has	
also been required because of growth in the 
urban	footprint	of	Perth	and	subsequent	
demand	for	new	bus	services	to	greenfields	
developments.	

This increased investment has been 
paralleled	by	a	surge	in	public	transport	
patronage	over	the	last	10-15	years.	From	
1997-2007,	there	were	36%	and	42.4%	
increases	in	rail	and	bus	passenger	journeys,	
respectively.	Over	the	same	period,	there	was	
a	7.9%	increase	in	passenger	kilometres	by	
rail	and	44.6%	by	bus.	These	statistics	
compared	to	growth	in	public	transport	
patronage	in	other	Australian	cities,	indicated	
a	2.7%,	32.6%	and	40.9%	rise	in	passenger	
journeys	over	the	same	period	in	Sydney,	
Melbourne	and	Brisbane.	Based	on	2006	
Census	data,	about	10.4%	of	work	trips	in	
Perth	are	undertaken	using	public	transport	
as	the	primary	mode	(Australian	Bureau	of	
Statistics,	2010),	and	public	transport	now	
accounts	for	approximately	48%	of	work	
trips	to	the	Perth	Central	Business	District	
(CBD),	East	Perth	and	West	Perth.	

However,	the	statistics	do	not	take	account	of	
growth since the southern suburbs rail line 
opened.	Between	2006/2007	and	2009/2010	
the	total	number	of	boardings	on	Perth’s	
public	transport	system	continued	to	increase	
from	approximately	101	to	over	131.5	
million	a	year.	This	represents	a	further	

increase	of	around	30%,	and	a	total	increase	
in	boardings	of	over	72%	since	1996/1997.	

A	large	proportion	of	the	increase	can	be	
attributed	to	the	development	of	the	strategic	
rail	network.	This	includes	the	provision	of	
well integrated feeder bus networks to major 
stations	across	the	rail	network.	It	is	also	due	
to	a	gradual	improvement	in	the	frequency	
and	level	of	service	along	key	bus-only	
corridors,	and	activity	intensification	around	
public	transport	hubs	(i.e.	Transit	Oriented	
Development).	Increase	in	the	costs	of	living	
has led households to reconsider their travel 
choices,	such	as	owning	more	than	one	car.	

There	is	increasing	demand	for	public	
transport	services,	pressure	from	rapid	urban	
growth and deteriorating levels of service on 
congested	roads.	In	response,	Arup,	PTA	
Western	Australia	and	the	DoT	have	recently	
prepared	A Practitioner’s Guide to Bus 
Movement and Priority (2011).	This	guide	
provides	a	framework	for	supporting	transit	
in	Western	Australia.	It	is	a	synthesis	of	
previous	guidance	and	information,	updated	
and rationalised to serve as an accessible 
resource	for	state	agencies,	local	government	
and	potentially	other	project	proponents.	It	is	
intended	that	the	guide	be	supported	by	a	
similar light rail transit manual that is to be 
developed	shortly.	

Critically,	the	Guide	is	intended	to	be	a	
means	to	help	deliver	feeder	and	sub-
regional transit services in Perth that offer 
people	a	realistic	alternative	to	private	
vehicle	travel	(e.g.	enable	people	to	spend	
about an equivalent amount of time making 
trips).	This	is	in	recognition	that	for	people	
who	live	away	from	metropolitan	rail	
services,	the	time	sacrifice	required	to	
substitute	public	transport	for	car	trips	
(particularly	work	trips)	is	often	significant,	
in	part	because	of	the	requirement	for	bus	
services	to	mix	with	general	traffic	under	
busy	conditions	(see	Fig	2.).	

Methodology
A	21st	Century	public	transport	policy	
should	require	more	than	simply	supplying	 
a	minimum	level	of	public	transport	service	
to	meet	the	basic	needs	of	captive	passengers	
or to making sure that revenue exceeds 
investment.	Arup,	the	PTA	and	DoT	
recognised	that	a	guide	to	selecting,	
evaluating	and	implementing	bus	priority	
projects	must	be	underpinned	by	a	clear	
public	transport	policy.	There	is	a	range	of	
prerogatives	for	public	authorities	
developing	such	a	policy.	The	prerogatives	
relevant	to	the	preparation	of	the	Guide	were:
•	 Creation	of	efficient	transport	systems	by	
creating	mode	choices	along	key	corridors.	
In	addition,	balancing	the	provision/
allocation	of	road	space	for	private	
mobility	with	the	higher	people-moving	
potential	of	transit	services	(see	Fig.	1).

•	 Alignment	with	strategic	goals	such	as	
leading	new	development,	redistributing	
vehicle	traffic,	providing	transit	with	
a	competitive	advantage	over	private	
vehicles,	meeting	sustainability	objectives,	
increasing	frequencies	to	minimise	
wait	times	and	the	need	for	reference	to	
timetables.	This	approach	demonstrates	
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Fig 1 Bus priority on approach to James Street, Northbridge, Perth

Fig 2 Extra minutes required to undertake a work trip using 
public transport rather than cars (one-way) based on 
suburban travel survey data, Perth

Provision	of	bus	priority	in	
selected locations is an 
integral	part	of	the	feeder	
and	sub-regional	public	
transport	system	in	21st	
century	cities.	Bus	priority	
helps	give	public	transport	a	
competitive	advantage	over	
private	motor	vehicle	travel.	
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a	willingness	to	treat	public	transport	
provision	as	a	priority.	This	means	
strategic	risks	could	be	taken	to	achieve	
longer	term	land	use	and	transport	policy	
objectives.

•	 Attainment	of	efficiency	targets	by	
minimising	costs	per	operating	kilometre	
(i.e.	by	maximising	passengers	per	
kilometre	of	service,	maximising	revenue	
per	kilometre	of	service,	eliminating	
duplicate	services).	This	could	apply	along	
with	any	of	the	other	prerogatives	and	
should	be	inherent	to	good	public	transport	
planning.	

There is a strong body of evidence that 
demonstrates that there is real value to 
investment that extends beyond farebox 
revenue	compared	to	capital	and	operating	
costs.	In	Western	Australia,	the	former	is	
only	about	25%	of	the	latter.	

The	bus	priority	guide	for	Western	Australia	
was	therefore	developed	in	recognition	of	
these	broader	public	transport	policy	
objectives	and	was	intended	to	fulfil	two	
purposes.	The	first	was	to	provide	a	planning	
and	implementation	mechanism	for	the	
infrastructure	proposed	in	the	State’s	(draft)	
20	Year	Public	Transport	Plan.	In	doing	so,	it	
could	also	help	provide	understanding	of	
some	of	the	potential	impacts	of	priority	
projects.	The	second	was	to	rationalise	and	
update	the	information	contained	in	two	
WA-specific	guides	published	in	2004;	
namely	‘Bus	Priority	Measures:	Principles	
and	Design’,	and	‘Traffic	Management	and	
Control	Devices’.	

The	project	team	consulted	a	wide	body	of	
international	literature,	engaged	with	transit	
specialists	within	Arup,	based	in	Australia,	
South	America,	North	America,	South	Africa	
and	the	United	Kingdom,	and	held	a	number	
of	workshops	with	the	DoT	and	PTA	transit	
planning	staff.	The	product	is	an	intuitive	45	
page	document	that	is	now	available	on	the	
PTA’s	and	DoT’s	websites.

Results and discussion
Overview of the guide
The	Guide	takes	practitioners	through:
•	 Policy	background	and	intent
•	 Steps	for	bus	network	planning
•	 Types	of	bus	priority	treatments	that	may	
be	employed

•	 Some	of	the	pros	and	cons	of	different	
treatment	options	along	with	guidance	
regarding	when	each	may	be	appropriate

•	 Process	of	implementation
•	 Additional	reference	material

The	Guide	incorporates	quantifiable	
evaluative	criteria,	which	are	intended	to	
guide	rather	than	dictate	planning	decisions	
(see	Table	1).	They	are	essentially	a	Western	
Australian	interpretation	of	international	
standards.	

Selecting the right kind of priority 
treatment
There	are	a	range	of	priority	treatments	that	
can	be	employed.	For	simplicity,	these	may	
be	summarised	as:
•	 Point	treatments:	measures	that	provide	
exclusive	carriageway	and/or	enhanced	

access	to/for	bus	services	at	a	specific	
location,	usually	to	address	spot	congestion	
and	delay

•	 Corridor	treatments:	measures	that	provide	
exclusive	carriageway	and/or	enhanced	
access	to/for	bus	services	along	a	defined	
length	of	road.	This	corridor	may	also	
accommodate	general	traffic	or	in	the	
case	of	Bus	Rapid	Transit	(BRT)	or	transit	
malls,	be	provided	exclusively	for	transit	
and	in	some	cases,	other	non-car	modes	

•	 Intelligent	Transport	System:	represents	
applied	technology	to	aid	bus	service	
efficiencies	and	prioritisation,	such	as	
passive	or	actuated	signal	phasing	

Selection	of	an	appropriate	treatment	can	be	
based	on	the	strategic	importance	of	a	
particular	public	transport	service/corridor,	
desirable	outcomes,	differences	in	cost	and	
time	implications	(i.e.	through	land	
acquisitions	and	construction),	and	other	
related	factors.	

Implementing transit projects
In	Western	Australia	public	transport	priority	
is	being	seen	as	an	important	characteristic	
of	key	movement	corridors.	

This	corridor	between	the	Perth	CBD	and	
Perth	Domestic	Airport	has	been	recognised	
in	the	20	Year	Public	Transport	Plan	as	a	key	
second	tier	transit	route.	This	is	in	
recognition	of	the	increasing	patronage	of	
public	transport	along	this	corridor,	forecast	
future	needs	and	current	peak	hour	service	
delays that arise due to the sharing of road 
space	by	buses	and	general	traffic.	A	
combination	of	full-time	bus	lanes,	B	lights	

Current construction project:
Installation of transit lanes on
St Georges Terrace between
William Street and Barrack Street

Existing infrastructure:
Median bus lanes between
Riverside Rotary and Victoria
Park Transfer Station – includes
bus lanes on interchange ramps
and ‘B’ lights

Current construction project:
Installation of bus queue jump
lanes at selected intersections as
part of Eastern Alliance project
(Great Eastern Highway – Kooyong
Road to Tonkin Highway)

Current planning project:
Upgrade at Causeway East
Interchange incorporating
enhanced bus priority

Potential future project:
Bus priority between Barrack
Street and Riverside Rotary

0 500
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1000 1500

Current planning project:
Bus priority treatments between
Victoria Park Transfer Station
and Kooyong Road via Great
Eastern Highway

Potential future project:
Bus priority treatments
between Tonkin Highway
and Perth Domestic Airport
via Brearley Drive

Fig 3 Bus priority projects planned, under construction or existing along corridor between Perth CBD and the domestic airport

Value
•	 The	Guide	is	a	critical	tool	to	assist	
with	the	roll-out	of	the	20	Year	Public	
Transport	Plan	for	Perth	and	will	
support	other	strategic	state	policies	
like	Directions	2031	and	the	Moving	
People	Plan

•	 Arup’s	involvement	with	this	project	
has	underlined	our	credentials	
as	specialists	in	planning	for	bus	
services	and	priorisation	in	Western	
Australia

•	 The	high	level	of	interest	in	the	work	
within	the	industry	has	contributed	to	
acceptance	of	two	related	conference	
papers	

•	 Practitioners	now	have	a	reliable,	
up-to-date	resource	that	they	can	
refer	to,	which	is	a	true	reflection	of	
the	Public	Transport	Authority	and	
Department	of	Transport’s	planning	
and	operational	requirements	

and	queue	jump	facilities	are	being	planned	
along most of the corridor; some already 
exist	or	are	being	constructed	(see	Fig.	3).	

Identifying and overcoming the challenges
There	is	no	quick	fix	when	it	comes	to	
providing	resilient	public	transport	in	Perth	
and	other	cities.	The	following	are	three	of	
the	more	obvious	challenges:
•	 Achieving	a	fully	integrated	public	
transport	network	that	delivers	true	
competition	to	the	private	motor	vehicle.	
This	requires	a	dense	web	of	public	
transport	services	that	operate	from	the	
early	morning	to	the	early	evening,	at	short	
headways	(e.g.	10	minutes	or	less),	along	
efficient,	direct	routes	at	an	average	speed	
that	is	competitive	with	the	car.	

•	 Delivering	this	system	becomes	difficult	
because	of	increasing	cost-revenue	deficit	
through	providing	lowly	patronised	extra	
services.	Often	these	are	unattractive	
to	new	users	because	they	have	to	
follow	circuitous	routes	to	increase	their	
catchment.	

•	 Setting	targets	for	success,	measuring	
progress	and	using	results.	Transit	
investments	may	achieve	tangible	
results;	people	can	see	new	services	and	
infrastructure	that	is	provided.	However,	
data	regarding	performance	is	collected	
infrequently	and	not	necessarily	well	
utilised	as	part	of	future	decision	making.	
The	investment	may	not	demonstrate	real	
benefits	based	on	the	costs	involved.	In	
reality,	data	on	project	paybacks	should	
feed	back	into	strategic	decisions	that	get	
made	about	future	land	use	and	transport	
planning.	

Conclusion and next steps
This	article	has	highlighted	the	public	
transport	renaissance	that	has	characterised	
Perth	over	the	last	two	decades,	which	is	
reflected	in	evolving	transport	policy	and	
patronage	statistics,	and	has	recently	
culminated	in	the	release	of	the	(draft)	20	
Year	Public	Transport	Plan.	In	this	context,	
the	State’s	A Practitioner’s Guide to Bus 
Movement and Priority (2011) has been 
introduced,	which	gives	authorities	and	
project	proponents	clear	information	
regarding	how	bus	priority	projects	should	
be	selected	and	what	priority	treatments	may	
fit	each	context.

In	considering	a	strategic	transport	link	in	
Perth it has been demonstrated how different 
infrastructure	may	be	applied	at	various	
points	along	the	same	corridor.	Two	major	
challenges	to	progression	of	the	public	
transport	policy	agenda	in	Perth	have	also	
been	defined.	

These	include	delivering	both	efficient	public	
transport	services	to	outlying	suburbs	and	the	
best	value	public	transport	services	when	
resources	are	limited.	Notwithstanding	the	
challenges,	for	Perth	to	become	a	successful	
21st	century	city,	this	Guide	should	be	
applied	as	part	of	a	broader	transport	and	
land	use	planning	regime	to	improve	mode	
choices	(e.g.	provide	people	with	realistic	
alternatives	to	private	motorised	transport).	
Development	and	enhancement	of	bus	
services	will	play	an	important	part	in	this	
process	of	improvement.
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Table 1 Guide to selection of bus priority treatments

Bus priority treatment Transit level/impact Other considerations 

Bus gate 
Bus only link (bus plug) 
Turning movement ban 
exemption 

≥ 4 bus services during peak hour in each direction Impact on bus route length and service delay if bus only connection is not provided

Transit mall ≥ 8 bus services during peak hour in each direction Case for transit mall to consider: 
- Adjoining land use and land use objectives 
- Pedestrian volumes and desire lines 
- Street reservation form and function 
- Service vehicle access 
- Provision of stops or station within mall 
- Parking, loading and taxi zone impacts 

Queue jump ≥ 3,000 passengers per day in both directions, or  
≥ 500 passengers during peak hour in both directions, or 
≥ 6 bus services during peak hour in peak direction

Provide supporting intersection analysis modelling ‘with’ and ‘without’ queue jump 
installation. Results to show bus movement and general intersection operational impacts

Installation of traffic 
signals 

Delay to bus movement at non signalised intersection during peak 
hour ≥ 60 sec (averaged across hour) 

Guideline applies to intersections on existing, new or extended routes. Provide supporting 
intersection analysis modelling ‘before’ (not signalised) and ‘after’ (signalised) operation. 
Results to show bus movement and general intersection operational impacts

ITS 
Active and passive bus 
priority 

Bus movement Level of Service (LOS) ‘D’ or worse, or encumbered 
movement requiring assistance 

Ability to coordinate signals along bus service route. Provide supporting intersection 
analysis modelling ‘before’ (without bus priority) and ‘after’ (with bus priority) operation. 
Results to show bus movement and general intersection operational impacts 

Transit lane (additional 
lane) 

≥ 6,000 passengers per day in both directions, or 
≥ 1,000 passengers during peak hour in both directions, or 
≥ 15 buses during peak hour in peak direction 

Road reservation width. 
Road pavement widening impacts on utilities and services. 
Treatment at either end of transit lane

Transit lane (conversion 
of existing lane) 

≥ 6,000 passengers per day in both directions, or  
≥ 1,000 passengers during peak hour in both directions, or 
≥ 15 buses during peak hour in peak direction

Analysis of wider network impacts including proximity and capacity of parallel routes

Bus Rapid Transit ≥ 10,000 passengers per day in both directions, or  
≥ 1,500 passengers during peak hour in both directions, or 
≥ 20 buses during peak hour in peak direction

Provide assessment on severance impacts, proposed pedestrian crossing locations and 
resulting walk distances
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Extending the life of critical road  
system infrastructure in the Netherlands
Arup:	David	Gration,	David	Ashurst	and	Sander	den	Blanken

Abstract
Since the design and construction of 
many	of	the	bridges	on	Europe’s	
motorway	system,	the	number	and	
weight of the trucks they have to carry 
has	significantly	increased.	This	has	led	
to many bridges being deemed under 
strength,	compared	to	contemporary	
design	guidance,	and	experiencing	local	
damage	e.g.	fatigue	cracks.	Therefore	
methods to refurbish and extend the life 
of	long-span	bridges,	whilst	keeping	
them	operational,	are	of	significant	
value	to	highways	authorities.	

The effective realisation of such 
refurbishment methods requires the 
development	of	several	interlinked	
aspects:	state-of-the-art	calculation	
methods,	reliable	inspection	techniques,	
practical	high	performance	
strengthening/construction	approaches,	
and contracts encouraging both 
innovation	and	competition.	The	
research	aspects	associated	with	
developing	such	a	refurbishment	
methodology	are	described	here.	

The	specific	context	of	the	development	
is the refurbishment of eight of the 
largest	and	most	strategically	important	
bridges	in	The	Netherlands,	with	the	
goal of extending their lives by a 
further	30	years.	Currently	the	
refurbishment methodology has 
successfully	been	developed	and	
installed	on	two	of	the	eight	bridges.

Introduction
In the 1960s and 1970s more than 200 steel 
bridges	were	built	in	The	Netherlands.	Based	
on	the	quantity	and	type	of	traffic	using	the	
road	network	at	the	time,	along	with	
contemporary	design	knowledge,	these	
bridges	were	expected	to	have	lives	in	the	
order	of	100	years.	

In	the	years	after	the	bridges	were	built,	
truck usage increased much faster than 
expected.	In	addition	to	there	being	more	
trucks,	their	weight	also	increased	and	in	the	
1990s	trucks	began	being	fitted	with	single	
tyres	on	the	wheels	of	their	heaviest	axles.	
This combination of factors meant that both 
the	number	and	size	of	the	fluctuating	loads,	
which	cause	damage	to	the	bridges,	
increased.	Correspondingly	damage,	in	the	
form	of	cracks	on	the	steel	decks,	was	
observed after less than 30 years of  
bridge	life.	

Even though the observed cracks did not 
compromise	the	immediate	safety	of	the	
structures,	premature	damage	on	key	bridges	
on	one	of	Europe’s	busiest	road	networks	
prompted	the	agency	responsible,	
Rijkswaterstaat	(RWS),	part	of	the	Ministry	
of	Transport,	Public	Works	and	Water	
Management,	to	thoroughly	study	this	
phenomenon.	As	well	as	investigating	the	
cause	of	the	premature	failure,	the	RWS	
study	also	identified	possible	retrofit	solution	
methods	to	mitigate	the	problem.

