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Introduction
From 1988 to 2005 a total of 35 stadia and 
117 football league grandstands were built 
in the UK heralding a new generation of 
stadia. The fact that modern stadia continue 
to shortlist and win national and international 
design prizes means they are significant 
building forms which push the boundaries 
and advances in architectural and engineering 
design. For this recognition to continue 
designers are required to innovate, improve 
and develop new methods, processes and 
associated technologies. Therefore, research 
and development (R&D) is a mandatory 
requirement in achieving this goal. The authors 
have been involved in the design of 12 national 
and international stadia of varying scale and 
complexity, nine of which are currently on-site 
or have completed. The scope and inspiration 
that these projects provide for R&D is vast 
however with limited resource and funding 
there have been four main focuses of R&D 
over the last ten years which are highlighted 
below and will be discussed in this paper:

Crowd Induced Vibration of Grandstand 
Structures
So far this research programme has produced 
two doctoral theses in collaboration with the 

Universities of Manchester and Sheffield to 
look at vibration of grandstand structures 
subject to rhythmic dynamic crowd loading. 
The projects were undertaken to develop and 
validate a new crowd model/methodology 
for use in the design and assessment of 
grandstand structures to replace previous 
methods which were often considered to be 
overly conservative and unusable in design. 
The principal drive for the research is to 
improve safety of spectators and quality of 
experience while producing more structurally 
efficient and architecturally pleasing designs.

Lightweight Cable Supported Structures 
subjected to Blast Fragmentation
At this time this research programme, 
involving a single doctoral thesis, is currently 
being undertaken in collaboration with the 
University of Liverpool to investigate the 
robustness and resilience of structural cables 
when subjected to explosively generated 
fragment impact from a detonation close 
to the cables. This project was undertaken 
in response to the lack of knowledge and 
understanding in this area coupled with the 
threat of a terrorist attack on a stadium. 
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Structural and Geometrical Optimisation
Following directly from the work 
implemented on one of our stadia a research 
programme was undertaken at the Center of 
Integrated Facility Engineering (CIFE) at 
Stanford University to improve methods of 
geometrical and structural optimisation for 
large scale problems commonly encountered 
in the construction industry.  Several real case 
studies from Arup have been used to prove 
the usefulness and applicability of the tools.

Design Management
At this time the research programme, 
involving a single doctoral thesis, is currently 
being undertaken in collaboration with the 
University of Manchester to investigate 
and improve the accuracy of design change 
impact assessments during increasingly 
complex projects.

Methodology
All research projects were approached 
differently based on the objectives of each 
study, available resources and project 
funding. 

1. The two doctoral studies concerning 
crowd induced vibration involved:

 A. The development of a human-
structure dynamic interaction model 
/ methodology for a crowd of people 
bobbing on a flexible grandstand 
structure. This involved experimental 
work with individual subjects bobbing on 
a purpose built instrumented test rig (Fig. 
1 University of Manchester Test Rig) 
and the development of mathematical 
models to simulate and recreate the 
observed results. The model was created 
in collaboration with the IStructE Joint 
Working Group on crowd induced 
grandstand vibration and The University 
of Surrey.

 and
 B. The validation, verification and 

development of the above model using 
monitored vibration data from actual 
stadium events at a number of different 
UK venues. In particular, this work 

Fig 1  University of Manchester Test Rig

Fig 2  City of Manchester Stadium

Fig 3  Cable damage – 1328 m/s fragment velocity
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Fig 4   Estimation of reduced cable breaking loads plotted 
 against impact energy for a 60mm diameter  
 spiral-strand cable

Fig 5  3D Virtual model of the roof structure (TOP). Finite element analysis model and sample member  
 grouping with associated section types (BOTTOM)

focused on the City of Manchester 
Stadium (Fig. 2 City of Manchester 
Stadium), an Arup designed structure, for 
which a highly detailed FE updated model 
was created in order to trial the prediction 
methodology. Predicted results were 
compared to measured data for a series of 
sporting and concert events. Additional 
laboratory testing was also undertaken to 
better understand and develop the human 
body models used further. 

2. The study concerning the robustness of 
structural cables to high velocity fragment 
impact involved the development of 
complex 3D FEA models of the individual 
cables and the overall cable supported 
structure using the LS-DYNA explicit 
FE solver. The numerical models were 
used to simulate the response and damage 
sustained by the cables when impacted 
by free-flying blast fragmentation from 
a vehicle borne improvised explosive 
device (VBIED). The numerical models 
were then validated against experimental 
tests carried out at Shrivenham Defence 
Academy (Fig. 3 Cable damage - 1328 
m/s Fragment Velocity).

3. The study concerning structural and 
geometrical optimisation involved the 
development of an optimisation tool 
which works with GSA to parametrically 
automate the generation of structural 
topology, associated element selection, 
load application and member sizing. The 
optimisation tool was piloted on two 
industry based case studies which were 
the concept design of the Stockholm 
Arena and the detailed design of currently 
confidential project in UAE.

4. The doctoral study concerning design 
management has involved developing 
the concept, validating, producing, and 
verifying a VB.net software support tool.  
The concept was heavily influenced by 
existing design management literature 
and incorporates lessons learnt from 
other industries.  Project Managers within 
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Arup have been interviewed in order 
to validate, and improve functionality.  
Project managers are now testing the tool 
on current Arup projects. 