In	2009,	Arup,	along	with	joint	venture	
partner	Royal	Haskoning,	won	a	project	to	
refurbish eight of the most critical bridges in 
the	Dutch	Highways	network	to	enable	them	
to	have	a	further	30	years	of	life.	The	role	of	
the	joint	venture,	termed	the	managing	
contractor	(MC),	includes:
•	 Re-analysis	of	the	existing	bridges
•	 Inspection	of	the	bridges

•	 Engineering	of	strengthening	measures		
for	both	fatigue	and	static	strength

•	 Procurement
•	 Construction	management
•	 Project	and	surroundings	management

The	contract	between	RWS	and	the	MC	is	
designed to synchronise the goals of both 
parties.	The	main	commercial	goal	is	to	
successfully address the issues on the bridges 
for the lowest costs but with the minimum of 
traffic	hindrance.	Other	significant	goals	
relate	to	safety	and	user	satisfaction.

The	MC	and	RWS	developed	the	
procurement	strategy	for	the	construction	
activities to include three contractors in a 
framework	agreement.	This	approach	
guarantees there is more than one contractor 
gaining	knowledge	in	the	methods,	and	
hence	competition.	In	addition,	due	to	the	
limited	number	of	contractors,	the	chance	is	
high that they will each renovate more than 
one	bridge,	and	therefore	they	will	have	the	
opportunity	to	learn	and	optimise	their	
processes	during	the	project.	The	three	Dutch	
contractors	taking	part	in	the	framework	
agreement	are:	Heijmans,	Koninklijke	Volker	
Wessel	Stevin	and	a	joint	venture	Strukton	
Betonbouw	–	Ballast	Nedam.

RWS	also	appointed	a	joint	venture	between	
TNO	and	the	Delft	University	of	Technology	
(TUDelft)	to	complete	technical	reviews	of	
the	MC’s	recommendations.	

Since	2009	Arup	and	Royal	Haskoning	have	
been	working	with	RWS	to	develop	
calculation,	inspection	and	strengthening	
approaches	suitable	for	refurbishing	the	eight	
bridges.	Due	to	the	tight	timescales	involved	
in	the	project	this	development	work	has	
been	running	in	parallel	with	implementation	
on	certain	bridges.	At	the	moment,	two	
bridges	have	been	refurbished.	One	is	

currently undergoing refurbishment whilst 
three	others	are	in	the	process	of	being	
assessed	and	having	bespoke	strengthening	
designed.

Methodology
The	type	of	research	completed	and	the	
reasoning behind it are discussed in relation 
to	the	main	aspects	of	the	work.

State-of-the-art prediction methods
As	part	of	the	refurbishment,	the	capacity	 
of	the	structure	has	to	be	predicted.	It	is	
necessary that the historic and future fatigue 
damage and the current construction and 
future strength demands are calculated in the 
most	accurate	way	feasible.	This	is	essential	
to ensure the extent of the refurbishment is 
limited	to	what	is	actually	necessary,	rather	
than	what	is	predicted	due	to	simplistic	over	
conservative	methods.

This	approach	begins	by	ensuring	the	input	
assumptions	are	realistic.	Where	possible	this	
was	done	by	obtaining	bridge	specific	data	
including	the	following:
1.	Counting	the	numbers	of	vehicles	crossing	
each	bridge	to	ensure	an	accurate	starting	
point	for	future	projections.

2.	Completing	weight-in-motion	studies	
to	measure	the	actual	axle	weights	of	a	
sample	of	trucks	currently	driving	on	the	
network.

3.	Measuring	the	natural	frequency	of	cables	
on	the	cable	stayed	bridges,	to	predict	
their	tensions,	to	ensure	the	correct	load	
distribution	is	assumed	during	the	analysis.	

The	results	from	1	and	2	above,	and	their	
implementation	in	the	calculation	process,	
was validated by strain gauging certain 
elements in one of the bridges and measuring 
strain	ranges	for	a	three-week	period.	This	
same	period	was	simulated	in	the	calculation	
model.	The	measured	and	predicted	stress	
ranges	matched	closely	as	shown	in	Fig.	1.

100

90

80

70

60

50

40

30

20

10

0

S
tr

es
s 

ra
ng

e 
(M

P
a)

1E+00 10E+00 100E+00 1E+03 10E+03 100E+03 1E+06

Cycles

Trough nearest tyre (inside tyre) – FUTURE TNO trough 145

Fig 1 Measured (lighter) and predicted (darker) stress ranges

Due	to	larger	numbers	 
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systems much of our key 
infrastructure is ageing 
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In	addition	to	refined	assumptions,	
calculation methods in excess of those 
expected	by	the	design	codes	were	
implemented	to	justify	adequate	future	
capacity	without	strengthening.	When	fatigue	
calculations	indicate	expected	damage	and	
cracks	are	observed	in	areas	where	repair	is	
impractical,	fracture	mechanics	calculations	
are	completed	to	estimate	the	time	until	
cracks	would	grow	to	a	critical	size.	In	
bridges	where	cracks	have	been	inspected	at	
different	instances	in	time,	this	data	has	been	
processed	to	calculate	crack	growth	rates	and	
then used to calibrate the fracture mechanics 
calculations.

Reliable inspection methods
Inspection	of	the	bridges	is	a	crucial	aspect	
of	the	refurbishment	process	because	if	
completed	thoroughly	it	can	give	the	most	
accurate indication of their existing 
condition.	Although	the	underlying	
assessment	approach	is	based	on	calculation,	
inspection	can	give	the	actual	current	picture	
without including conservatism inherent in 
the	calculations.	Although	over-conservatism	
has	been	removed	from	the	calculations,	as	
discussed	above,	certain	of	the	methods	used	
are	based	on	experimental	data	having	
significant	scatter.	Hence	these	methods	need	
to	be	conservative.

Inspection	techniques	used	in	industries	
having	greater	experience	of	utilising	
advanced	non-destructive	testing	in	the	
structural	assessment	process	were	reviewed	
for	applicability	and	the	following	
incorporated:

•	 Alternating Current Field Measurement 
(ACFM).	This	is	a	method	for	detecting	
surface	breaking	cracks	without	the	need	
to	remove	coatings.	It	is	used	to	check	for	
external	cracks	in	welds	and	to	give	input	
data	to	fracture	mechanics	calculations.

•	 Time of Flight Diffraction (TOFD).	
This	is	a	method	which	enables	detection	
of	sub-surface	cracks	in	relatively	flat	
specimens.	It	is	used	to	find	cracks	in	
the	bridge	deck	plates	originating	from	
the	roots	of	the	welds	inside	the	trough	
stiffeners	to	indicate	the	position	of	repairs.

•	 Phased Array.	This	is	a	technique	which	
can	detect	sub-surface	cracks	in	joints	of	
complex	geometry.	It	is	used	to	measure	
the	depth	of	the	cracks	growing	from	the	
root	into	the	welds	between	the	trough	
stiffeners	and	the	deck	plate	for	input	into	
fracture	mechanics	assessments.

Results and discussion
Practical strengthening approaches
As any strengthening added to the bridges 
increases	the	load	they	have	to	support,	
possibly	leading	to	even	more	strengthening	
being	required,	there	is	a	great	incentive	to	
minimise the amount of strengthening 
needed.

The	areas	requiring	strengthening	are	first	
minimised by using the most accurate 
assessment	methods,	as	previously	discussed.	
The	next	step	is	to	utilise	the	strongest	and	
stiffest	materials	practical	and	ensure	that	
they work in conjunction with the existing 
structure	to	gain	the	maximum	benefit	from	
the	minimum	of	intervention.

An	example	of	this	is	the	use	of	high	strength	
concrete,	around	twice	the	strength	of	that	
routinely	used	in	buildings,	to	stiffen	the	
orthotropic	deck	plates	of	the	bridges.	The	
orthotropic	deck	is	the	top	surface	of	the	
bridges	on	which	the	traffic	runs.	It	is	named	
orthotropic	because	it	has	stiffeners,	usually	
trough	sections,	running	in	one	direction	
only.	As	well	as	the	high	strength	and	
stiffness	of	the	concrete	used,	it	is	bonded	to	
the	steel	deck	with	epoxy	to	amplify	its	
structural	benefit.

To	enable	the	placement	of	these	relatively	
sophisticated	materials	on	such	a	large	scale,	
outside and on a working bridge several 
studies	were	completed	and	precautions	
taken	including:
•	 Covering	the	complete	working	area	to	
control	environmental	conditions.	This	
necessitated	the	use	of	a	300m-long	tent	on	
one	of	the	bridges,	see	Fig.	3.

•	 Ensuring	that	prior	to	working	on	the	
bridges	all	the	contractors	demonstrated	
their	process	and	equipment	by	
completing	full-scale	off-site	trials,	see	
Fig.	2.	In	addition	to	demonstrating	the	
process,	these	test	slabs	also	served	as	
large	samples	from	which	specimens	to	
determine	in-situ,	rather	than	laboratory	
condition,	properties	could	be	extracted.

•	 As	the	strengthening	needs	to	be	
completed	whilst	the	bridges	remain	in	use,	
issues	regarding	movement	and	vibration	
during	application	of	the	strengthening	
had	to	be	investigated.	This	was	assessed	
by	completing	vibration	measurements	
on	each	of	the	bridges	prior	to	starting	the	
refurbishments.

Fig 2 Test slab being cast prior to work on Muider bridge

Conclusion and next steps
The fact that several bridges are being 
worked	on	in	parallel	means	the	full	process	
cannot	be	completed,	evaluated	and	all	
conclusions	drawn	from	the	first	bridge	prior	
to	beginning	the	second	one.	Significant	
project	based	knowledge	management	is	
being	implemented	to	ensure	effective	and	
timely	knowledge	exchange.	This	supports	
sharing	knowledge,	common	tools,	pitfalls	
and	tips	effectively	between	bridges.	The	
process	includes	regular	knowledge	
exchange,	project	evaluation	and	bridge	
lessons	learnt	sessions.

The overall adequacy of the as built 
strengthening	has	also	been	completed	by	
testing the actual stress reductions achieved 
on	the	first	bridge	refurbished.	This	was	done	

by strain gauging key areas on the bridge and 
measuring the strain under a vehicle of 
known	weight,	with	and	without	the	
strengthening	being	present.	The	
corresponding	strain	reductions	being	
compared	to	those	predicted	from	analysis.	
This	confirmation	of	the	overall	effectiveness	
of	the	strengthening	methods,	in	conjunction	
with	the	checks	of	the	predictive	load	history	
and	stress	calculation	model	shown	in	Fig.	1	
validates	the	complete	process.
Although the strengthening techniques 
implemented	to-date	are	shown	to	be	
adequate,	the	project	actively	continues	to	
look	for	improvements	by	both	assessment	
method	and	implementation	development.	
These vary from small incremental 
modifications	that	simplify	the	existing	
approach,	to	changes	to	significantly	reduce	

the	time	for	implementation	of	the	
strengthening.	Developments	currently	 
being	studied	include	the	use	of	fibre	only	
reinforced high strength concrete to remove 
the	need	to	place	the	conventional	bar	
reinforcement.	Other	developments	include	
the	use	of	pre-fabricated	deck	strengthening	
sections to enable the use of factory quality 
pre-stressed	concrete,	and	the	development	
of	cold	weld	repairs	using	bonded	carbon	
fibre	and	steel	to	enable	repairs	adjacent	to	
heat	sensitive	materials.
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Value
•	 Enables	existing	bridges	to	be	used	
for	an	additional	30	years

•	 Less	requirement	for	future	inspection	
and	maintenance

•	 Cost	and	environmental	impact	of	
road	infrastructure	reduced	as	less	
new-build	bridges	required

•	 Limits	negative	impact	on	local	
economy	by	minimising	congestion

Fig 3 Tent enclosing the installation of high strength concrete on Muider bridge

Fig 4 Component testing of high-strength concrete
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Abstract
Steel	and	cement	production	represent	
15%	of	global	CO2	emissions.	Climate	
change	experts	recommend	a	50%	
reduction	in	these	emissions	by	2050,	
during which time demand for these 
materials	is	expected	to	at	least	double.	
However,	primary	producers	have	been	
refining	their	processes	for	a	century,	so	
few	energy	efficiency	improvements	
remain,	and	these	will	not	deliver	the	
required	savings.	Therefore	material	
efficiency	must	be	examined,	delivering	
the	same	final	services	with	less	
production	of	new	material.	The	
construction industry consumes almost

half	of	steel	and	all	cement	worldwide,	
therefore	applying	material	efficiency	
to	it	would	significantly	reduce	global	
emissions.

Three strategies to use material more 
efficiently	have	been	identified	and	are	
being	investigated	independently	with	
input	from	a	multi-sector	consortium	of	
companies.	This	article	focuses	on	the	
construction	sector	alone,	examining	
both	industry-wide	initiatives	and	
project-level	changes;	identifying	
barriers	and	solutions	to	implementation;	
documenting	examples	in	current

practice;	and	calculating	the	potential	
for	material	savings.	Comparisons	are	
made between strategies to determine 
applicability	in	different	scenarios.

Future	work	is	to	develop	and	refine	 
the research done to date; investigate 
reversible connection details that can  
be demounted within a business 
timeframe;	and	apply	material	
efficiency	strategies	to	a	commercial	
project.
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Introduction
Together	steel	and	cement	production	lead	to	
almost	half	of	industrial	CO2	emissions,	
which in turn contribute a third of global 
anthropogenic	emissions,	as	shown	in	Fig.	1.	
In	response	to	concerns	about	climate	
change,	the	Intergovernmental	Panel	on	
Climate	Change	(IPCC)	recommends	a	50%	
reduction	in	emissions	by	2050,	by	which	
time	the	International	Energy	Agency	(IEA)	
predicts	demand	for	these	materials	to	at	
least	double.	The	UK	Government	has	taken	
this	a	step	further,	enacting	an	80%	reduction	
in	emissions	by	2050.	Assuming	these	
reductions	are	applied	equally	across	all	
sectors,	and	that	the	same	level	of	service	
from	material	products	is	to	be	maintained,	
achieving these emissions targets will require 
a	reduction	by	at	least	75%	per	unit	output	in	
these	industries.	However,	the	primary	
producers	have	been	refining	their	processes	
for	a	century.	Implementing	‘beyond	best	
practice’	energy	efficiency	improvements	
everywhere will not deliver the required 
savings.	So	how	will	the	emissions	targets	 
be met? 

Industry	has	focused	on	measuring	carbon,	
and	are	investigating	novel/substitute	
materials,	carbon	capture	and	storage	(CCS)	
and	de-carbonised	energy	as	ways	to	reduce	
carbon	emissions.	However	substitute	
materials	have	either	performance	or	
environmental	drawbacks.	Studies	outline	
the extreme logistical and technical 
challenges	to	implementing	CCS	or	
carbon-free	electricity	within	the	next	40	
years.	Therefore,	emissions	produced	per	
unit steel and cement are unlikely to change 
markedly	by	2050.	Instead,	savings	could	be	
made	by	employing	‘material	efficiency’.	
That	is,	delivering	the	same	final	services	
with	less	production	of	new	material	–	 
at	every	stage	along	the	supply	chain,	
involving	changes	in	design,	manufacture	
and	installation.

The construction industry annually consumes 
45%	of	iron	and	steel	produced	and	all	
cement.	Hence	if	material	could	be	used	
more	efficiently	within	the	industry	this	
could	significantly	reduce	production	and	
diminish	emissions.	This	research	examines	
material	efficiency	in	construction	to	identify	
the	largest	potential	savings	and	develop	the	
methods and innovations required to realise 
them.

Methodology
This	research	applies	the	methodology	of	the	
WellMet2050	project	to	the	construction	
sector.	WellMet2050	is	a	five-year,	
government-funded	research	project	to	
investigate	the	material	efficiency	potential	
globally across all industries and all stages of 
the	supply	chain.	The	basis	of	the	approach	
is:	independent	study	and	evaluation	of	
identified	material	efficiency	strategies;	focus	
on scale; examination of both industry and 
project	level	opportunities	for	change.	Four	
strategies	to	reduce	material	production	have	
been	identified	by	the	WellMet2050	team:
•	 Reusing	components	without	melting	them	
•	 Using	less	material	to	deliver	the	same	
service	

•	 Using	products	for	longer
•	 Compressing	the	supply	chain	to	reduce	
re-heat	cycles

The	potential	saving	due	to	each	strategy	was	
examined	independently	of	the	others,	with	
conflicts	between	strategies	considered	
separately.	The	strategies	were	examined	in	
consecutive	three-month	reviews,	with	input	
from	a	consortium	of	national	and	multi-
national	industrial	companies	representing	
many	sectors.	This	process	attempted	to	
identify	all	possibilities	for	material	
efficiency;	understand	barriers	and	solutions	
to	implementation;	highlight	current	best	
practice;	and	judge	the	total	potential	for	
material	saving.	This	research	considered	
these	findings	with	reference	to	the	
construction sector and conducted more 
detailed	studies.	Analysis	of	construction	
products’	supply	chains	shows	that	there	
were	few,	if	any,	re-heat	cycles	and	therefore	
only	modest	savings	are	possible	through	the	
fourth	strategy;	thus	this	was	not	pursued	
further.	While	WellMet2050’s	remit	is	to	
examine	metals	only,	this	construction	
research strand considers steel and cement as 
important	materials	within	construction.

A	guiding	principle	of	the	project	process	
was	to	focus	on	scale,	investigating	the	
largest	material	flows	and	avoiding	
interesting,	but	inconsequential,	niche	areas.	
WellMet2050	data	showed	that	sections	and	
rebar constituted the vast majority of steel 
used	in	construction,	and	that	more	material	
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Fig 1 Global anthropogenic CO2 emissions related to energy and industrial processes (a) for all sectors and (b) for industry

Table 1 Steel use by product within construction, based on data from Cullen & Allwood (2011)

CO2 emissions targets for 
steel	and	concrete	production	
cannot be met through 
process	improvements	alone;	
we must use materials more 
efficiently	as	well.	What	
strategies	will	designers,	
contractors	and	suppliers	
need	to	employ	by	2050?

Product Use in buildings (Mt) Use in Infrastructure (Mt) Total (Mt)

Sections 108 36 14

Rebar 191 82 273

Sheet 134 - 134

Rail - 8 8

Line-pipe - 24 24

Total 433 150 583
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was consumed in constructing buildings than 
infrastructure	globally,	as	shown	in	Table	1.	
A detailed allocation of steel and cement use 
augmented	this	data	and	identified	the	
building	and	infrastructure	types	of	most	
interest,	shown	in	Fig.	2,	3	and	4.	This	was	
achieved	by	combining	top-down	reports	of	
material	flows	with	bottom-up	studies,	
utilising	sources	from	trade	associations,	
academia,	industry,	case	studies	and	design	
guides.	Uncertainty	was	dealt	with	by	
combining	multiple	sources	where	possible	
or	‘sense-checking’	where	it	was	not	
possible.	Fig.	2	and	Fig.	4	show	that	material	
use	in	buildings	is	relatively	evenly	spread	
between	sectors,	while	Fig.	3	highlights	that	
use in infrastructure is concentrated in utility 
networks.	Studies	for	individual	buildings	
demonstrated that most steel is used in the 
floor-system,	with	columns,	façade	and	
fittings	small	by	comparison	as	shown	in	 
Fig.	6	–	cement	is	distributed	in	similar	
proportions.	The	exception	was	where	
substantial	basement	or	deep	foundations	
were	present;	in	certain	cases	these	alone	
were	more	massive	than	the	superstructure.

The	long-term	viewpoint	of	WellMet2050	
allowed	consideration	of	both	industry-wide	
and	project-specific	initiatives.	Shifts	in	
industry	practice	can	be	realised	in	this	time,	
however	smaller	changes	to	procurement	and	
design	can	be	effected	much	sooner.	
Importantly	this	research	aims	to	develop	
guidance	for	designers,	based	on	analysis	of	
conflicts	between	strategies.

Results and discussion
Potential	savings	have	been	identified	under	
all	three	strategies.	The	practical	and	
economic	implications	of	project	level	and	
industry-wide	adoption	of	these	strategies	
forms	a	key	part	of	the	ongoing	research.	

Reuse
Reusing steel beams occurs commercially on 
a	small	scale,	which	demonstrates	technical	
and	commercial	feasibility.	Such	businesses	
are	supply	limited,	which	is	due	to	the	
programme	and	safety	advantages	of	
demolition	compared	to	dismantling,	as	well	
as	strong	scrap	demand.	The	commercial	
development	of	robust,	quickly	and	safely	
reversible connection systems could increase 
supply.	This,	combined	with	measures	to	
foster	growth	of	a	reused	steel	supply	chain,	
would allow designers and contractors to 
source	it	successfully.	Rebar	and	concrete	are	
very	difficult	to	recover	and	reuse	separately,	
however	reinforced	concrete	precast	panels	

would	have	greater	reuse	potential	were	
appropriate,	reversible	connections	
developed.

Using less
Using	less	material	would	appear	to	be	a	
designer	or	contractor’s	aim,	but	a	minimum	
cost design is not identical to a minimum 
weight	one.	Studies	on	steel	beam	
rationalisation	have	shown	potential	savings	
of	10-50%,	if	each	element	were	optimised	
for	weight	individually.	Optimised	rebar	
layouts,	fabricated	robotically	into	roll-out	
carpets	are	reported	to	deliver	savings	of	
15%	(Fig.	5).	China	consumes	almost	
two-thirds	of	rebar	produced	globally;	by	
raising	the	strength	of	rebar	in	China	to	
European	levels	a	saving	of	10-17%	could	 
be	achieved.	Departing	from	recto-linear	
geometries for concrete elements can save  
up	to	40%	of	material	use	by	weight,	while	
optimisation	of	concrete	mix	can	reduce	
cement	required.	

Strategy Product Material saving 
possible per unit

% of product 
population eligible

Total saving 
potential

Re-use

Steel sections 100% 80% 80%

Precast concrete 
units* 100% 50%* 50%

Using less

Steel sections: 
reducing 

rationalisation
50+% 90% 45+%

Rebar: layout 
optimisation 15% 70% 11%

Rebar: strength 
upgrade 17% 65% 11%

Concrete: optimised 
geometry 40% 75% 30%

Using for longer
Buildings 95% 95% 90%

Infrastructure 95% 50% 50%

*  Although precast concrete units are a relatively small proportion of construction currently, they might  
become larger in a more materially efficient future, making up to 50% of all concrete and rebar used.
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Fig 3 Global steel use by infrastructure sector

Fig 2 Global steel use by building sector Fig 4 Global cement use by sector

Fig 5 Robotically pre-fabricated rebar being rolled out on site Fig 6 Steel use in a typical building: superstructure rates are 
given by gross area, substructure by concrete volumes

Table 2 Maximum potential for material efficiency by strategy

Non-structural
20-30%

Mechanical
equipment:
5-10kg/m2

Fixtures, fittings
and façades:
5-10kg/m2

Superstructure
10-50%

Columns:
2-7kg/m2

Beams:
5-40kg/m2

Slabs:
10-30kg/m2

Substructure
10-50%

Basements:
100-300kg/m3

Shallow foundations:
60-70kg/m3

Deep foundations:
35-65kg/m3
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Using for longer
Using	buildings	for	longer	is	a	social	issue,	
as they are generally demolished for 
economic reasons long before the onset of 
structural	failure.	Structure	life	can	be	
extended	at	three	distinct	stages	of	life:	
design,	during	use	and	post-use.	Different	
technical	strategies	are	applicable	as	sources	
of	uncertainty	change.	Fig.	7	outlines	seven	
strategies	and	the	factors	influencing	their	
selection.	In	contrast	to	buildings,	
infrastructure life is more commonly limited 
by	physical	failure,	and	hence	the	
infrastructure sector has a long tradition of 
maintenance,	monitoring	and	upgrade.

Conflicts between strategies
Conflicts	between	strategies	were	examined	
in	a	simple	study:	a	floorplate	was	designed	
using a minimum material system 
(composite	decking)	and	a	re-useable	one	
(non-composite	precast	planks	on	steel	
beams),	with	live	loading	and	spans	varying	
to	represent	increased	flexibility.	Fig.	8	
compares	the	CO2	implications	of	these	
design	choices	for	one	of	the	examples	
studied,	showing	that	the	difference	in	initial	
embodied	carbon	is	small	compared	with	the	
difference in carbon that can be recovered 
for	reuse	at	end-of-life.

Evaluating strategies
An	evaluation	of	the	strategies	is	presented	
in	Table	2,	which	calculates	the	maximum	
saving	potential	under	each	strategy.	
Worthwhile	savings	can	be	made	in	all	areas.	
While	the	largest	potentials	are	in	re-use	and	
long-life	strategies,	these	depend	on	choices	
at	end-of-life,	40	years	from	now;	however	
the	smaller,	but	still	significant,	potentials	of	
‘using	less’	can	be	realised	immediately.

Conclusion and next steps
The research has shown that the 2050 carbon 
targets	for	steel	and	cement	production	
cannot	be	met	by	process	efficiency	
improvements	alone,	and	that	material	
efficiency	strategies	will	have	to	be	part	of	
the	solution.	Implementing	material	
efficiency	requires	a	change	in	how	materials	
are	approached	throughout	the	supply	chain	
if the same service levels are to be 
maintained.	As	construction	is	the	largest	
consumer	of	steel	and	cement,	using	these	
resources	more	sparingly	within	the	industry	
can contribute towards reducing carbon 
emissions.

Significant	material,	and	hence	emissions,	
savings	are	possible	in	the	construction	
industry	from	pursuing	each	of	the	three	
strategies	outlined.	Three	work	strands	have	
been	identified	for	further	research:	
•	 The	‘using	less’	studies	will	be	continued	
and	completed	to	fully	understand	the	
savings	potential	and	barriers.	In	addition	
the	trade-offs	between	strategies	will	
be	investigated	for	more	scenarios	to	
better	understand	when	each	strategy	is	
preferable.

•	 De-constructible	joint	systems	will	
be	investigated,	in	collaboration	with	
practising	demolition	contractors	and	
engineers.

•	 This	research	must	be	employed	in	practice	
if	the	2050	carbon	targets	are	to	be	met.	
Therefore,	a	major	refurbishment	project	
in	London	incorporating	partial	demolition	
and	new	build	will	be	studied	during	
design	and	construction	to	explore	the	
opportunities	and	barriers	for	applying	the	
strategies	in	2011-12.	
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Value
This	ongoing	research	is	proving	very	
valuable	in	terms	of	providing	
opportunities	to:
•	 Work	across	industry,	independent	of	
project	and	commercial	pressures

•	 Consider	the	trade-offs	between	
abatement	techniques	

•	 Be	strategic	and	focus	effort	where	
there	is	significant	potential	for	
savings

•	 Take	a	long-term	view	of	the	required	
CO2	reduction	trajectory	for	the	
construction	industry

•	 Test	ideas	against	current	practice
•	 Rigorously	explore	practical,	
economic	and	technical	aspects	of	the	
different	strategies	identified

Strategy choices

Design

Modularity

Adaptability

Durability

Use

Maintenance

Increased
utilisation

Post first use

Cascading

Upgrade

Restoration

More information on original product specification

G
re

at
er

 u
nc

er
ta

in
ty

More information on future needs and technology 

Reusable floor system

Lightweight floor system

Recoverable reusable

Recoverable lightweight

Loading

250

200

150

100

50

0

-50

-100

-150

-200

-250

kg
C

O
2/

m
2

Fig 8 Comparison of embodied carbon between minimum material and reusable floor systems for three different live loadings

Fig 7 Matrix of strategies to extend life of structures and factors influencing their selection 

34 35



Research	in	practice

ConX bolted moment frame connection. Precision-welding and cutting of beam ends and collars is done in shop so only bolting is required on site

Revisiting the  
case for structural 
steel reuse

Project overview
Resource	efficient	design,	delivered	through	the	ability	to	
reuse	material	components	again	and	again	in	secondary	
constructions,	once	the	primary	asset	has	become	obsolete,	 
is	strongly	aligned	with	material	sustainability	objectives.

This	context	set	the	start	point	for	a	study	to	understand	steel	
reuse	potential	and	examine	the	business	case	for	design	for	
de-construction	and	reuse.	The	study	looked	at	the	technical,	
environmental	and	financial	feasibility	of	the	idea.

The	project	explored	these	subjects	through	the	use	of	
building	life	cycle	models.	These	were	constructed	for	a	
single	storey	warehouse	portal	frame	building,	with	an	
assumed	life	of	25	years,	and	another	for	a	multi-storey	
office,	with	a	typical	life	of	60	years.	These	models	provided	
a	basis	from	which	to	test	different	supply	chain	strategies.		
The	default	scenario	for	each	building	model	represented	
business	as	usual	(BAU).	This	covered	two	lifetimes	
assuming	building	demolition	at	the	end	of	the	first	life,	and	
then	new	construction	with	primary	sourced	steel	for	the	
second	lifetime.	

The reuse scenario for each building was modelled based on 
steel	frame	disassembly	at	end	of	the	first	life	cycle,	followed	

Partner 
Tata Steel

Scope of work 
Exploring	the	potential	of	 
structural steel design for reuse

Investment 
£30,000

Author 
Dr	Kristian	Steele

by	its	subsequent	reuse	in	a	second	lifetime.	These	building	
life	cycle	scenarios	were	used	to	create	financial	(whole	life	
cost)	and	environmental	(life	cycle	assessment	(LCA))	
models to test the feasibility of steel reuse against the BAU 
baseline.	

Key	innovations
Each	financial	whole	life	cost	model	was	based	on	a	series	of	
assumptions	covering	supply	chain	variables	which	meant	the	
financial	model	could	be	used	to	test	the	sensitivity	of	the	
system	to	different	cost	and	price	variations.				

A	conservative	assessment	of	cost	per	tonne	of	steel	shows	
that	it	will	double	in	25	years’	time.	A	future	where	steel	may	
originate from reuse stocks not only reduces the need from 
steel	produced	from	ore	(eliminating	raw	material	costs),	but	
also	requires	notably	reduced	energy	costs	of	production.	

The	benefits	associated	with	the	reuse	scenario	were	assessed	
compared	to	the	BAU	for	both	the	warehouse	and	office.	

Under	our	assumptions	the	reuse	scenario	can	potentially	
generate 25% of cost savings for a warehouse building 
(rebuilt	after	its	25-year	life)	compared	to	the	BAU	where	
steel	is	not	reused.	The	reuse	scenario	can	potentially	
generate	15%	of	cost	savings	for	an	office	building	(rebuilt	
after	its	60-year	life)	compared	to	the	BAU	where	steel	 
is	not	reused.

Impact
In	order	to	confirm	whether	there	was	an	environmental	
benefit	to	be	achieved	from	reuse	of	steel,	Tata	used	their	
Construction	Lifecycle	Assessment	Resource	(CLEAR)	
model	to	assess	the	building	models.	This	LCA	tool	has	 
been	independently	critically	reviewed	in	accordance	 
with	ISO14040	and	14044	standards,	and	uses	data	from	
Worldsteel	and	GaBi.	The	issue	of	Global	Warming	 
Potential	(GWP)	formed	the	focus	of	assessment.	

At	end-of-life,	disposal	and	recycling	rates	were	based	on	
current	practice.	Yields	losses	of	steel	were	assumed	at	2%	 
in	reuse	models.	In	the	second	life	cycle,	steel	reuse	was	also	
deemed	to	need	an	additional	15%	material	for	the	office	model.

For	both	the	office	and	warehouse	the	GWP	of	the	structural	
frame	was	found	to	decrease	with	the	number	of	uses.	Over	
time	the	GWP	tends	to	a	value	of	about	855	tonnes	CO2 
equivalent	but	with	significant	reductions	with	the	first	and	
second	reuse	activities.	

Literature review and stakeholder discussions were held with 
the	industry	to	review	reuse	precedent	projects	and	consider	
design	constraints.	The	project	also	explored	the	likely	
information and data handling requirements that would be 
necessary	to	administer	an	end-of-life	steel	take	back	and	
supply	scheme.	A	system	of	physical	marking	that	links	to	
dated	product	standards	was	seen	as	potentially	the	most	
practical	solution.	

There are issues around the recovery of steel from existing 
buildings,	contamination,	storage,	re-fabrication,	availability	
and	knowledge	of	the	material	properties	etc.	However,	the	
review	found	that	if	a	system	specifically	designed	for	reuse	
were	developed,	then	solutions	to	those	issues	could	be	found.	

The	research	has	also	explored	the	new	business	models	that	
the	steel	supply	chain	could	adopt	to	help	make	this	happen.	
As	well	as	providing	an	insight	into	the	challenges	which	will	
need	to	be	over	come	in	design	and	technical	disciplines.

Long-term	benefits	of	the	research
The case for steel reuse was found to be strong and offers 
building	owners	cost	and	carbon	savings	over	the	building’s	
lifecycle	when	appropriately	engineered	assets	are	
constructed.	Over	shorter	time	periods,	and	for	structurally-
simple	buildings,	the	argument	can	be	made	that	we	should	
be	designing	these	buildings	for	reuse	as	standard	practice,	 
as	the	economics	work	now	on	a	cost	neutral	basis.			

Forward	thinking	and	good	strategic	planning	for	resource	
efficiency	will	help	maintain	shareholder	margins,	deliver	
income	in	a	globally	competitive	and	increasingly	regulated	
market,	as	well	as	deal	with	issues	around	ethics	of	supply	
and	job	and	industry	security.	The	ideas	explored	by	this	
work may offer solutions to an industry increasingly 
cognisant	of	these	challenges.

Proposed future supply chain with deconstruction phase and reduced raw material 
requirement for second building

GWP vs number of uses of structural steel before being recycled
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Church	View	
climate change 
adaptation

Project overview
A	list	of	actions	to	reduce	the	effect	of	man-made	climate	
change	has	been	included	in	the	legislative	and	policy	
frameworks	of	many	international,	national	and	regional	
bodies	for	several	years.	These	drivers	have	lead	to	an	
increased understanding of the issues of mitigation and the 
steps	that	need	to	be	taken	by	building	designers	and	
developers.

In	comparison,	climate	change	adaptation	is	the	poor	relation,	
with few legislative requirements that require little more than 
a	developer	to	pay	lip-service	to	the	principles	of	designing	
buildings	to	be	able	to	cope	with	future	climate	conditions.	

The	Technology	Strategy	Board	launched	the	Design	for	
Future	Climate	competition	to	increase	understanding	within	
the	construction	industry	of	the	principles	of	climate	change	
adaptation.	Arup	and	Bauman	Lyons	architects,	the	existing	
design	team	for	Church	View	in	Doncaster,	were	successful	
in securing funding with an innovative solution of integrating 
climate	change	adaptation	into	the	long	term	management	
strategy	of	the	building.	Church	View	was	originally	
constructed	as	a	college	building	in	the	1930’s	and	is	
undergoing renovation and transformation into a business 
incubator	facility.

Client 
Technology	Strategy	Board	(TSB)

Collaborators 
Bauman Lyons Architects

Scope of work 
Sustainability,	Building	Physics

Investment 
£83,000	invested	by	TSB

Author 
Andy	Sheppard
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Visualisation of Church View, a 1930’s college building renovated to house business incubator space

The	vision	of	the	adaptation	project	was	to	create	an	
incremental	adaptation	strategy,	focusing	on	the	risk	of	
increasing	temperatures,	that	would	allow	the	building	to	be	
gradually	adapted	to	cope	with	the	changing	climate.	These	
changes	would	be	integrated	into	the	natural	maintenance,	
re-fit	and	tenant	turn-over	cycles	of	the	building	to	reduce	
additional	costs.

The	strategy	developed	allows	the	building	to	operate	into	the	
2080s,	providing	comfortable	internal	conditions	by	treating	
the	rooms	individually,	taking	into	account	their	usage,	
orientation,	internal	gains	and	solar	gains.

Key	innovations
Traditional	metrics	for	overheating,	based	on	the	amount	of	
time	a	temperature	is	exceeded,	do	not	work	over	the	
extended	timescales	of	this	project.	People	will	become	
gradually	more	accustomed	to,	and	tolerant	of,	higher	
internal	temperatures	as	the	external	world	warms.	

Arup	proposed	the	use	of	the	Adaptive	Comfort	Threshold	
which relates internal comfort conditions to recent external 
temperatures.	This	alternative	metric	is	expected	to	form	at	
least	part	of	future	overheating	guidelines	but	is	not	currently	
well	understood.

In	addition,	by	adopting	a	gradual,	structural	approach	to	the	
adaptation	strategy	across	the	building,	adaptation	costs	were	
largely	absorbed	into	the	maintenance	costs	of	the	building.	
This	strategy	was	so	successful	that,	when	taking	into	
account	the	loss	of	tenant	occupation	due	to	the	
uncomfortable	conditions	that	would	exist	in	the	un-adapted	
building,	investing	in	adaptation	reduced	the	overall	lifecycle	
costs	of	the	project.	

Impact
Church	View	has	already	been	in	existence	for	eighty	years.	
This	project	showed	how	it	can	be	adapted	to	cope	with	
another eighty years of useful life without resorting to 
mechanical	cooling.

Moreover,	it	showed	that	increasing	the	long-term	viability	of	
a	building	does	not	necessarily	require	a	large	up-front	
investment.	We	do	not	need	buildings	now	that	can	cope	with	
the	increased	temperatures	they	will	experience	towards	the	
end	of	their	life,	we	need	buildings	that	are	designed	to	be	
adaptable	and	resilient	to	climate	changes.

Whilst	climate	change	mitigation	regulations	are	marching	
towards	‘zero	carbon’,	the	project	highlighted	some	of	the	
weaknesses of our current set of tools and metrics that are 
used	to	show	compliance	with	regulations.	If	climate	change	
adaptation	is	ever	to	be	integrated	into	building	regulations	
then an overhaul is needed of the way we calculate and 
measure	the	impacts.

The	project	also	showed	that	the	progress	towards	ever	more	
insulated	buildings	may	actually	increase	problems	with	
overheating in the future by reducing the ability of the 
building	to	lose	heat	built	up	from	the	increasing	use	of	
heat-releasing	electronics.	A	holistic	approach	is	needed	 
to	the	integration	of	adaptation	principles	into	building	
regulations.

Long-term	benefits	of	the	research
The	research	has	lead	to	a	significantly	increased	
understanding	of	how	climate	change	adaptation	should	 
be	practically	applied	to	building	projects.	The	adaptation	
program	will	be	integrated	into	the	building	management	
process,	avoiding	parts	of	the	building	becoming	unusable	in	
20-30	years	or	the	increased	cost	of	cooling	affected	spaces.

The	implementation	of	the	strategy	will	significantly	reduce	
costs over the life of the building and the message that 
effective	adaptation	can	save	money	is	a	powerful	tool	that	
can	be	used	to	promote	the	development	of	building	designs.

Combined	with	other	work	in	the	field,	Arup	remain	at	the	
forefront	of	the	understanding	and	implementation	of	climate	
change	adaptation	principles.	The	results	are	to	be	published	
and disseminated to the wider building design industry to 
increase	the	overall	level	of	understanding.
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Example of the adaptation strategies developed for individual rooms including thermal mass, 
increased ventilation and solar control glazing

Visualisation of internal courtyard
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3D	model	simulation	
and interface between 
vehicle	and	pedestrian	
simulation models

Project overview
This	project	is	a	result	of	recognising	the	current	market	
requirement	and	response	to	the	development	of	an	integrated	
modelling	approach.	In	addition,	this	project	addressed	the	
increasing	use	of	3D	simulation	animation	to	capture	
people’s	imagination,	and	helped	to	illustrate	the	impacts	 
of	the	proposed	improvement	schemes.	

Arup	adopted	an	integrated	simulation	modelling	approach	 
to	combine	the	interaction	between	pedestrian	and	vehicular	
traffic.	By	taking	into	account	evidence-based	modelling	
results	and	developing	improvement	schemes,	Arup	 
could	provide	solutions	to	mitigate	existing	and	potential	
traffic	issues.

Arup	has	successfully	demonstrated	the	skills	and	capability	in	
advance	micro-simulation	traffic	modelling.	The	integration	of	
pedestrian	and	vehicular	traffic	simulation	models	put	Arup	
in	the	forefront	of	transport	modelling.	The	objective	of	this	
research	included	an	understanding	of	in-depth	behavioural	
theories,	such	as	Gap	Acceptance	from	a	driver	perspective,	
and	Social	Force	Model	for	pedestrian	dynamics,	as	well	as	
the	interaction	between	these	two	elements.	