Results and discussion
For the crowd induced vibration research, the 
model was developed and published as part 
of the 2008 UK IStructE guidance document 
‘Dynamic performance requirements for 
permanent grandstands subject to crowd 
action’ and has since been used on a number 
of projects within Arup (Cardiff City 
Stadium, Singapore Sports Hub and currently 
confidential projects in the UAE and Saudi 
Arabia) and external to Arup. The City of 
Manchester validation exercise showed 
that the model gave encouraging agreement 
to measured results and in comparison to 
other methodologies, available globally, was 
considered to offer the best combination 
of accuracy and robustness in terms of 
sensitivity to input parameters. The model is 
the most developed yet in terms of modelling 
the problem from first principles but would 
still benefit from additional focused research 
in a number of areas to improve the model 
further. Probably the most pressing would 
be the creation of a human jumping model, 
where applied forces are larger, to recreate 
the behaviours now commonly exhibited by 
football fans in continental Europe. 

In relation to the research concerning the 
robustness of structural cables, both the 
tests and numerical simulations show good 
agreement in terms of the localised damage 
area, fragment penetration depth and 
individual wire failure. The results were then 
used to estimate the reduced breaking loads of 
the cables as a result of the damage sustained 
on impact. It was found that the breaking 
load post impact was still higher than the 
design resistance of the damage cables which 
demonstrates considerable robustness to such 
highly transient loading conditions (Fig. 4 
Estimation of reduced cable breaking loads 
plotted against impact energy).

Regarding optimisation several case studies 
were investigated between Arup and CIFE 
during the course of the research including 
Topological Optimisation of the supporting 
arches for Stockholm roof, Member Sizing 
for a small scale steel building (Wigan 
BGC) and a 65,000 sport stadium in UAE.  
The largest study (stadium roof) involved 
sizing the structure’s 1955 members given 
a fixed topology and shape. The objective 
of the member sizing process was to 
minimize the total weight of the structure 
while satisfying structural performance 
criteria for strength and deflection. Prior 
to automating the optimisation process 
traditional methods had involve 39 design 
cycles totalling approximately 156 man 
hours.  The automated optimisation process 
was able to carry out 340 iterations in 32.5 
hours resulting in a saving on 1146t (~19% or 
~$5million) per roof saving in steel tonnage 
(Fig. 5 3D Virtual Model of the roof structure 
(TOP); Finite element analysis model and 
sample member grouping with associated 
section types (BOTTOM)). The Wigan BGC 
study was undertaken to prove that a similar 
percentage saving could be achieved on 
smaller projects.

With regard to design management, current 
practice, within Arup, and supporting existing 
literature, has shown that change order 
assessments are based on intuition. Although 
practitioner experience and intuition is 
invaluable in determining the impact of a 
design change, this research is founded on the 
belief that a more structured process to better 
inform practitioners’ existing knowledge, 
is necessary to improve the quality and 
accuracy of these impact assessments. The 
Project Change Evaluation Support Software 
(ProCESS) has been developed for use by 
PMs to enable them to make better informed 
impact assessments of design changes. This 
is achieved through using Design Structure 
Matrices (DSMs) and databases to provide: 
(a) process maps to visualise rework (b) 
instant access to previous similar impact 
assessments and (c) a more standardised 
method for knowledge sharing.
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Conclusion and next steps
The crowd induced vibration research has led 
to the most developed and robust prediction 
methodology for analysis of crowd induced 
vibration which is useable in design. It can 
lead to significant cost savings in grandstand 
structures and is now used widely both within 
Arup and externally. The current Arup focus 
is on making the methodology more readily 
useable to employees within Arup and Arup 
Design and Technical Fund investment has 
been used to develop a spreadsheet for this 
purpose. It is envisaged that this will be 
incorporated into Oasys GSA in the future 
making this the only piece of commercially 
available piece of software which has this 
feature. Further development of crowd 
models, through collaborative research, 
would also be of benefit, in particular, the 
development of a human jumping model.

The research conducted on the cables 
represents a first step in gaining a clear 
understanding of how structural cables 
respond to high velocity explosively 
generated fragment impact. Significant 
promise is shown from the results obtained 
and as such will be used to improve 
confidence both in robustness and resilience 
of cable supported structures and thereby 
increase the use of these structural forms 
when design for physical security is a key 
requirement. Further work is ongoing to 
better understand the effects of dynamic cable 
loss on the overall structure in the event of  
a blast.

The results of the research into geometrical 
and structural optimisation demonstrates that 
there is no doubt that this new technology 
will become common place in industry 
over the next decade and help designers 
achieve more architecturally pleasing and 
economically viable structural forms.  

The design change management research 
has provided a greater appreciation of 
the complexity and interactions within a 
multidisciplinary design process. These 
interactions make the impact of design 
changes increasingly difficult to predict.   
A software support tool has been produced to 
aid in making better informed design change 
impact assessments and is recommended 
for future use alongside the existing Arup 
combined management system (CMS).  

This paper has provided specific examples 
how sports stadia design within Arup has 
been a catalyst for university collaboration 
and doctoral research. By having this series 
of related research projects, learning from 
one project can be built upon. The research 
outcomes have reduced costs for both Arup 
and clients, contributed to existing knowledge 
and increased Arup’s standing as experts in 
the market.  The research programmes that 
have been undertaken so far by no means 
exhaust the potential for both more study in 
the topic areas and other equally stimulating 
topics of research.  Stadia remain an ideal 
vehicle for applied R&D and innovation in 
the construction industry.
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Note: 
This paper looks at a series of research projects on that 
building + implemented existing knowledge. 
It also contains the doctoral research carried out by Rob 
Harrison (The University of Manchester) now of Arup 
AT+R, Chris Jones (University of Sheffield) and Forest 
Flager (CIFE, Stanford University) 

Helen and Ryan are current doctoral students and Arup 
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