Client 
Transport	Department,	 
Hong	Kong	SAR	Government

Scope of work 
Transport	planning	and	visualisation

Investment 
£25,000

Author 
Clement	Ho

Traffic blocking back and queuing issues due to bus-weaving maneuvers into and out of bus bays

Key	innovations
A	traditional	approach	for	traffic	simulation	models	involves	
considering	vehicular	and	pedestrian	traffic	separately,	and	
therefore,	models	are	built	independently,	without	considering	
the	delays	incurred	between	these	two	vital	elements.	

The	activities	between	vehicular	and	pedestrian	traffic	are	not	
modelled	in	the	traditional	approach.	For	example,	delays	
incurred by boarding and alighting activities are largely 
ignored	in	the	traditional	approach.

A	key	step	forward	is	the	use	of	model	outputs	which	are	
transformed	to	3D	visualisation,	so	that	the	impact	of	the	
proposed	mitigation	schemes	can	be	easily	presented.	

Impact
The	first	phase	of	this	research	provided	Arup	with	a	solid	
foundation	of	the	strengths	and	weaknesses	of	the	micro-
simulation	modelling	platforms	and	behavioural	theories	for	
pedestrian	and	vehicular	traffic.
 
Arup	collaborated	with	software	developers	to	help	address	
the	modelling	tools	from	a	user	perspective.	Consequently,	
the	software	functionality	has	been	swiftly	expanded,	as	has	
Arup’s	capability	in	this	field.	

The	open	dialogues	with	software	developers	made	a	huge	
impact.	The	software	tools	have	been	enhanced	with	robust	
functionalities,	such	as:
•	 Boarding	and	alighting	interaction	between	pedestrians	 

and vehicles 
•	 Vehicles	giving	way	to	pedestrians	at	cautionary	crossings	
•	 Modelling	results	in	3D	and	enhanced	output	graphics	to	
produce	advanced	simulation	animation

•	 Developing	a	platform	to	consolidate	simulation	outputs	
and	standardised	data	for	the	production	of	3D	animation

Arup	has	successfully	applied	the	skills	to	a	project	for	the	
Hong	Kong	SAR	Government	Transport	Department,	and	
developed	an	integrated	pedestrian/vehicular	traffic	
simulation	model	for	a	Public	Transport	Interchange	(PTI)	in	
Admiralty.	Traffic	issues	in	the	study	area	critically	affect	the	
daily	life	of	citizens	and	economical	development.	Traffic	
congestion and accessibility have been long standing issues 
in	Admiralty,	which	together	with	the	relocation	of	
Government	Headquarters,	makes	the	city	strategically	
important	location.	It	is	critical	to	ensure	that	the	connectivity	
and	traffic	issues	can	be	improved,	so	that	the	daily	life	of	
citizens	and	economic	development	are	enhanced.	

The	simulation	model	provided	a	platform	to	develop	
mitigation	schemes,	so	that	conflicts	between	pedestrian	and	
vehicular	traffic	can	be	resolved.	The	model	also	assisted	the	

development	of	barrier	free	travel	for	the	mobility	impaired	
within	the	area.	

The	model	produced	3D	traffic	simulation,	and	helped	
Government	officials	to	visualise	the	existing	traffic	issues	
within	the	Admiralty	PTI	and	its	adjacent	areas.	

Arup	have	demonstrated	the	current	year	model	simulation	
results	against	video	observations,	and	also	provided	model	
simulation	results	in	3D	animation,	so	that	the	impacts	of	the	
proposed	design	can	be	visualised.

Long-term	benefits	of	the	research
The	collaboration	with	software	developers	has	provided	
Arup	colleagues	with	an	in-depth	understanding	into	the	
structure	and	algorithm	of	complex	micro-simulation	models.	
This	will	keep	Arup	at	the	forefront	of	micro-simulation	
modelling.	The	research	has	also	developed	a	proven	
approach	in	using	a	simulation	model	to	assess	the	
effectiveness	of	traffic	mitigation	proposals	in	future.	The	
ability	to	demonstrate	the	effectiveness	of	traffic	mitigation	
schemes to clients in an easily understood visual manner will 
also	put	Arup	ahead	of	its	competitors.

Traffic model simulation of bus-weaving manoeuvers and blocking back

Integration of pedestrian and vehicular traffic at taxi stand crossing and taking into account of 
passengers delay when boarding/alighting
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Artist’s impression of a buildings utilising flat panel Photobioreactors

Bioreactive façade with 
photobioreactors	for	
cultivating microalgae 
as an energy resource

Project overview
The	establishment	of	zero-	or	even	surplus-energy	buildings	
is	a	major	challenge	towards	sustainable	architecture.	To	
achieve	a	positive	energy	balance	during	operation,	measures	
for	both	minimising	energy	consumption	and	maximising	
generation	of	renewable	energy	need	to	be	combined.	
Photovoltaics	(PV)	and	solar	thermal	collectors	are	at	present	
the	established	technologies	for	producing	energy	in	the	
building.	PV	currently	only	covers	2%	of	total	energy	
consumption	(Germany	2010)	and	a	fraction	is	generated	
through	Building	Integrated	Photovoltaics	(BIPV).	Biomass	
is by far the biggest renewable energy source; however to 
date no technology has been available to use this resource on 
the	building	scale.	

Participating	in	an	international	design	competition,	Arup’s	
Materials	Consulting	and	Building	Physics	Team	in	Berlin	
developed	a	façade	system	for	integrating	flat	panel	
Photobioreactors	(PBR)	as	external	shading	devices.	PBR	are	
transparent	containers	to	facilitate	photosynthesis	in	a	
controlled	environment.	Fast-growing	species	such	as	
microalgae circulate with water and nutrition through the 
panels,	absorbing	light	and	carbon	and	producing	biomass	
and	solar	thermal	heat.	The	PBR	are	linked	in	a	closed	loop	
to	the	plant	room	where	they	are	fed	with	carbon	from	
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combustion	processes	in	the	neighbourhood.	The	algae	is	
harvested	and	transformed	into	methane	on	or	off	site.	The	
generated heat is taken out of the system by heat exchangers 
and	either	stored	geothermally	or	a	heat	pump	instantly	feeds	
it	back	into	the	building	for	heating	and	hot-water	supply.

Key	innovations
Prior	to	this	project	flat	panel	PBR	had	been	tested	for	their	
efficiency	to	absorb	carbon	on	open	field	pilot	sites.	For	the	
first	time	this	project	has	identified	the	potentials,	and	
qualified	the	benefits,	for	implementing	PBR	on	the	building	
skin,	including	the	following	innovations:
•	Generation of biomass as a renewable energy resource in 
the	urban	context	–	the	calculated	net	energy	gain	is	
approx.	30kWh	per	square	metre	per	year

•	Additional generation of solar thermal heat of around a 
further	30kWh	per	square	metre	per	year

•	 Absorption	of	carbon	directly	at	the	source	of	domestic	or	
industrial agents for emissions

•	 Self-adaptive	shading	device
•	 Dynamic	architectural	expression

The	key	innovation	is	the	development	of	a	multi-functional	
façade	component	and	its	full	integration	into	the	energy	
concept	and	the	services	design	of	an	energy	efficient	
building.

Impact
Since	winning	the	design	competition	in	2010,	a	strong	
dynamic	has	unfolded.	Arup	funding	served	to	found	an	
industry	consortium	for	developing	the	system,	involving	
COLT	as	a	global	player	for	façade	components	and	
hydrobiology	specialist	company	SSC.

Arup’s	Intellectual	Property	was	secured	by	filing	a	joint	
international	patent	application.	The	German	Federal	
Government	provided	over	300k	Euros	of	funding.

The	consortium	presented	a	prototype	design	at	leading	
building	trade	fair	BAU	in	Munich	early	2011.	On	the	basis	
of	the	developed	design,	the	International	Building	
Exhibition	(IBA)	in	Hamburg	granted	a	further	600k	Euros	
for	the	construction	of	a	pilot	project	featuring	200m²	PBR	
including	all	technical	components	for	a	closed	system	on	
site.	Private	investor	Otto	Wulff	was	awarded	with	a	contract	
to	implement	the	technology	on	a	4-storey	residential	
building	in	Hamburg	Wilhelmsburg	in	2013.	This	is	the	first	
application	of	integrated	PBR	in	the	world.

This	project	has	received	huge	media	coverage	and	has	
already	contributed	to	raising	the	profile	of	Arup	in	Germany,	
helping	to	differentiate	Arup	from	its	competitors.

Long-term	benefits	of	the	research
The	research	has	proven	the	technical	feasibility	of	the	
system.	The	pilot	project	in	Hamburg	is	a	great	opportunity	
to	demonstrate	its	economic	benefits:	next	to	production	of	
biomass	and	absorption	of	carbon	it	generates	solar	thermal	
heat	and	replaces	mechanical	shading	devices.	The	team	in	
Berlin is eager to carry out thorough simulation work of all 
inputs	and	outputs,	on	which	basis	the	technology	could	be	
offered	to	clients.	

As the system allows storing solar heat in the form of 
biomass	without	loss,	and	absorbs	carbon,	it	can	be	a	key	
complementary	system	to	PV	for	future	zero-energy	and	
zero-carbon	buildings.

Backside of the flat panel PBR on an open field test site, where this technology was tested 
prior to this project

Simulation of a vertical louver incorporating a PBR as an external shading device
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Research	in	practice

Critical	success	
factors	of	road	space	
reallocation:	impacts	
on local businesses

Project overview
Arup,	in	conjunction	with	the	University	of	Toronto	in	
Canada,	initiated	this	research	to	understand	the	critical	
success	factors	for	a	redesigned	streetscape	to	support	local	
businesses.	The	research	project	was	borne	out	of	this	being	 
a	recurring	issue	in	our	transportation	planning	business	and	
a desire to gain a greater understanding of how reallocating 
road	space	to	give	less	space	to	automobiles	affects	local	
businesses.	

With	Arup	initiating	the	research	project	and	providing	initial	
upfront	funding,	the	University	of	Toronto	provided	a	
graduate	student	research	intern	and	the	supervision	of	a	
faculty	member	in	the	Department	of	Geography	and	
Program	in	Planning.

The	current	trend	in	urban	transportation	planning	is	to	
redesign	streetscapes	to	be	more	attractive	to	pedestrians,	
cyclists	and	transit	users.	Planning	theory	and	case	studies	
suggest	that	by	animating	the	streetscape	and	activating	these	
urban	spaces	as	vibrant	destinations,	local	businesses	will	
benefit	through	increased	foot	traffic	and	patronage.

In	practice,	local	business	owners	are	often	resistant	to	street	
changes,	citing	the	reduction	of	parking	spaces	or	road	
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Transportation	Planning,	Urban	Planning

Investment 
£11,500	(+	£4,700	from	Ontario	MITACS	
Accelerate	Program)

Author 
Kristin	Olsen

Parking restrictions and a widened central median were implemented in the mid-1990s on Danforth Avenue

capacity	as	being	detrimental	to	their	businesses.	But	are	
there	particular	contexts	in	which	these	changes	make	sense	
or	do	not	make	sense?	What	needs	to	be	in	place	for	
streetscape	changes	–	in	which	pedestrians,	cyclists	and	
transit	users	are	prioritised	–	to	be	successful?	What	
mitigating	factors	need	to	be	in	place	for	businesses	to	
positively	benefit	from	streetscape	improvements	and	road	
space	reallocation?

The research examined four sites in Toronto at different 
stages	of	road	space	reallocation,	from	a	street	in	the	
construction	stage	to	one	long-since-completed.	Using	
semi-structured	interviews,	pedestrian-intercept	surveys,	
Geographic	Information	Systems	(GIS)	analysis	and	
quantitative	analyses,	the	research	probed	both	the	physical	
elements,	availability	of	parking,	availability	of	bicycle	
facilities,	and	social	factors,	such	as	the	role	of	Business	
Improvement	Associations	(BIAs),	the	duration	of	
construction,	and	the	process	of	consultation.	Arup	
interviewed 117 businesses and surveyed 199 business users 
(patrons)	over	an	8	month	period.

Key	innovations
Reallocating	road	space	is	a	contentious	issue	in	any	city	and	
yet	to	date,	very	little	research	has	been	done	to	explore	the	
factors	that	support	businesses	through	the	redesign	of	
streetscapes.	Arup	pioneered	research	in	this	area	by	
investigating	the	factors,	from	conception	through	to	
implementation,	that	influence	the	ways	in	which	redesigned	
streets	can	impact	businesses.	Whereas	previous	work	in	this	
area	provided	a	‘snapshot’	analysis,	this	research	probed	
different	sites	at	different	stages	of	redesign	to	provide	a	
more	comprehensive	understanding	of	success	factors	that	
can	emerge	during	implementation.

Notable	findings	of	this	research	include:
•	 Certain	business	types	are	more	resilient	to	disruption	
during	construction,	specifically,	specialty	businesses	with	
wider catchment areas

•	 Business	owners	tend	to	overestimate	the	proportion	of	
clients arriving by car

•	 The	redesign	and	the	construction	planning	process	need	to	
account	for	the	type	of	business	(whether	large	deliveries	
require	vehicle	access),	how	specialised	the	business	is	and	
the catchment area

•	 The	BIA	can	play	a	very	important	role	encouraging	
businesses	to	support	street	changes

•	 Public	consultation	and	a	flexible	approach	to	design	yields	
the	best	results.

Impact
The	research	accentuates	the	need	for	a	flexible	design	
approach	alongside	effective	consultation	as	critical	to	
getting	the	design	right	in	ways	that	support	local	businesses.

By	being	sensitive	to	the	potential	needs	of	businesses	earlier	
in	the	planning	process,	there	is	greater	opportunity	for	
consensus-building	in	the	design	of	a	street.	Different	streets	
have	different	commercial	functions,	with	different	stores	and	
shops	attracting	different	patrons.	Shops	providing	day-to-
day	needs,	such	as	convenience	stores,	fruit	and	vegetable	
stands,	dollar	stores,	and	flower	shops	tend	to	rely	more	on	
pass	by	traffic	–	pedestrian,	cyclist	or	car	–	which	is	more	
likely	to	change	shopping	behaviour	to	avoid	construction.	
Specialty	shops	or	restaurants	draw	clientele	from	a	wider	
catchment	area;	from	places	where	it	is	too	far	to	walk	or	
bike.	Particular	services,	such	as	furniture	stores,	require	that	
customers	drive	in	order	to	transport	large	items	home.

These	characteristics	of	businesses	will	influence	resilience 
to	disruption	caused	by	construction,	the	design	and	location	
of	street	furniture	and	bicycle	facilities,	and	the	need	(or	not)	
for	on-street	parking	or	a	stopping	zone.

The	BIA	can	play	an	important	role	in	garnering	support	for	 
a	particular	design.	On	streets	where	businesses	are	more	
vulnerable	to	the	disruption	caused	by	construction,	it	is	
particularly	important	to	coordinate	work	phases	and	other	
planned	disruptions,	such	as	utilities	or	other	repair	work.

Long-term	benefits	of	the	research
Through	a	greater	understanding	of	the	stakeholder	climate,	
the	research	presents	the	range	of	considerations	that	should	
be	brought	to	the	fore	early	in	the	planning	and	design	
process.	In	doing	so,	a	collaborative	approach	is	enabled.	
There	is	greater	opportunity	for	revitalised	streetscapes	to	
garner	momentum	and	support	from	local	business	
stakeholders,	in	place	of	polarised	debates	over	bikes	versus	
cars	versus	pedestrians.	The	research	findings	present	a	basis	
for a more nuanced understanding of the range of needs of 
differing	businesses	and	different	commercial	streets.	This	
opens	the	door	to	a	‘win-win’	design	approach.

The	research	was	presented	to	the	City	of	Toronto	planning	
staff,	and	University	of	Toronto	graduate	planning	students,	
setting	a	foundation	for	an	enriched	approach	to	stakeholder	
engagement	by	Arup	transportation	planners,	City	staff	and	
future	planners.

On Annette Street, new bike lanes were implemented in 2008
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City	infrastructure:	 
The	SURF-Arup	framework	for	systemic	action
Salford	University:	Tim	May,	Simon	Marvin,	Mike	Hodson	and	Beth	Perry	
Arup:	Roger	Milburn,	Michael	Wilton	and	Emilie	Lagace

Abstract
Cities	rely	on	their	critical	
infrastructure,	yet	many	of	the	critical	
networks	including	water,	energy,	
waste,	mobility	and	flood	protection,	
are	out	of	their	direct	control.	

Traditionally,	infrastructure	has	been	
provided	to	support	the	growth	of	city	
economies.	Now	these	existing	and	
often	tired	infrastructures	need	to	play	
an additional role which contributes to 
cities	response	to	lower	carbon	
economies.	In	effect,	climate	change,	
carbon	regulation,	growth	and	resource

constraints	are	increasing	pressure	for	
systemic,	rather	than	piecemeal,	action.	
Cities	require	new	capacities	and	
capabilities	to	ensure	that	systemic	
solutions	can	be	developed.

Yet	no	simple	solutions	currently	exist	
for aiding individual cities in 
understanding what can be done and 
how	to	achieve	it.	This	has	prompted	
Arup	and	Salford	University’s	Centre	
for Sustainable Urban and Regional 
Futures	(SURF)	to	research	the
knowledge	and	capacity	required	by	

civic	leaders,	policy	makers	and	the	
public	and	private	organisations	
involved	in	the	infrastructure	sphere.	

The study involved extensive 
interviews	with	designers,	planners	and	
other	stakeholders	to	develop	a	
framework	for	use	by	Arup	and	external	
bodies.	The	resulting	five	stage	
framework allows cities to better 
understand how effective transitions in 
urban infrastructure can be achieved in 
their	specific	context.	

Introduction
Achieving	the	contemporary	objectives	of	
cities which include economic growth 
targets,	social	inclusion	and	carbon	
emissions	reduction,	is	intertwined	with	
socio-technical	infrastructure	systems	that	
are often not organised at the scale of the city 
itself.

The critical challenge for cities is how to 
reshape	their	infrastructures,	resource	use	
and	behaviours.	It	is	necessary	to	identify	
what	capacity,	governance	frameworks	and	
intelligence	they	have,	to	develop	systemic	
responses	to	climate	change	and	resource	
constraint.	That	means	developing	the	
knowledge,	capacity	and	capability	for	
public	agencies,	the	private	sector	and	
multiple	users	to	systemically	re-engineer	
their built environments and urban 
infrastructures.	

Cities	experience	pressures	according	to	their	
geography,	history,	population	
characteristics,	resources	and	degrees	of	
political	autonomy	in	relation	to	their	
national	contexts,	including	the	regulatory	
frameworks	in	which	infrastructures	operate.	
Although	these	variations	are	a	reality,	
expectations	are	being	placed	upon	cities	to	
respond	to	contemporary	challenges	in	the	
following	ways:
•	 New	requirements	for	integrated	
coordination	of	planning	and	infrastructure	
that	necessitate	effective	communications	
between	utilities	and	planners	to	improve	
deliverability.

•	 New	standards	for	development	projects	
including	water	neutrality,	decentralised	
energy	and	carbon	reduction	targets.

•	 National	and	international	pressures	to	
develop	low	carbon	transitions	not	only	
within	new	build,	but	also	existing	and	
often	dated,	infrastructures.

These	complex	sets	of	pressures	highlight	
that	it	is	no	longer	appropriate	–	if	it	ever	
were	the	case	–	to	provide	urban	
infrastructure	on	a	piecemeal,	project-based	
manner	but	rather	a	systemic,	long-term	
strategy	is	required.	Consequently,	the	
critical challenge is how systematic 
approaches	to	future	infrastructure	provision	
and utilisation in existing cities and 
communities	can	be	developed	and	
organised.	

Transitions in urban infrastructures do not 
start	from	a	blank	sheet.	They	start	from	
existing systems of infrastructure that are 
organised	in	particular	ways.	It	is	important	
to	acknowledge	this	and	to	ask:	how	can	this	
be	adapted	to	address	priorities	and	shared	
visions on the future of urban 
infrastructures?

Questions	concerning	urban	infrastructures	
are	not,	therefore,	just	technical,	but	involve	
a	wide	variety	of	social	interests	–	utilities,	
regulators,	developers,	residents,	citizens,	
environmental	groups	and	businesses	–	that	
need to be taken into account in the 
development	of	effective	solutions.

Spaces	of	opportunity	exist	for	cities	to	face	
these	current	challenges,	but	all	cities	start	
from	different	stages	of	development	and	
have	varying	resources.	There	are	no	‘one	
size	fits	all’	solutions.	Not	only	do	
governance and regulatory frameworks 
influence	the	effectiveness	of	developing	and	
implementing	holistic	approaches,	but	also	
having	the	imagination,	organisation	and	
willingness to involve all of those who have 
a	stake	in	our	collective	futures.	

Responding	to	these	challenges	in	a	planned	
and managed way requires cities to bring 
together	two	disconnected	issues:	‘what’	is	to	
be	done	(knowledge,	targets,	technological	
options	and	costs)	and	‘how’	it	is	to	be	

achieved	in	practice	(institutions,	capacity,	
publics	and	forms	of	governance).	

Bridging	the	gap	between	the	‘what’	and	 
the	‘how’	requires	the	development	of	new	
forms	of	organisation	and	expertise	in	order	
to understand how the growth ambitions of 
city-regions	can	be	effectively	managed	
against	a	context	of	carbon	constraint,	the	
security of energy and water resources and 
the	impacts	of	climate	change.

Methodology
The	study	was	undertaken	in	four	phases.	
Effective	knowledge	exchange	(KE)	was	
designed	into	the	four	phases	of	the	research	
programme	according	to	three	principles:
1.	Contexts	would	be	created	for	direct	
contact	with	Arup	staff	through	joint	
activities	with	the	researchers.

2.	Within	a	programme	of	activities	the	
research	team	would	evaluate	the	
formative	learning	taking	place	within	
Arup	and	ensure	that	relevant	and	
effective	feedback	can	be	provided	from	
the	researchers.

3.	The	KE	programme	would	be	simple	and	
internally	focused	within	Arup	in	the	early	
phases,	developing	more	ambitiously	in	
later	phases	by	moving	up	through	the	
business,	and	to	external	stakeholders	to	
shape	perceptions	and	practices.

Phase 1: Reviewing current approaches 
and their consequences for practice.
Working	with	Arup	staff	who	are	experts	on	
planning,	design	and	urban	infrastructure,	
this	phase	focused	on	understanding	whether	
current	strategic	approaches	to	infrastructure	
planning	and	management	are	systemic	or	
piecemeal.	It	was	organised	around	a	number	
of	core	questions:	do	place-based	strategies	
for	infrastructure	exist?	If	so,	how	are	they	
constituted and with what effects? Are 

Table 1 Systemic and piecemeal approaches compared

Cities	rely	on	their	physical	
infrastructures for economic 
competitiveness	and	to	
respond	to	new	challenges	
such	as	Climate	Change.	
However	many	struggle	to	
develop	the	necessary	
capacity	to	effectively	
influence	infrastructure	
development	in	their	
territories.

Systematic Feature Piecemeal

System/network-wide Focus Projects and experiments

Coordinated Governance Ad hoc

Retrofitting and new build Scale New build

Long-term commitment Time One-off-Episodic

Multi-actors Actors Inside project

System change Key indicators Project completion
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responses	predominantly	‘piecemeal’	and	
concerned	with	‘making	do’?	

The	people	who	were	interviewed	were:
•	 Infrastructure	specialists;	those	involved	
in	work	on	system	change	in	energy,	
water,	waste,	flooding	and	transport,	
understanding	what	forms	of	knowledge	
and	expertise	is	utilised	and	how	this	is	
applied	at	different	scales	of	intervention.

•	 Experts	on	planning	and	development	
processes	were	asked,	how	is	infrastructure	
coordinated	in	working	practices	at	
different	scales	of	activity?

•	 Team	members	working	for	London	
Development	Agency;	those	providing	
specialist	expertise	for	the	implementation	
of	London’s	energy	strategy.

•	 Team	members	producing	spatial	
infrastructure	plans	e.g.	those	for	
Plymouth,	the	Association	of	Greater	
Manchester	Authorities	and	other	scales/
projects.

•	 Team	members	producing	integrated	
infrastructure	solutions	for	green	buildings,	
new	districts	neighbourhoods,	and	larger	
scale	developments.

Phase 2: Developing strategic and systemic 
knowledge for city-regional transitions. 
The	study	progressed	to	the	identification	of	
relevant	knowledge	that	can	develop	more	
systematic	and	strategic	placed-based	
understanding	of	infrastructure	transitions.	
The	questions	in	this	phase	of	work	included:	
what does it mean to act more strategically 
and	systemically?	What	opportunities	are	
there	to	do	this	at	differential	scales	–	the	
network,	the	project	building	and	the	
city-region?	The	intention	was	that	this	phase	
would	then	directly	inform	how	Arup	can	

more effectively use the different knowledge 
and	expertise	across	offices	in	order	to	
constitute	a	more	strategic	view.	Such	
knowledge would be generated in order to 
identify	the	most	effective	policies	and	
practices	within	Manchester	and	similar	
existing	urban	settings.	The	initial	content	of	
a	framework	for	city-regional	infrastructure	
transitions	was	developed.

Phase 3: Case study: strategic knowledge 
and capacity needs.
Directly	building	on	the	above	phase,	this	
focused	upon	a	case	study	of	the	Manchester	
City-region.	In	the	process,	it	was	intended	
to	highlight	alternative	possibilities	in	terms	
of the abilities to deal with existing 
infrastructures.	A	crucial	part	of	this	phase,	
therefore,	was	to	understand	how	learning	
can be transferred to different scales of 
activity	and	decision-making:	the	local,	
city-regional	and	beyond.	The	partial	
framework	developed	in	Phase	2	was	tested	
against	policy	requirements	at	a	typical	
city-regional	scale	by	means	of	focus	
interviews	with	stakeholders.	

Phase 4: City-regional transitions;  
Arup-SURF framework.
Building	upon	the	three	phases	above,	this	
phase	built	a	framework,	capable	of	being	
taken	to	policy	makers	and	other	companies,	
that	identifies	the	issues	and	themes	that	need	
to	be	involved	in	the	production	of	effective	
infrastructure	systems.	This	covered	social	
visions,	technological	expectations,	forms	of	
knowledge,	new	partnerships	and	the	
involvement	of	stakeholders	and	publics.

Results and discussion
The	territorial	interests	of	groups	and	
organisations may sit outside of formal 
governance frameworks of infrastructural 

provision.	Therefore,	the	relationship	
between	space	and	planning	infrastructure	is	
a	core	issue	for	cities,	leading	to	questions	
concerning effective management and 
longer-term	sustainability.

To	meet	these	challenges,	cities	need	the	
following:
•	 A	well	coordinated	and	communicated	
cross-sectoral	understanding	of	the	
implications	of	climate	change	and	
resource	constraint	on	the	long-term	
viability	of	infrastructure	provision.

•	 Infrastructure	solutions	that	can	deal	
with	how	aspirations	for	carbon,	water	
and	waste	neutrality	and	human	and	
material	flows	across	and	between	cities	
are	integrated	within	new	developments,	
and	how	they	inform	what	can	be	applied	
across	existing	infrastructure	networks.

•	 A	strategic	view	of	how	physical	
infrastructure	developments	and	
understandings	are	clearly	integrated	
within	economic	growth	ambitions	and	the	
need	for	social	inclusion	to	meet	quality	of	
life	standards.

Differences	exist	between	these	challenges	
and how individual cities can effectively 
meet	them.	Therefore,	the	capacity	
(knowledge,	understanding	and	expertise)	
and	capability	(governance,	organisation	and	
delivery)	to	close	the	gap	between	aspirations	
and	actual	delivery	are	highly	variable.

Territorial	governance	priorities	require	
degrees	of	control	and	influence	over	energy,	
water,	waste	and	transport	regimes.	Good	
coordination is required in order to manage 
infrastructure	networks	around	competing	
claims of what a sustainable city should 
become.

Fig 1 Urban street

To	achieve	planned	and	joined-up	transitions,	
effective	and	efficient	coordination	and	
alignment	of	the	priorities	and	social	
interests that manage and inform 
infrastructure	network	provision	and	use	 
is	needed.

The extensive work that has informed this 
framework	takes	on	board	the	above	issues.	
That work has made it clear that it is 
necessary to undertake the following to 
obtain	a	fit	between	policy	and	practice:	
1.	Create	a	joined-up	capacity	in	cities,	
government	and	stakeholder	organisations	
to	deal	with	critical	infrastructure.

2.	 Produce	enlarged	utility	strategies	
in	scope	and	scale	to	enable	more	
efficient	production	and	extend	
demand	management	and	decentralised	
technologies.

3.	Move	from	information	to	intelligence	
to	understand	and	then	integrate	new	
developments.

4.	 Implement	with	partners	who	understand	
the	implications	for	existing	infrastructure.

5.	Develop	social	visions	through	inclusive	
participation	that	are	aligned	with	
existing	levels	of	governance	for	strategic	
orientation.

6.	Cease	short-term	consultancies	and	
develop	long-term	partnerships	with	those	
who	have	the	capacity	to	understand	
joined-up	working	over	time.

7.	Deliver	effective	context-sensitive	learning	
for	innovative	and	transferable	solutions.

8.	Establish	strategic	and	systemic	
capabilities	to	manage	social	and	technical	
change	in	a	programmatic	way.

The research has concluded that it is not 
enough	to	talk	about	‘what’	should	be	done.	
What	is	needed	is	a	process	for	how	that	is	to	
be	achieved	that	is	tailored	to	specific	cities	
and	their	contexts.	Cities	need	a	process	that	
allows them to ask themselves just how far 
they	have	come	in	developing	a	holistic	
framework	for	city-regional	infrastructural	
development,	and	the	steps	needed	to	develop	
and	implement	plans	for	its	realisation

Conclusion and next steps
To	meet	these	issues	and	create	the	capacity	
and	understanding	needed	in	cities,	SURF-
Arup	has	devised	a	five	step	action	plan,	
supported	by	detailed	questions,	actions	and	
outcomes.

Step 1. Context 
Aimed at gathering the relevant data and 
converting that into intelligence so that an 
assessment can be made of the current level 
of	spatial	distribution	of	assets,	quality,	use,	
accessibility	and	connectivity.

Step 2. Strategic landscape 
This stage looks at the extent to which 
current	strategies	and	implementation	of	
infrastructure	provision	are	joined	up	across	
the	city.

Step 3. Developing capacity and 
connectivity 
This	helps	the	city	understand	where	the	
current	gaps	in	its	capacity	and	capability	 
lie,	and	creates	the	opportunity	for	improved	
planning	and	better	directed	investment	in	
critical	infrastructure.

Step 4. Preparing for the future  
This	step	starts	the	process	of	developing	an	
active intermediary resource that makes it 
possible	to	identify,	anticipate,	stimulate	and	
disseminate	potential	changes,	threats	and	
opportunities	in	critical	infrastructure	
provision.

Step 5. Action plan  
This	plan,	drawing	on	the	results	from	Stages	
1	to	4,	identifies	the	programme	and	policy	
interventions to achieve the integrated 
strategic objectives that are understood 
across	different	sectors,	groups	and	
populations.

The authors have started to use this 
Framework	in	discussion	with	city	
authorities	in	the	UK	and	overseas.
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Value
•	 Developed	Arup’s	understanding	of	
the	infrastructure	issues	as	seen	by	
cities

•	 Provided	an	approach	to	support	Arup	
leaders	talk	to	their	cities	about	their	
critical	infrastructure

•	 Influenced	the	approach	to	
infrastructure	being	taken	by	the	
Greater	Manchester	Combined	
Authority

1. Context

Gather relevant data and
convert to the intelligence
needed for a city to
understand where it is
placed in the development
of holistic infrastructures. 

2. Strategic landscape

Evaluate existing strategic
priorities across the city and
its surrounding areas to find
areas of duplication, conflict
and cohesion. 

3. Developing capacity
and capability

Understand current gaps
in order that strategic
aspirations can be turned
into tangible actions. 

4. Foresight provision

Provide a dedicated resource
to identify, anticipate, stimulate
and disseminate potential changes,
treats and opportunities in the
development of critical and
resilient infrastructure.

5. Action plan

Construct programme
and policy interventions
needed to achieve
integrated and strategic
objectives.

Fig 2 The SURF – Arup Framework for Urban Infrastructural Development
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Sustainable management and reuse of wastewater 
in	masterplanning:	Introducing	QWIC	MENU
Arup:	Nathan	Chase,	Nancy	Choi,	Vincent	Lee

Abstract
Wastewater	management	planning	is	a	
key	element	in	Arup’s	emphasis	on	
sustainable	masterplanning	projects.		
These	projects	can	range	widely	in	
scale,	including	single	buildings,	site	
developments,	campuses,	
neighborhoods	and	communities.	
Recognising that wastewater is heavily 
regulated and regional differences 
significantly	impact	the	design	process	
and	outcomes,	careful	consideration	
must be given to mandated quality 
standards	and	approved	end	uses	for	
treated	effluent.	

To	help	integrate	these	considerations,	
Arup	has	developed	QWIC	MENU	
(Quantified	Wastewater	Initial	Criteria	
to	Masterplan	ENhanced	Uses)	as	a	
streamlined tool for initial wastewater 
design,	reflecting	current	best	practices	
and regulatory requirements in the US 
and other markets where these 
technologies	are	used.	QWIC	MENU	
incorporates	both	existing	experience	
within	Arup	and	a	total	view	of	the	
current and emerging wastewater 
treatment	technologies	available.	 
The	tool	enables	Arup’s	civil	and	

environmental engineers to view 
multiple	wastewater	treatment	options	
in	one	snapshot.	This	provides	added	
efficiency	in	developing	sound	advice	
on which technology is most 
appropriate	for	a	masterplan,	
considering	site-specific	conditions	and	
client	requirements.	It	is	built	on	a	
flexible	framework	that	is	intended	to	
allow	expansion	to	further	jurisdictions	
and	technologies.	Hence,	it	will	be	
regularly	updated	and	will	increase	
value	to	how	Arup	delivers	work.

Introduction
In recent years there has been tremendous 
growth in the demand for sustainable 
wastewater management systems for  
urban	areas.	Wastewater	treatment	system	
manufacturers	have	grown	apace,	developing	
and	refining	technologies	and	packaging	
them	in	a	wide	variety	of	formats.	A	
complicating	factor	for	design	engineers	is	
the often limited time and information 
available	at	a	masterplanning	stage,	making	
it challenging to fully survey the industry for 
appropriate	solutions,	analyse	their	
performance,	compare	their	relative	merits,	
and	select	an	optimal	system	for	the	client	
and	project	in	question.

To	overcome	these	challenges,	Arup	has	
developed	QWIC	MENU:	a	decision	support	
tool	for	masterplan	projects	that	incorporates	
both	existing	experience	within	Arup	and	a	
survey of the current and emerging 
wastewater	treatment	technologies	available.	
The	tool	enables	the	user	to	evaluate	multiple	
wastewater	treatment	options	in	one	
snapshot.	This	efficiently	informs	the	advice	
the	user	provides	on	which	technology	is	
most	appropriate	for	site	specific	conditions	
and	client	requirements.

QWIC	MENU	was	designed	with	the	
following	focus:
•	 Scale:	From	a	single	building	to	an	entire	
region.

•	 Project	phase:	Planning	phase.
•	 Region:	Currently	it	is	primarily	focused	
on	manufactured	systems	that	are	readily	
available	in	the	US	and	Canada,	but	other	
countries/regions	are	suitable	depending	
on	available	suppliers	and	regulatory	
environment.

•	 Disciplines:	Wastewater	treatment,	
masterplanning,	and	engineering	design.

The	key	criteria	to	be	considered	include:
•	 Footprint	–	what	is	the	land	take	required?	
Can	the	system	be	designed	into	a	
building?	Are	large	detention/equalisation/
storage	tanks	required?

•	 Capital	costs	–	what	will	it	cost	to	install	
the	system?	Is	a	retrofit	a	better	option?

•	 Operational	costs	–	how	much	will	it	cost	
to	run	and	maintain?	What	are	its	energy	
demands	and	CO2	emissions?

•	 Robustness	against	shock	loads	and	other	
operational	concerns

•	 Efficiency	and	ability	to	treat	the	
wastewater	to	the	relevant	standards	
required	for	reuse

•	 Social	concerns	–	will	it	be	visually	
appealing?	Will	there	be	foul	odors?

•	 Residual	waste	management	–	how	much	
sludge	is	generated?	Can	it	be	beneficially	
reused?

Once	inputs	are	defined	for	each	of	these	
criteria,	a	relative	weight	is	assigned	to	each	
one	to	provide	a	score	and	rank	for	the	
various wastewater treatment technologies in 
the	QWIC	MENU	database.
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Footprint

CapEx

OpEx

Robustness

Reuse

Removal efficiency

Sludge production

20%
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Fig 1 Yongsan International Business District Masterplan, a mixed-use development with proposed district-level wastewater reclamation

Fig 3 Sample multicriteria weighting for treatment alternative  
 comparison

Fig 2 Word cloud of wastewater treatment technologies

Plannning a sustainable 
wastewater management 
system requires a level of 
analysis that lies between a 
simple	qualitative	
comparison	and	an	advanced	
treatment	process	design.	
Presently,	commercial	
software	is	inadequate	to	fill	
this	‘in	between’	space	to	
provide	rapid,	robust,	and	
flexible	alternatives	
evaluation.	
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Methodology
Total	water	design	in	masterplans	includes	
integrated management of the three water 
streams:	potable	water,	wastewater	and	
stormwater.	On	the	wastewater	side,	key	
management objectives are water use 
reduction,	treating	sewage	to	match	reuse	
applications,	and	treatment	by-product	
recovery.	This	can	be	achieved	by	demand	
management;	infiltration/inflow	reduction;	
recovery	of	nutrients,	energy	and	biosolids;	
and	reuse	of	greywater	and	blackwater.	

QWIC	MENU	focuses	on	the	latter	strategy,	
emphasising	structured	decision-making	on	
the	wastewater	reclamation	potential	of	
various treatment technologies given the 
approved	reuse	applications	for	the	project.	
QWIC	MENU	is	also	integrated	with	Arup’s	
‘Water	Neutral	Design	(WaND)’	tool	to	
provide	comparative	wastewater	calculations	
associated	with	building	uses	(see	Table	1).

To	populate	the	database	of	information	that	
lies	at	the	core	of	QWIC	MENU,	an	industry	
survey was sent out to targeted 
manufacturers.	Case	studies	and	product	
brochures	were	compiled	from	internet	
sources	and	industry	events.

QWIC	MENU	provides	an	‘all-in-one’	model	
to analyse this database of information and 
use	it	for	design,	incorporating	instantaneous	
calculations	and	feedback	wherever	possible	
as	design	parameters	are	adjusted.	It	is	
intended	to	be	intuitive	and	flexible,	and	can	
be	implemented	following	a	masterplan	
project	process	flow	such	as	this:
•	 Define	project-specific	criteria	and	
set	relative	weights	based	on	project	
requirements	and	client	needs

•	 Provide	inputs	to	QWIC	MENU	and	
verify	the	initial	results	and	technology	
recommendations

•	 Consult	previous	Arup	experience	and	
external	case	studies	for	the	technologies	
recommended

•	 Customise	visuals	and	tables	for	use	in	
reports	and	presentations

•	 Iterate	and	refine	as	needed,	incorporating	
feedback	from	the	client	and	other	
disciplines

For	projects	that	require	more	detailed	
analysis,	QWIC	MENU	also	provides	
process	calculators	for	the	following	
secondary	treatment	processes:
•	 Activated	Sludge	Process	(ASP)
•	 Membrane	Bio-Reactor	(MBR)
•	 Sequencing	Batch	Reactor	(SBR)

The	process	calculators	provide	the	user	 
with	another	data	point	with	which	to	
compare	treatment	process	space	
requirements.	The	calculators	also	help	 
the user calculate initial estimates for the 
components	of	each	process.	

Results and Discussion
QWIC	MENU’s	capabilities	are	intended	for	
the	following:
•	 Rapid	comparison	of	treatment	
technologies,	allowing	the	user	to	choose	
appropriate	technologies	that	should	be	
given	consideration	in	initial	workshops.
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Fig 4 Integrated water system flow diagram
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Fig 5 Wastewater treatment process diagram, indicating what is removed from the influent at each stage

•	 Preliminary	sizing	of	these	technologies	
based	on	project	inputs	such	as	population	
served,	land	uses,	and/or	wastewater		
flow	rate.

•	 Prioritisation	of	technologies	based	on	
user-defined	weights	to	a	number	of	built-
in/customisable	factors.	This	includes	
consideration	of	regulatory	effluent	
requirements.

•	 Detailed	breakdown	of	wastewater	
generation	by	building	uses	on	the	site,	
with	the	option	of	differentiating	between	
graywater	and	blackwater	sources.

QWIC	MENU	has	undergone	limited	
development,	testing	and	validation	on	
projects	in	the	US,	Canada,	South	Korea,	and	
Saudi	Arabia.	Further	tests	and	calibrations	
are	planned	to	improve	the	tool.

Conclusion and next steps
A	beta	version	of	the	QWIC	MENU	tool	has	
been	released	to	Arup’s	Water	Skills	Network	
for	internal	testing	and	development.	As	the	
tool	is	used	on	future	projects,	it	is	intended	
to	grow	and	expand	to	incorporate	new	
experience.	Additional	treatment	processes	
can	also	be	integrated	into	the	tool.	As	
technologies	continue	to	evolve,	the	tool	will	
need to evolve simultaneously through 
updates	on	an	annual	basis	at	a	minimum.
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Value
•	 Provides	a	framework	for	unified	
quality	of	work	along	with	
consistency	of	visuals	and	language	
across	Arup	offices

•	 Improves	efficiency	and	coordination	
on	masterplan	projects

•	 Sets	Arup	apart	in	the	industry	and	
improves	our	reputation	with	clients

•	 Provides	Arup	and	our	clients	with	
confidence	in	an	optimal	solution(s)	
at	an	early	stage	of	a	project

•	 Allows	the	client	to	visually	see	
the	impact	of	changing	parameters	
directly	in	their	influence	(such	as	
land	use,	sustainability	goals,		
budget,	etc)

Table 1 Matching on-site reclaimed water sources to meet non-potable water demands by land uses in a sample masterplan, 
using QWIC MENU and WaND

Non-potable
demand met by
onsite sources
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Recreational
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Total
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15

35

1,682

-
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791
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1,449
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183

2,123
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-

-
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Fig 6 Sample visual comparison of alternatives; bubble size indicates relative footprint
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Full-scale	benchmarking	of	tall	building 
response	subjected	to	wind	loads	during	typhoons
City	University	of	Hong	Kong:	Ivan	SK	Au
Arup:	Paul	SC	Tsang,	Alex	P	To

Abstract
The	power	spectral	density	(PSD)	of	
wind load of the fundamental mode of 
vibration	governs	the	dynamic	response	
of	wind-sensitive	structures	such	as	
super-tall	buildings.	It	is	an	effective	
dynamic loading that integrates various 
characteristics such as mean wind 
distribution,	spatial	variability	and	
turbulence	intensity.	Wind	tunnel	test	
provides	a	conventional	means	for	its	
prediction	using	scaled-down	models.	
As	in	many	engineering	problems,	
benchmarking	with	full-scale	

observations	can	provide	engineers	the	
information for the risk and 
conservatism	implied	in	the	design	
process.	Leveraging	on	modern	sensing	
technology and recent advance in 
modal	identification	theory,	this	project	
aims	to	benchmark	the	modal	PSD	of	
wind	load	predicted	from	wind	tunnel	
tests	with	that	identified	from	field	
vibration	records	of	a	super-tall	
building.	A	practical	method	is	
developed	for	wind	tunnel	prediction	
that combines wind tunnel test data and 

mean	wind	statistics	at	the	Waglan	
station	available	from	the	Hong	Kong	
Observatory	website.	Field	acceleration	
records	at	the	building	top	are	collected	
during	strong	wind	events,	which	are	
used for identifying the modal 
properties	using	a	Bayesian	
identification	method.	Four	strong	wind	
events	have	been	analysed	so	far.	A	
reasonable	agreement	is	observed.	Bias	
is	not	apparent,	especially	for	strong	
wind	events.

Introduction
In	the	design	of	tall	buildings	the	prediction	
of	dynamic	response	subjected	to	strong	
wind	plays	an	important	role	(Simiu	&	
Scallan	1986).	Under	gusty	wind	loading	the	
dynamic	structural	response	is	a	sum	of	the	
quasi-static	and	stochastic	dynamic	response.	
The	quasi-static	response	depends	on	the	
mean	wind	level	and	primarily	the	lateral	
stiffness	of	the	building.	Random	vibration	
theory shows that the stochastic dynamic 
response	consists	of	a	background	and	a	
resonance	component.	While	the	former	
depends	mainly	on	the	overall	energy	in	the	
wind	spectrum,	the	latter	depends	on	the	
modal	properties	of	the	building,	i.e.	natural	
frequency,	damping	ratio,	mode	shape,	
modal	mass	and	modal	power	spectral	
density	(PSD)	of	dynamic	wind	load.	The	
last	attribute	represents	an	effective	loading	
quantity that integrates various wind load 
characteristics such as the distribution of 
mean	wind,	spatial	variability	and	turbulence	
intensity.	The	variance	of	the	dynamic	
response	is	generally	proportional	to	the	
modal	PSD.	The	latter	can	change	by	several	
orders of magnitude during a strong wind 
event.	It	is	therefore	an	important	quantity	
governing	the	dynamic	response	of	tall	
buildings	under	strong	wind.

Engineering models have been established in 
the	literature	for	calculating	the	modal	PSD	
for	structural	design	purpose,	based	on	
accepted	scaling	models	of	mean	wind	
distribution,	turbulence	intensity	and	spatial	
variability.	For	vibration-prone	buildings,	
wind tunnel testing is an established means 
for	determining	experimentally	the	wind	
forces	based	on	a	scaled-down	model	under	 
a	controlled	laboratory	environment.	As	in	
many	engineering	problems,	it	would	be	
useful to benchmark the wind tunnel model 
prediction	with	their	actual	values	from	

full-scale	field	observations.	This	can	
provide	important	information	for	the	actual	
risk	and	conservatism	implied	in	the	wind	
engineering	design	process.	

Little	has	been	reported	in	the	literature	on	
full-scale	validation	of	the	modal	PSD	with	
wind	tunnel	predictions.	One	difficulty	lies	in	
the	fact	that	the	modal	PSD	is	an	integrated	
quantity over the building body and it is not 
directly	observable.	It	is	not	feasible	to	
determine	the	modal	PSD	by	integrating	
local	pressures,	as	it	requires	high	frequency	
wind	pressure	information	at	a	number	of	
locations	distributed	on	the	building.	
Nevertheless,	within	the	context	of	modal	
analysis	and	random	vibration,	the	modal	
PSD	in	principle	can	be	identified	from	field	
vibration	data.	

Identifying	the	modal	properties	(including	
the	modal	PSD	of	loading)	from	stochastic	
‘output-only’	response	presents	a	challenging	
problem	in	the	‘operational	modal	analysis’	
literature.	Conventional	methods	abound	but	
most	do	not	provide	a	rigorous	estimator	of	
the	modal	PSD	consistent	with	the	random	
vibration model used in wind tunnel test or 
design.	A	recently	developed	fast	Bayesian	
Fourier	Transform	(FFT)	modal	
identification	method	provides	a	fundamental	
solution	to	this	problem.	

Leveraging on the advance in modal 
identification	theory	and	modern	sensing	
technology,	this	project	aims	to	benchmark,	
with	full-scale	field	observations,	the	 
modal	PSD	of	wind	load	for	tall	buildings.	 
A	practical	method	for	predicting	the	modal	
PSD	has	been	developed,	which	incorporates	
information from wind tunnel tests and mean 
wind	data	at	the	Hong	Kong	Observatory	
(HKO)	Waglan	Island	station.	Field	
acceleration data is measured from a 

super-tall	building	during	strong	wind	
periods	such	as	in	typhoon	or	monsoon	wind	
events.	Using	the	data	in	different	time	
segments	during	the	event,	the	modal	PSD	of	
wind	load	for	different	mean	wind	speeds	is	
identified	using	the	Bayesian	identification	
method.	The	wind	tunnel	predictions	are	
benchmarked	with	those	identified	from	field	
data	obtained	during	strong	wind	events.

Methodology
The	wind	tunnel	prediction	model	developed	
in	the	project	determines	the	power	spectral	
density	(PSD)	of	modal	wind	load	of	a	
fundamental	translational	mode	of	interest,	
making	use	of	wind	tunnel	topographical	and	
base-balance	test	data,	and	the	10min	
average	wind	speed	and	direction	
information	at	the	Waglan	Island	station.	 
Fig.	1	summarises	the	problem	context.	The	
local wind direction is assumed to be the 
same	as	that	in	the	free	field.	The	local	wind	
speed	is	characterised	by	that	at	the	building	
top,	uH (Fig.	1(b)).	For	a	building	in	Hong	
Kong,	the	free	field	is	taken	to	be	at	500m	at	
Waglan	Island,	where	wind	speed	data	at	
90m,	uWL90,	is	available	from	the	HKO	
Waglan	station	(Fig.	1(c)).	Using	uWL90,	the	
free	field	wind	speed	uWL500 can be 
determined	using	an	assumed	wind	profile	
(0.11-power	law),	which	in	turn	gives	a	
prediction	of	uH  based	on	topographical	test	
data.	In	this	manner	the	method	does	not	
require	local	wind	speed	data,	which	
significantly	enhances	its	economy	and	
practicality.	Of	course,	this	is	at	the	expense	
of	reduced	precision	in	the	model	prediction.	
In	the	above	context,	the	modal	PSD	of	wind	
load can be related using structural dynamics 
principles	to	that	of	the	base	moments	
measured in a high frequency base balance 
test.	Inevitably	a	mode	shape	that	increases	
linearly	with	height	is	assumed.	

D

B

y

x

Mode dir.

500m

90m (station)

Wind dir.

(a) Building plan

(b) Building site (c) Free field (Waglan Island)

N

α

φ

I

uH

uWL500

uWL90

Fig 1 Definition of building dimension and wind profile

The	project	aims	at	validating	
the dynamic wind load 
predicted	by	wind	tunnel	
model with the values 
identified	from	full-scale	field	
vibration	data	of	a	super-tall	
building	in	Hong	Kong	
during	typhoon.
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In	full-scale	the	modal	PSD	can	also	be	
identified	from	field	vibration	records.	High	
quality acceleration data is obtained using a 
force-balance	tri-axial	accelerometer	placed	
in a secure room at the building roof during  
a	strong	wind	event.	Due	to	the	stochastic	
nature	of	the	response,	a	probabilistic	theory	
is needed to extract the information in the 
data	for	identifying	the	modal	properties.	 
A	fast	Bayesian	FFT	method	is	adopted	for	
this	purpose,	whose	details	can	be	found	in	
Au	(2011,	2012).	It	allows	the	most	probable	
value	of	the	modal	parameters	as	well	as	
their	uncertainties	to	be	determined,	given	
information of the data and modeling 
assumptions.	The	modal	properties	that	can	
be	identified	include	the	natural	frequencies,	
damping	ratios,	mode	shapes,	PSD	of	modal	
force	and	prediction	error.	

A	300m	high-rise	building	situated	in	the	
North-East	side	of	the	Hong	Kong	Island	is	
studied.	Four	strong	wind	events	are	
analysed,	with	10min	wind	speed	ranging	
from	10m/s	to	30m/s.	These	include	typhoon	
GONI	(4	August	2009),	typhoon	KOPPU	 
(14	September	2009),	typhoon	MEGI	 
(21	October	2010)	and	monsoon	wind	 
(7	December	2010).	During	each	event	time	
history	plots	of	the	10-min	average	wind	
speed	and	direction	at	the	Waglan	station	is	
downloaded	from	the	HKO	website.	Digital	
values	are	hand-picked	from	the	plots	and	
later	re-sampled	for	analysis.	The	measured	
acceleration records are divided into 
non-overlapping	segments	of	30min,	within	
which	the	response	is	assumed	to	be	

statistically stationary and the modal 
properties	are	identified	accordingly.	 
This	gives	a	tracking	of	modal	properties	at	
30min	interval,	from	which	behaviors	such	
as	amplitude-dependent	damping	can	also	 
be	studied.	The	30min	duration	trades	off	
between	identification	precision	and	
modeling error risk regarding the stationary 
response	assumption.	

Results and discussion
Fig.	3	shows	as	an	example	the	tracking	of	
wind	data	and	identified	modal	PSD	for	the	
first	two	translational	modes	during	KOPPU.	

The	identified	modal	PSD	is	shown	with	a	
dot	at	the	most	probable	value	and	an	error	
bar	of	one	standard	deviation.	For	this	event	
it	correlates	well	with	the	wind	speed	at	the	
Waglan	station	and	varies	by	several	orders	
of	magnitude	during	the	event.	

The main benchmarking result is 
encapsulated	in	Fig.	4,	which	plots	the	field	
identified	values	versus	those	from	the	wind	
tunnel	prediction	model.	For	moderate	to	
large	values	the	points	cluster	around	the	1:1	
line.	No	significant	bias	is	observed,	although	
the	scatter	is	significant.	At	low	values	the	
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wind	tunnel	model	predictions	tend	to	be	
larger	than	the	field	identified	values	and	
their	correlation	is	lost.	This	is	believed	to	 
be	attributed	to	the	following	factors:
•	 At	the	low	wind	speeds	the	local	wind	at	
the	building	site	and	that	at	Waglan	Island	
(free	field)	are	not	well-correlated.

•	 At	low	wind	speeds	the	wind	produced	in	
the	wind	tunnel	could	be	more	spatially	
coherent	than	the	full-scale	one,	giving	rise	
to	higher	modal	participation	and	hence	
wind	induced	vibration.

Based	on	the	data	obtained	so	far,	Fig.	4	
suggests	that	the	wind	tunnel	prediction	and	
the	field	identified	values	agree	to	within	one	
order	of	magnitude.

Fig.	5	shows	the	modal	PSD	of	wind	load	
versus	the	wind	speed	at	the	building	top	on	
a	log-log	scale.	Note	that	the	local	wind	
speed	is	calculated	using	the	topographical	
factors instead of being the actual wind 
speed,	since	the	latter	has	not	been	measured.	
For	a	given	wind	speed,	part	of	the	scatter	in	
the	PSD	value	is	attributed	to	the	variation	in	
wind	direction.	The	values	of	PSD	implied	
by	the	Hong	Kong	wind	code	is	also	plotted	
with	a	dashed	line.	These	values	have	no	
particular	reference	to	the	wind	direction.	 
It	is	seen	that	all	three	sets	of	PSD	values	
follow a similar scaling trend with the  
wind	speed.

Conclusion and next steps
A	practical	method	has	been	developed	to	
obtain	the	modal	PSD	of	wind	load	based	on	
wind	tunnel	tests	and	wind	speed	data	from	
the	HKO	website.	The	modal	PSD	is	also	
identified	in	full-scale	from	vibration	records	
using	a	Bayesian	FFT	method.	The	
benchmark study shows that the wind  
tunnel	prediction	generally	agrees	with	 
field	identified	values	to	within	an	order	of	
magnitude,	especially	for	moderate	to	high	
wind	speeds.	No	significant	bias	is	observed.	
Confidence	in	the	correlation	and	
repeatability	can	be	improved	with	analysis	
of further strong wind events for the same 
building and similar analysis for other 
buildings.

Inevitably,	the	identified	values	are	subjected	
to	estimation	error	(due	to	finite	data	length)	
and	modeling	error	(e.g.	constant	classical-
damping	and	stationary	response	within	
30min	time	window).	The	PSD	generally	
contains	contribution	from	other	sources,	
although this is negligible at moderate to 
high	wind	speeds.	For	the	wind	tunnel	
model,	only	the	10min	wind	speed	and	
direction	at	the	HKO	Waglan	station	are	
measured and used to infer those in the free 
field	and	at	the	site.	The	model	also	inherits	
all	experimental	limitations	of	the	wind	
tunnel	test.	In	view	of	the	above	factors,	 
the agreement between the wind tunnel 
prediction	and	the	field	identified	values	
observed	so	far	is	acceptable.
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Value
This	project	benchmarks	the	dynamic	
wind model used in design with real 
observations	from	full-scale	field	data,	
which	provides	information	for	the	
actual	risk	and	conservatism	implied	in	
the	structural	design	process	against	
dynamic	wind	loads.
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Acoustic	performance	of	naturally-ventilated	 
façades	using	the	Ventilated	Acoustic	Cavity	Solver
Arup:	Chris	Field,	Mark	Arkinstall

Abstract
The aim of the research was to 
determine a quantitative method 
of assessing the sound insulation 
performance	of	dual	vented	window	
designs used in naturally ventilated 
buildings	to	better	predict	internal	 
noise break in for sustainable building 
design.

Arup	Acoustics	globally	are	now	
undertaking a lot of design work with 
naturally	ventilated	buildings,	and	in	
particular,	openings	in	façades	that	also	
let	noise	in.	There	is	currently	no	robust

prediction	methodology	for	the	sound	
transmission	loss	performance	of	
naturally	ventilated	façade	designs.

By	developing	such	a	methodology	
some of the uncertainties in our 
predictions	of	sound	insulation	
performance	of	naturally	ventilated	
façade	designs	would	be	alleviated.	
This would allow us to remove the 
contingencies	we	place	on	these	
designs,	and	be	confident	that	we	are	
providing	acoustic	designs	that	are	
compatible	with	other	sustainable

design goals in naturally ventilated 
buildings.

The	Ventilated	Acoustic	Cavity	Solver	
(VACS)	uses	linear	natural	modes	
analysis	followed	by	harmonic	response	
analysis	of	the	particular	dual	vented	
window	configuration	to	predict	sound	
insulation	performance.	The	research	
demonstrates	that	this	approach	can	be	
applied	to	other	naturally	ventilated	
façade	design	to	provide	accurate	
predictions	of	acoustic	performance.

Introduction
Natural	ventilation	is	widely	accepted	as	 
a	sustainable	design	strategy	for	buildings.	
The role of natural ventilation in buildings 
can	be	summarised	as	follows:
•	 Improve	indoor	air	quality	by	decreasing	
the	concentration	of	indoor	air	pollutants

•	 Improve	thermal	comfort	conditions	in	
indoor	spaces

•	 Decrease	the	energy	consumption	of	air	
conditioned	buildings

The use of natural ventilation in buildings 
often	conflicts	with	the	control	of	ingress	of	
external	noise	via	the	façade,	because	of	the	
need	to	provide	ventilation	openings.	In	
many	projects,	the	use	of	natural	ventilation	
is considered not feasible because of noise 
issues	–	either	because	the	perceived	
high-noise	environment	cannot	be	controlled	
with	practical	measures	to	the	noise	level	
limits	recommended	in	national	standards,	or	
that	the	capital	cost	of	noise	mitigation	
measures	outweighs	the	benefits	of	natural	
ventilation.

As	a	compromise	to	higher	noise	levels	due	
to	external	noise	ingress,	the	benefits	that	
natural	ventilation	provides	includes	lower	
running	costs,	reduced	use	of	refrigeration	
and	air	conditioning,	simpler	and	accessible	
personal	environmental	control,	reduced	
space	requirements	for	mechanical	plant,	 
and decreasing concentrations of indoor air 
pollutants.

One of the issues acoustic consultants 
encounter	is	the	ability	to	provide	accurate	
predictions	of	sound	insulation	performance	
of	naturally-ventilated	façades.	While	
laboratory test data is widely available for 
façade	glazing	performance	and	internal	
partition	sound	insulation	performance,	little	
information is available for different 
configurations	of	openable	windows	and	

ventilated	façades	in	general.	This	research	
aims	to	provide	acoustic	performance	
predictions	of	various	configurations	of	a	
ventilated	double-glazing	construction.	 
The	ability	to	provide	predictions	for	various	
configurations	in	an	efficient	manner	would	
be	facilitated	by	developing	a	graphical	
interface called the Ventilated Acoustic 
Cavity	Solver	(VACS).

Methodology
VACS	predicts	acoustic	sound	insulation	
performance	of	double-glazed	façades	with	
natural	ventilation.	Fig.	1	and	Fig.	2	show	
the	typical	configuration	that	was	analysed.

The	configuration	shown	in	Fig.	1	was	the	
subject	of	testing	by	Kerry	and	Ford.	In	their	
paper,	laboratory	acoustic	measurements	
were undertaken to determine the acoustic 
performance	of	the	dual	window	
configuration	with	various	ventilation	
opening	sizes.	Results	of	their	testing	have	
been	reproduced	in	Table	1.

Kerry	and	Ford’s	test	results	were	used	to	
calibrate	and	verify	that	the	VACS	produced	
sensible results for other window 
configurations.

The solver software allows an acoustician to 
investigate	and	numerically	predict	acoustic	
performance	of	various	double-glazed	unit	

cavity	dimensions,	in	conjunction	with	
openings	in	the	glazing	that	allow	natural	
ventilation.	

Parameters such as receiving room volume 
and	reverberation	times	can	be	specified	for	
each octave band to allow both the level 
difference	(Dn),	and	sound	reduction	index	
(SRI)	across	the	ventilated	façade,	to	be	
calculated.

Octave band SRI

Window Opening 125 Hz 250 Hz 500 Hz 1,000 Hz 2,000 Hz 4,000 Hz

Single vertical Closed 18 19 23 25 26 28

Double vertical 50mm open 9 18 27 22 28 32

Double vertical 100mm open 7 15 24 23 23 24

Double vertical 200mm open 5 12 20 20 18 20

Sound absorbing panel 
(behind acoustically 
transparent architectural 
facing on all sides of 
the frame)

Airflow

Airflow

Existing façade

Interior lite ventilated
opening (behind)

size TBD

Exterior lite ventilated
opening (behind)

size TBD

Exterior glazing

Interior glazing

Fig 1 Section and elevation drawings of typical dual window configuration analysed for acoustic performance

Fig 2 Perspective drawing of typical dual window 
configuration analysed for acoustic performance

Table 1 Laboratory sound transmission loss (SRI) test data used for calibrating VACS

The lack of accurate 
predictions	of	the	acoustic	
performance	of	naturally	
ventilated façades is 
hindering	their	widespread	
adoption	in	sustainable	
building	design.
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The theory and methodology used by the 
solver	is	described	below.

The theoretical equation for the natural 
frequencies	of	a	rectangular	volume	of	air	is:

Once all of the natural frequencies are 
calculated	up	to	11,280Hz,	the	mode	shapes	
are	calculated	at	the	input	void	locations	
specified	only.	The	mode	shapes	are	
calculated based on the theoretical sine and 
cosine	shapes	in	conjunction	with	the	
harmonic numbers for each of the three 
global axes from the natural frequency 
calculation.	The	frequency	cut	off	of	
11,280Hz	was	chosen	as	twice	the	frequency	
of	the	upper	bound	of	the	4,000Hz	octave	
band.	This	is	because	modes	outside	of	the	
4,000Hz	octave	band	can	still	influence	the	
response	inside	that	band.	For	this	
assessment,	the	modal	mass	for	all	modes	
was	0.5	and	the	modal	damping	for	all	
modes	was	assumed	to	be	0.01.

Fig.	3	shows	the	first	24	mode	shapes	of	a	
100mm x100mm x 100mm cube of air to 
illustrate the combination of sine and cosine 
shapes	from	three	global	axes.
The	modal	properties	of	Modal	Frequency,	
Modal	Mass	and	Modal	Damping	are	used	in	
a	harmonic	response	analysis	to	determine	
the	pressure	change	between	the	input	
location	and	output	location	of	the	cavity.	
The	equations	for	the	harmonic	response	
calculation	are	given	below.	

Here	DMFr	is	the	dynamic	amplification	
factor	used	to	calculate	the	response	in	phase	
with	the	harmonic	forcing	force	component,	
and DMFi	the	factor	for	the	response	90°	out	
of	phase	with	the	harmonic	force.	

The	total	response	is	derived	by	summing	the	
real	and	imaginary	(in	phase	and	90°	out	of	
phase)	parts	of	the	response	for	each	of	the	
modes,	and	then	combining.	The	pressure	
components	for	mode	n	are	therefore:

Where	P	is	the	applied	harmonic	force	
component	at	frequency	f.	The	total	real	and	
imaginary	pressure	components	are	then	

where the summation is for all modes close 
to	the	harmonic	forcing	frequency.	The	total	
steady	state	pressure	amplitude	is	then:

The results were calculated using the 
following	assumptions:
•	 	The	harmonic	response	is	carried	out	
assuming	an	input	pressure	of	1	Pascal	
constant	with	frequency	across	the	entire	
input	ventilation	opening.	

•	 	The	frequency	range	for	the	harmonic	
response	analysis	was	chosen	to	be	0Hz	
and	5,640	Hz.	

•	 	The	user	must	specify	enough	steps	for	the	
analysis	to	ensure	that	the	response	in	each	
octave	band	can	be	computed	accurately.	
The	steps	are	equally	spaced	in	uniform	
frequency	increments.	

•	 	The	harmonic	response	is	calculated	at	
multiple	points	on	both	the	input	void	and	
output	void.	Each	of	these	voids	then	has	
their	point	results	averaged	to	give	a	final	
input	void	response	curve	and	output	void	
response	curve.	

Fig 4 VACS graphical user interface

Fig 3 First 24 mode shapes of a 100mm x100mm x 100mm cube of air
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•	 	The	response	calculated	is	a	pressure	in	
Pascals	that	varies	with	frequency.	These	
are	called	frequency	response	curves.	

•	 	The	pressure	drop	between	input	and	
output	locations	is	then	determined	by	
subtracting	the	input	frequency	response	
curve	from	the	output	frequency	response	
curve.	At	this	point	the	resulting	frequency	
response	curve	is	converted	to	1/3rd	octave	
bands	in	dB	and	then	using	dB	averaging	
the	1/3rd	octave	bands	are	converted	to	
octave	band	response.	These	final	octave	
band	results	are	plotted	graphically	and	
also	in	tabulated	form.	

•	 	Both	the	Level	Difference	(Dn)	and	SRI	
values	are	presented.	The	SRI	values	are	
based	on	room	volume	and	reverberation	
times	that	the	user	can	input	for	each	
octave	band.	

Results and discussion
The	harmonic	response	and	natural	
frequency	analysis	was	compared	with	the	
results	of	the	general	purpose	finite	element	
package	Strand	7	Release	2.4.4	and	also	with	
experimental	test	results	determined	out	by	
Kerry	and	Ford.	The	results	compared	well	

with minor variations that were within 
expected	limits	given	that	one	method	was	
the	finite	element	approach	while	the	other	
was	based	on	classical	mode	shape	theory.	

The	verification	consisted	of	a	100mm	x	
100mm	x	100mm	cube	of	air,	modelled	in	
Strand	7	with	2.5mm	cube	Hex8	elements.	
The	speed	of	sound	was	taken	as	344m/s	and	
a	constant	pressure	of	1	Pascal	was	applied	
over 20mm x 100mm area at the bottom of 
one	face.	

A	harmonic	response	analysis	between	0Hz	
and	3,150Hz	was	carried	out	including	all	
modes	up	to	5,000Hz.	The	graphs	in	Fig.	5	
show	the	comparison	between	Strand	7	finite	
element	software	result	and	the	VACS	
results.	There	is	very	good	agreement	
between	the	two	methods.

Fig.	4	shows	the	graphical	user	interface	for	
the	solver	including	sample	results	for	a	
50mm	ventilation	opening.

The	published	paper	results	by	Kerry	and	
Ford	have	been	replicated	using	the	VACS	
software	and	given	in	Table	2.	

Comparison	of	the	VACS	results	with	the	
measured test results indicates reasonable 
agreement	in	the	frequency	range	of	500Hz	
to	4kHz.	There	is	some	noticeable	deviation	
in	the	125Hz	and	250Hz	frequency	bands,	
which is related to the size of wavelengths of 

sound at these frequencies in relation to  
the	window	and	ventilation	opening	sizes.	
The	overall	results	demonstrate	‘proof	of	
concept’,	however,	and	further	validation	
will be carried out on other window 
configurations.	

Conclusion and next steps
Further	work	is	required	to	validate	the	
solver	with	experimental	results,	as	there	are	
still	some	inconsistencies	with	test	results	on	
other	actual	dual	vented	window	
configurations.

Desired	enhancements	for	the	graphical	user	
interface	are	as	follows:
•	 Parallelise	the	analysis	processes	to	reduce	
calculation	times	

•	 Generate	calculation	reports	
•	 Printing	capability	
•	 Ability	to	copy	graphics	to	clipboard	
for	2D	and	3D	graphics	(currently	only	
available	for	graphs)	

•	 Create	Help	file	(which	will	compliment	
this	wiki	site)	

•	 Future	graphics	enhancements	include:
	- draw	mode	shapes	of	natural	modes	of	
vibration	
	- 3D	graphics	of	modelled	window	
configuration
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Value
Reduces	uncertainties	in	our	predictions	
of	sound	insulation	performance	of	
naturally	ventilated	facade	designs.	 
This would allow us to remove the 
contingencies	we	place	on	these	
designs,	and	be	confident	that	we	are	
providing	acoustic	designs	that	are	
compatible	with	naturally	ventilated	
buildings.

Fig 5 Validation of harmonic response results with finite element method at the input node (vent entry)  
and output node (vent exit
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Abstract
The	direction	dependent	nature	of	stiff	
clays has been highlighted by many 
recent	studies.	This	finding	has	
important	implications	for	all	types	of	
geotechnical	works.	Proper	
consideration	of	stiffness	anisotropy	
will	influence	both	the	deformation	
predictions	and	the	development	of	
stresses	within	a	soil	mass.	
Unfortunately,	most	conventional	
nonlinear soil models available in 
commercial	finite	element	packages	do	
not	sufficiently	account	for	this	
behaviour.

 
Two new constitutive models were 
developed	in	collaboration	with	
Cambridge	University	that	include	
stiffness	anisotropy	and	other	new	
features.	The	first	model,	AnisoBRICK,	
improves	upon	the	BRICK	soil	model	
developed	at	Arup	by	Brian	Simpson	
(1992).	2D	and	3D	versions	of	BRICK	
have	been	employed	successfully	on	a	
wide	variety	of	geotechnical	projects	
for	more	than	two	decades,	including	
the British Library excavation and 
redevelopment	of	the	King’s	Cross/ 
St	Pancras	rail	station.	The	second	

model,	AnisoM3SKH,	builds	upon	a	
class	of	‘critical	state’	models	that	are	
widespread	throughout	the	geotechnical	
engineering	profession.

Both	AnisoBRICK	and	AnisoM3SKH	
have	been	implemented	in	Arup’s	finite	
element	programs	Oasys	SAFE	and	LS	
DYNA.	Consideration	of	stiffness	
anisotropy	is	shown	to	improve	the	
prediction	of	excess	pore	pressures	and	
long-term	deformations	in	laboratory	
tests	and	field	scale	simulations.

Introduction
The need to offer our clients accurate 
assessments of ground movements in the 
increasingly	complex	urban	environment	
requires the use of advanced constitutive soil 
models	implemented	in	complex	analytical	
tools.	Arup	has	been	at	the	forefront	of	
research for these advanced soil models in 
our	quest	to	provide	cutting	edge	expert	
geotechnical	services	to	our	clients.	Such	
expertise	has	played	an	essential	role	in	our	
involvement	in	prestigious	projects	all	over	
the	world.	As	part	of	the	need	to	maintain	
this	technological	differentiator,	on-going	
research	in	complex	soil	behaviour	is	
essential.	Our	involvement	in	the	
development	of	these	models	has	provided	
the	basis	of	our	service	in	design	of	deep	
excavations,	tunnels,	foundations,	offshore	
structures	and	other	projects,	and	in	analysis	
of	failures	and	advice	in	disputes.	The	latest	
advance	in	soil	modelling	detailed	herein,	
focuses	on	capturing	the	inherent	anisotropy	
of	geomaterials.
 
The	direction	dependent	nature	of	soil	has	
important	implications	for	all	types	of	
geotechnical	works.	For	example,	several	
studies	have	found	that	finite	element	
predictions	of	surface	ground	settlements,	
excess	pore	pressures	and	long-term	lining	
response	due	to	tunnelling	can	only	be	
modelled accurately when stiffness 
anisotropy	is	included	in	the	soil	model.
 
For	this	research	project,	two	new	soil	
models	have	been	developed	that	build	upon	
the	well	established	models	M3SKH	and	
BRICK.	M3SKH	is	the	latest	in	a	long	series	
of	critical	state	stress	space	models	reaching	
back	to	Cam	Clay,	a	classic	model	that	is	
popular	throughout	the	geotechnical	
engineering	profession.	M3SKH	has	been	

gaining	popularity	recently	since	it	is	able	to	
consider stress history effects through the 
interaction	of	multiple	yield	surfaces,	as	
shown	in	Fig.	1.	
 
The	BRICK	model	was	originally	developed	
at	Arup	in	the	1990s	and	has	been	applied	
successfully to a wide variety of geotechnical 
projects,	including	the	British	Library	
excavation,	redevelopment	of	the	King’s	
Cross/St	Pancras	rail	station	and	construction	
of	the	Crossrail	Moorgate	Station.	Like	
M3SKH,	BRICK	is	able	to	capture	stress	
history	effects;	however	the	plastic	behaviour	
in	BRICK	is	controlled	by	several	bricks	that	
represent	different	proportions	of	the	
material.	These	bricks	are	connected	to	
strings	that	are	pulled	along	by	a	person	
(representing	the	current	state	of	strain)	in	a	
multi-dimensional	strain-based	coordinate	
system.	Fig.	2	presents	a	conceptual	example	
of brick movement during a shearing stage 
that	follows	a	period	of	1D	compression	(A).	
The material behaviour is initially linear 
elastic when the strings become loose after 
the	change	in	strain	path	direction.	Elastic	
and	plastic	strains	develop,	directly	based	on	
the movement of the bricks relative to the 
person	in	(B)	and	(C),	until	finally	the	
behaviour	becomes	perfectly	plastic	in	(D)	
when the bricks are aligned normal to the 
volumetric strain axis in the direction of the 
strain	increment.
 
The	two	new	soil	models,	AnisoBRICK	and	
AnisoM3SKH,	were	developed	in	
collaboration	with	Cambridge	University.	
Both	models	have	been	implemented	in	
Arup’s	finite	element	programs	Oasys	SAFE	
and	LS	Dyna.	The	importance	of	stiffness	
anisotropy	is	subsequently	demonstrated	by	
back-analyses	of	both	laboratory	tests	and	
project	case	histories.

Methodology
The	new	models	were	developed	and	
checked via simulation of laboratory data 
through	an	iterative	design	process.	This	
section	provides	an	overview	of	the	final	
improvements	to	each	model	and	the	
implications	for	material	point	simulations.

AnisoM3SKH
Anisotropy	has	been	enhanced	in	M3SKH	in	
three	ways:	1)	using	cross-anisotropic	elastic	
properties,	2)	rotating	the	yield	surfaces,	and	
3)	employing	nonassociativity.	Whereas	the	
bounding surface of a conventional model 
would be centred around the hydrostatic axis 
(i.e.	σ1=σ2=σ3),	the	rotated	surfaces	in	Fig.	1	
enable	yielding	to	develop	differently	in	
different	directions.	In	addition,	Fig.	1	also	
shows how the new model enables 
nonassociativity	in	both	the	meridian	plane	
and	the	π-plane.	In	basic	associative	models	
like	Cam	Clay,	incremental	plastic	strains	
develop	in	a	direction	normal	to	the	yield	
surface.	In	AnisoM3SKH,	the	plastic	strains	
develop	in	a	direction	normal	to	the	plastic	
potential	surface.
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Fig 1 Visualisation of M3SKH yield surfaces in principal stress space

Fig 2 Schematic example of brick movement

The	anisotropic	structure	of	
stiff	clay	is	well	established.	
This	phenomenon	must	be	
considered by advanced 
constitutive models in order 
to	capture	pore	pressure	
development	and	long-term	
deformation	behaviour.
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AnisoBRICK
Since	BRICK	is	a	nonconventional	strain-
based	model,	anisotropy	cannot	be	
introduced	in	the	manner	described	above.	
Instead,	stiffness	anisotropy	has	been	
introduced	in	AnisoBRICK	as	a	shell	around	
the	BRICK	program.	In	the	BRICK	models,	
a strain increment must be transformed from 
Cartesian	to	BRICK	coordinates.	As	shown	
in	the	flowchart	in	Fig.	4,	this	computation	is	
altered	in	AnisoBRICK	through	the	matrix	
[M],	which	accounts	for	the	anisotropy	of	the	
soil	fabric.	When	a	soil	mass	is	subjected	to	
shearing,	its	particles	gradually	begin	to	slide	
past	one	another	until	a	volume-preserving	
condition is achieved at critical state and thus 
[M]	must	evolve	as	the	soil	approaches	
failure.
 
Laboratory simulations
Each	of	the	models	BRICK,	AnisoBRICK,	
M3SKH	and	AnisoM3SKH	were	calibrated	
to several sets of conventional and 
nonconventional	laboratory	data.	The	key	
findings	from	this	exercise	are	exemplified	
by	the	two-stage	undrained	triaxial	
simulations	in	Fig.	3	on	samples	of	London	
Clay	taken	from	units	A3	and	A2	at	the	
London	Millennium	Tower	site.	These	test	
specimens	were	brought	back	to	their	in	situ	
state	through	a	multi-stage	consolidation	
process	intended	to	replicate	the	geological	
history	at	the	site.	Undrained	triaxial	
compression	or	extension-type	shearing	was	
then	applied	in	two	stages,	separated	by	an	
isotropic	unloading	stage.	The	shearing	
stages	were	designed	to	simulate	rapid	
excavation	followed	by	recovery	of	pore	
water	pressures	before	the	samples	were	
sheared	to	failure.

The	graphs	on	the	left	of	Fig.	5	show	the	
measured and simulated effective stress 
paths	and	the	graphs	on	the	right	show	the	
stiffness	degradation.	Results	are	only	
presented	for	M3SKH	and	AnisoM3SKH.	
Similar	results	were	achieved	with	BRICK	
and	AnisoBRICK;	however,	the	BRICK	

models	were	better	able	to	capture	the	
pressure-dependent	undrained	shear	
strengths.	All	four	models	are	reasonably	
able	to	capture	the	stiffness	degradation	of	
the	specimens	beyond	0.01%	Only	
AnisoBRICK	and	AnisoM3SKH	are	able	to	
capture	the	effective	stress	paths	for	the	
compression	tests	and	make	reasonable	
predictions	of	pore	pressure	development	
during	this	type	of	shearing.	Pore	pressures	
develop	when	a	soil’s	tendency	to	contract	is	
restrained	by	slowly	draining	pore	fluid.	
Therefore,	AnisoBRICK	and	AnisoM3SKH	
are	also	well	suited	to	make	predictions	of	
long-term	deformations.	

Results and discussion
Several	finite	element	analyses	were	
conducted	to	demonstrate	the	importance	 
of	considering	anisotropy	at	the	field	scale.	
Fig.	5	presents	the	results	of	one	such	
simulation	for	the	short-term	behaviour	of	a	
deep	excavation	at	the	King’s	Place	site	in	
London.	Where	available,	inclinometer	and	
piezometer	measurements	are	also	included	
in	the	figure.	

The	King’s	Place	excavation	extended	
through	4m	of	Made	Ground	and	12.4m	of	
London	Clay.	The	diaphragm	wall	is	propped	
at	1.5m	below	ground	level.	The	
approximately	70m-wide,	square	excavation	
was	modelled	as	axisymmetric	in	the	2D	
finite	element	program	Oasys	SAFE.	The	
material	parameters	used	in	the	simulations	
were informed by extensive backanalysis of 
laboratory	tests	in	London	Clay	throughout	
this	part	of	London.	The	stiffness	parameters	
were then scaled as necessary to match the 
extreme	wall	displacement.	Notice	that	each	
of the four models is reasonably able to 
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Fig 3 M3SKH and AnisoM3SKH simulations of triaxial tests on London Clay

Fig 4 Flow chart of the AnisoBRICK model implementation

capture	the	deformed	shape	of	the	wall;	
however,	the	anisotropic	models	yield	very	
different	pore	pressure	responses.	This	result	
is consistent with the laboratory simulations 
wherein	each	model	can	capture	the	
undrained	deformation	behaviour,	but	will	
predict	significantly	different	excess	pore	
pressures	in	regions	of	high	shearing.

Fig.	6	highlights	the	influence	of	anisotropy	
on	simulations	of	the	short-term	behaviour	of	
the	Heathrow	trial	tunnel.	It	has	long	been	
recognised that most numerical analyses of 
tunnels greatly overestimate the width of the 
ground	surface	settlement	troughs.	This	is	
due	to	both	difficulties	modeling	the	
excavation	process	with	the	finite	element	
method	as	well	as	difficulties	modeling	the	
constitutive behaviour of the surrounding 
soil	during	the	complex	stress	paths	induced	
by	tunneling.	Recent	studies	found	that	
predictions	can	be	improved	by	considering:	
nonlinear	stress/strain	behaviour;	low	in	situ	
horizontal	earth	pressures;	recent	stress	

history;	stiffness	anisotropy;	destructuration;	
rate	effects	and	3D	effects.	The	AnisoBRICK	
and	AnisoM3SKH	models	are	currently	able	
to	consider	many	of	these	phenomena.
 
The	Heathrow	trial	tunnel	has	a	maximum	
height	of	7.9m,	a	maximum	width	of	9.2m	
and	a	cross-section	of	approximately	60m2.	
The circumferential lining consists of 
250mm thick shotcrete with steel mesh 
reinforcement	and	lattice	girders.	The	
centreline	is	located	30.5m	below	ground	
level	and	the	stratigraphy	of	the	site	included	
7m of sand and gravel overlying London 
Clay.	This	simulation	was	modelled	as	plane	
strain	in	Oasys	SAFE	with	a	specified	
volume	loss	of	1.06%.	As	exemplified	in	 
Fig.	6,	the	undrained	deformation	of	this	case	
study	is	more	heavily	influenced	by	
anisotropy	than	for	the	King’s	Place	
basement	excavation.	Notice	that	while	
anisotropy	considerably	improves	the	
deformation	predictions,	it	is	still	not	able	to	
reproduce	a	narrow	enough	settlement	trough	
for	this	simple	2D	analysis.	Consideration	of	
3D	effects	and	the	breakdown	of	bonded	
structure during shearing may be needed to 
account for the remaining difference in 
behaviour.

Conclusion and next steps
The	ability	to	make	accurate	predictions	of	
soil	behaviour	during	complex	construction	
works	lies	at	the	heart	of	Arup’s	mission	to	
provide	cutting-edge	geotechnical	services.	
This	project	highlights	Arup’s	commitment	
to remain at the forefront of research in the 
numerical	modelling	of	geomaterials.

The	collaborative	work	with	Cambridge	
University	has	produced	two	new	advanced	

soil models that are able to account for 
stiffness	anisotropy	and	recent	stress	history	
effects.	Some	preliminary	results	presented	
herein demonstrate that these models are 
more	capable	of	capturing	the	deformation	
behaviour	and	development	of	pore	pressures	
during	laboratory	tests.	It	is	also	shown	that	
this	has	important	implications	for	short-term	
behaviour	during	finite	element	simulations	
of	project	case	histories.	Additional	2D	and	
3D	simulations	of	project	case	histories	are	
currently	being	conducted	to	confirm	that	the	
new	models	are	also	better	able	to	predict	
long-term	deformations.
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Value
Improvements	in	Arup’s	computational	
models:	
•	 Enabled	more	realistic	deformation	
and	pore	pressure	predictions	during	
finite	element	simulations	

•	 Maintained	Arup’s	position	as	an	
industry	leader	in	soil	modelling	

•	 Collaboration	with	Cambridge	
University	provides	access	to	PhD	
research	projects	which	enable	
development	of	these	complex	soil	
models	whilst	combining	with	Arup	
software	and	case	history	database	
expertise

Fig 5 Simulations of wall movement and pore pressures for the King’s Place excavation.

Fig 6 Simulations of ground surface settlement trough for 
the Heathrow trial tunnel
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Introduction
A	four-year	research	project	sponsored	by	
Arup	in	partnership	with	Univeristy	College	
London	(UCL)	has	been	building	on	the	
understandings emerging out of 
philosophical	and	social	studies	of	science,	
technology	and	society.	This	project	
investigates the ways in which engineers are 
active	in	shaping	the	social	aims	and	values	
towards	which	the	socio-technical	
infrastructures	of	modern	life	progresses.	
There is a growing sense that engineers must 
take an active role in the delivery of 
advances	towards	sustainability,	a	knowledge	
economy	and	a	changing	landscape	of	
engineering	opportunities.	This	research	has	
sought to better understand the roles 
undertaken by engineering consultants and 
the challenges in taking an active role in 
shaping	a	better	world.	

Arup’s	strap	line	is	‘We	shape	a	better	
world’.	The	subject	of	this	research	was	the	
engineering	practices	at	Arup.	An	empirical	
approach	was	adopted	which	adds	to	the	
body of academic understanding and 
achieves	an	in-depth	social	study	of	
contemporary	engineering	practices.	
Engineering	firms	seeking	to	impact	
positively	on	today’s	society	whilst	operating	
in	ever	more	diversified	and	innovative	ways	
will	gain	insight	from	this	research.

Methodology
Investigations began with a study of the role 
of	values	in	the	firm’s	development,	from	its	
foundation	by	Sir	Ove	Arup,	through	to	its	
involvement	in	high	profile	projects	that	
contributed	to	the	firm’s	growth.	A	theme	
from	this	was	an	ongoing	diversification	into	
interdisciplinary	markets	and	modes	of	
working	whilst	retaining	the	firms	traditional,	
mono-disciplinary	engineering	design	
services.	

The	observed	developments	in	modes	of	
working	were	first	related	to	trends	observed	
in	the	wider	economy.	The	transition	to	a	
knowledge economy no longer restricts 
knowledge creation roles to those with 
academic	credentials.	Industry	actors	are	
increasingly	engaging	in	‘Mode	2	
Knowledge	Production’:	primary	research	in	
interdisciplinary	teams	producing	
innovations towards niche market needs 
(Nowotny	et	al.,	2001).	

Preliminary	observations	showed	that	Arup	
engineers now engage in at least two distinct 
modes	of	practice.	One	is	based	on	
traditional technical design within 
established	engineering	disciplines	and	one	
is	based	on	combinations	of	disciplinary	
expertise.	Two	archetypal	case	studies	
representing	each	mode	of	practice	were	
sought	from	within	Arup	to	gain	in-depth	
answers	for	each	on:

Shaping	a	better	world:	How	this	challenge	 
differs	across	two	modes	of	engineering	practice
University	College	London:	Sarah	Bell
Arup:	Andrew	Chilvers,	Tania	Cobham	

Engineering	practice	has	
evolved	in	response	to	
changes in the wider 
economy	and	today’s	grand	
challenges.	Only	by	
understanding these 
evolutions can we best 
administer	the	benefits	and	
responsibly	manage	the	
transition.

•	 What	is	the	engineer’s	role	and	
responsibility	in	defining	and	delivering	
outcomes?

•	 What	are	the	implications	for	the	
engineer’s	ability	to	actively	engage	in	
the	positive	shaping	of	these	outcomes?	
This	included	implications	for	requisite	
cognitive	skills,	expertise	or	sensitivities;	
management	systems	and	approaches;	
levels	of	ethical	reflection;	and	the	
adequacy	of	existing	quality	assurance	
systems.	

The	methodology	was	based	on	participant	
observation,	semi-structured	interviews,	
project	documentation	and	discourse	
analysis.

Results and discussion
A summary of the key features for each 
mode	of	practice	studied	is	given	in	Table	1.	
The	case	studies	displayed	profoundly	
different	engineering	practices	with	very	
different	implications	for	the	engineer	who	
seeks	to	provide	leadership.

Traditional Technical Design Practice
Engineers	provide	design	services	to	achieve	
predetermined	client	or	stakeholder	aims.	
There	is,	however,	still	scope	for	design	
objectives	to	conflict	with	organisational	
objectives.	For	example,	aspirations	for	
progressing	design	contributions	towards	
higher levels of environmental sustainability 
can	be	challenged.	

Whilst	monodisciplinary	work	is	
underpinned	by	bodies	of	experience	in	the	
form	of	design	codes	and	guidance,	the	
design engineer is always exercising degrees 
of	judgement	in	its	application.	With	codes	
often	prescribing	only	minimum	criteria	for	
public	safety	and	comfort,	the	engineer	is	
often active in introducing social valuations 
and	has	scope	to	introduce	additional	or	
more	stringent	performance	criteria.	

In	the	example	studied	this	manifested	as	
trade-offs	between	design	effort	and	material	
efficiency.	Managerial	contingencies	such	as	
schedule	and	budgetary	pressures	and	the	
division	of	design	responsibilities	were	
found	to	be	exerting	an	influence.	
Judgements	were	also	framed	by	the	wider	
economic	and	policy	context	in	which	the	
engineer	was	working;	in	this	case,	the	
economic	value	placed	on	labour	in	relation	
to	that	placed	on	materials.	

In	seeking	to	impact	positively	on	social	
values	in	this	mode	of	practice	the	engineer	
is required to focus on fostering earlier and 
closer	working	relationships	with	clients.	
This is used to bring design knowledge to 
bear	on	conceptual	design	stages	and	
communicate	benefits	to	clients.	Where	
benefits	are	not	valued	within	the	wider	
economic	and	market	context,	the	engineer	is	
also	faced	with	the	challenge	of	providing	
industry	leadership.	This	starts	with	the	
commitment of extra design resources to 
overstep	the	basic	design	brief	or	codes,	and	
dissemination	of	design	experiences	into	the	

relevant	policy	areas.	For	example,	in	the	
case	study	performed,	design	engineers	faced	
tradeoff’s	between	labour	and	material	costs	
within	design	budgeting,	hence	an	
appropriate	policy	domain	to	engage	would	
be	the	‘Ecological	Modernisation’	debates	
(e.g.	see	Bell	et	al.,	2011).	

Mode 2 Practice
A key attribute of this work is knowledge 
creation	in	a	specific	social	and	technical	
context towards an outcome that is 
transdisciplinary,	in	that	it	is	not	reducible	to	
any	one	of	the	contributing	disciplines	
(Gibbons	et	al.,	1994).	This	is	achieved	by	a	
constant	expansion	and	reconfiguration	of	
expertise	to	respond	to	dynamic	market	needs.

Unlike	traditional	practices,	engineers	face	
the	challenge	of	needs-definition,	entailing	
active engagement with the relevant social 
setting.	Stakeholder	workshops	are	an	
example	of	this	in	practice.	In	particular,	
understanding	where	gaps	exist	in	three	areas	
has emerged as key to the successful 
application	of	Mode	2	practice:
•	 Knowledge,	skills	or	expertise	
•	 Capabilities	or	technological	provisions	
•	 Empowerments	present/absent	in	
the	current	division	of	roles	and	
responsibilities	

In	understanding	the	first	of	these,	the	
engineer confronts fundamental questions 
regarding the suitability of different forms of 
knowledge.	They	must	critically	examine	
and manage the constraints of current 
understandings	in	the	development	of	the	
project	methodology.	

Given	the	novel,	transdisciplinary	nature	of	
the	products,	the	central	challenge	of	this	
mode	of	practice	is	the	development	of	
appropriate	quality	assurance	frameworks.	
Knowledge	and	expertise	requirements	in	
Mode	2	practice	are	directly	related	to	highly	
variable	project	contexts.	A	long-term	
challenge is how to manage organisational 
learning,	apply	appropriate	expertise	gained	
to	new	opportunities,	and	tie	it	into	the	
management	of	professional	identity	within	
the	marketplace.	The	development	of	
management systems to enable the required 
density	of	interdisciplinary	interfaces	both	
internally	and	with	external	partners	is	also	
of	key	importance.

Conclusion and next steps
In offering traditional design services 
engineers need to make an active choice to 
diverge	from	protocols	that	deliver	little	
advance towards modern societal challenges 
such	as	sustainability.	In	newer	modes	of	
operation	engineers	are	required	to	engage	in	
new areas with little established knowledge 
management or quality assurance 
infrastructure.	A	proactive	approach	to	
critical	reflection	and	learning	is	required	in	
both	modes	of	practice.	This	can	be	informed	
by	studies	of	practices	that	utilise	methods	
and	insights	developed	by	the	social	
sciences.	

Through studies such as this one we can 
further	develop	the	body	of	knowledge	
necessary	to	foster	‘moral	imagination’,	
‘reflexive	awareness’	and	‘techno-social	
sensitivity’	in	engineering	practice.	We	can	
also	improve	the	organisational	and	policy	
infrastructure	necessary	to	support	engineers	
in	shaping	a	better	world.

Table 1 Summary of descriptors

Traditional Technical Design Practice Mode 2 Practice

Project Scoping: Passively received by engineer from client/
stakeholder group.

Actively shaped with client/stakeholder 
group.

Project Team: Mono-disciplinary, typically in-house and 
stable/permanent with time.

Interdisciplinary, inter-sectoral/organisational 
and bespoke/one-off.

Engineer’s Role:
The application of known scientific principles 
to the design of feasible and economically 
efficient technical solutions.

Primarily: 1) Problem identifier, solutions 
broker; and 2) Problem solver through 
enlistment of heterogeneous knowledge 
workers into knowledge production and 
systems design. 

Method: Fixed, utilising significant bodies of historic 
knowledge, repeated often and codified.

Bespoke, developed in conjunction with 
aims and one-off. Based on knowledge 
production and appropriation by design. 
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The	Arup	University	Doctoral	Module	Programme	 
was	set	up	in	2009	to	give	existing	employees	the	
opportunity	to	complete	a	part-time	doctorate.	The	 
aim	of	this	scheme	is	to	offer	a	course	of	study	that	deepens	
specialist	knowledge,	under	both	academic	and	Industrial	
supervision,	therefore	ensuring	that	the	research	delivers	 
a	business	benefit.

Our	University	Partner	is	University	College	London	
(UCL).	Through	UCL	we	are	able	to	offer	study	through	
other	universities	such	as	Stanford,	Columbia,	(USA),	Hong	
Kong	University	of	Science	and	Technology	(HKUST)	and	
Hong	Kong	University	(HKU).

These	students	form	part	of	the	Arup	Doctoral	College	
which	was	set	up	in	Spring	2011	to	bring	existing	Arup	
research students together to create a community where 
students	can	share	knowledge	and	experiences.

Cohort	2009/10
Integrated Urban Water Management in rapidly 
urbanising cities | Vera Bukachi | UCL
Over	half	the	world’s	urban	population	live	in	smaller	settlements	of	
less	than	500,000	people.	This	research	aims	to	define,	develop	and	
test	a	demand-led	Integrated	Urban	Water	Management	framework	
for	these	settlements,	in	a	bid	to	increase	their	efficiency	ensuring	
they	are	flexible	and	adaptable	to	rapid	growth.	

A uniform system for stray current isolation  
and quality control | Saud Memon | UCL and  
Columbia University
The	research	involves	various	DC	powered	Rail	Transit	Agencies’	
monitoring	and	maintenance	of	stray	current	controls	(SCC);	and	
criteria	for	rail-to-earth	potentials	of	stray	current.	The	intent	is	to	
develop	a	guidebook	for	design	and	sustainability	of	SCC	by	
identifying	a	uniform	system	for	SCC	isolation	and	quality	 
control	testing.

UK carbon reduction incentives, housing demand and 
outcomes for carbon emissions | John Piggott | UCL
There	are	interactions	between	the	long-term	social	changes	which	
affect	the	way	in	which	we	use	housing,	and	policies	designed	to	
reduce	household	carbon	emissions.	The	reason	for	undertaking	the	
research	is	a	belief	that	the	policies	in	this	area	do	not	currently	
account	for	social	changes,	such	as	rising	property	prices,	smaller	
family	sizes	and	an	aging	population.

Doctoral	Module	Programme

Automatic energy model feedback | David Polson| UCL
The goal of this research is to facilitate feedback from buildings in 
use.	By	using	an	automatic	server	based	tool,	data	can	be	collected	
from	buildings	in	use	and	processed	as	the	input	to	a	building	energy	
model	to	enable	critical	comparison	with	the	original	predictions.	

Can optimising sensory challenges reduce agitation  
in people with severe dementia? | Pam Turpin | UCL
Older	people	with	dementia	often	experience	a	number	of	changes	in	
visual	abilities	because	of	neurological	impairments	and	ageing	
related	morbidities.	This	research	explores	how	sensory	impairments	
affect	people	and	how	the	sensory	aspects	of	physical	and	social	
environments	can	be	improved	within	a	care	home	setting	to	reduce	
agitation	episodes	in	this	vulnerable	population.

Cohort	2010/11
Food security in cities | Jody Harris | UCL
In	the	future,	more	food	will	be	needed	to	feed	a	growing	global	
population.	This	challenge	must	be	met	in	the	context	of	a	changing	
climate,	scarce	resources,	varying	nutritional	demands	and	an	
urbanising	population.	This	research	will	explore	the	critical	factors	
affecting	urban	food	security,	reviewing	systems	planning,	
interventions	to	improve	food	security	and	resilience	in	cities.	

Assessment of existing tall buildings in high  
seismic regions | Carlos Molina Hutt | UCL and  
Stanford University
Many existing tall buildings were designed following historic 
prescriptive	code	guidelines,	which	are	now	believed	to	be	
inadequate.	This	research	will	assess	these	buildings	through	dynamic	
non-linear	response	time	history	analysis	in	LS-DYNA.	Retrofit	
techniques	will	be	evaluated	to	enhance	seismic	performance	to	be	in	
line	with	present	Performance	Based	Seismic	Design	(PBSD)	
guidelines.

Dysfunctional Leadership Behaviour: patterns,  
predictors and outcomes | Mary-Clare Race | UCL
Many successful leaders reach a certain level in their career only  
to	experience	some	form	of	derailment	or	failure.	This	research	
examines	the	patterns	of	leadership	derailment.	The	research	will	
explore	the	many	predictors	of	this	trend	including	the	degree	to	
which	derailment	is	caused	by	personality	disorder	and/or	
environmental	factors	such	as	a	toxic	workplace	culture.

Smart technology in building structural systems 
Konrad Xuereb | UCL
The	construction	industry	is	experiencing	fast	transformations	
towards	active,	responsive	buildings,	with	the	change	being	driven	 
by	government	policies	and	contractors.	This	research	investigates	
strategic introduction of smart technology in key structural 
components	to	allow	the	occupant/owner	to	attain	real-time	
understanding	of	actions	allowing	their	performance	to	be	monitored.

Cohort	2011/12
Decision support methodology for decarbonisation 
transition and climate change resilience planning of  
key Chinese cities | Bruce Chong | HKU
Through examining current climate variability extremes and 
investigating	projections	of	different	climate	elements,	this	research	
aims	to	analyse	the	relationship	between	the	spatial	configuration	of	
cities	and	their	resilience	to	climate	impacts,	as	well	as	to	develop	a	
methodology	of	analysing	the	relationships	between	various	climate	
impacts	and	urban	economy.	

Unattended Train Operation (UTpO) in modern railways 
Mary Sung | HKUST
Automatic	driverless	operations	mode	is	in	small	scale	use	but	not	
currently	on	the	Metro	Line	in	Hong	Kong.	This	research	will	explore	
the	circulation	control	and	regulation	of	traffic	flow	under	UTO	for	
overall	Operation	Control	Centre	(OCC)	control	system	for	metros	
and	rubber-tyred	automated	people	mover	(APM)	systems	commonly	
used	in	airports.
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