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Foreword

We are delighted to welcome all delegates to the ICE HKA Annual Conference 2015.

The theme of the conference is Thinking out of the box in infrastructure development and retrofitting.
We have selected this theme to showcase the creative solutions involving innovations and new
technology by practitioners and academia in tackling the engineering challenges that we are
confronted with. The papers cover a wide range of topics including breakthroughs in material
science, successful implementation of challenging infrastructure and building projects with major
constraints, new visions in masterplanning, insights in enhancing city resilience against natural
hazards, etc.

The 29 papers included in these proceedings represent a most valuable reference that provides vivid
examples of the achievements made by civil engineers in using their ingenuity to solve practical
problems. All papers have been peer-reviewed. The target of the Organising Committee was to
strive for technical excellence. We believe this goal has been successfully achieved.

We are most honoured to have two eminent keynote speakers, namely Professor Victor Li from the
University of Michigan and Dr Paul Toyne from the London Sustainable Development Commission, to
share their wisdom with us. In addition, we are blessed with a large number of other distinguished
speakers and authors, who are all leaders in their respective fields.

Special thanks are due to Professor Joseph Lee and Dr Andrew Chan who are our session chairmen,
to Tim Warren who is the Chair of Asia Pacific Sub-Committee of ICE International Committee, and
to the Organising Committee and Review Panel respectively for all their hard work behind the scene.

Ken Ho, JP
Chairman, Organising Committee

April 2015
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Reflections on the Conference

Tim Warren
Chair of Asia Pacific Sub-committee of ICE International Committee

1 OVERVIEW

As an overseas attendee to this prestigious conference | was surprised at the breadth and
interconnectedness of the key points. These were extremely topical for me and were two fold — both
technical (which was expected and provided information and insight for life-long learning at an
international level) and, as importantly, on Civil Engineers learning to fulfil a social role in the
development of modern cities. Specifically this second point came out as:

* Taking a more holistic review of the value and drivers of modern liveable cities,

* Raising the role of Civil Engineers professionally - in understanding that the needs of people
are the reason for our work and therefore we have a role in shaping and guiding strategic
policy and vision to satisfy people’s social needs.

Traditionally engineers were thought of as those who provided technical solutions and innovations

to improve construction efficiency and effectiveness. This conference showed us:

* Civil Engineers should again seeksolutions that reach past their projects, to understand the
outcomes that they bring and how those outcomes can be focused on improving people’s
quality of life,

* Modern cities, to be successful, must be sustainable and provide an enhanced quality of life,

* Engineers who both engage in innovation and think about social dynamics will be able to serve
their projects and employers much more effectively - neither of these are easy to achieve.

That, at a high level, Hong Kong clearly understands the changed drivers for a city to be ‘world

class’ was clearly articulated. At a more detailed level the speakers’ themes all touched on the
competing issues and ideas that are the challenges of attaining this goal.

2 THOUGHT PIECE

I was really caught by two addresses - specifically:

Mr C.K. Hon, the Permanent Secretary for Development — in his Opening Address used the quote
that “It is dreams that make change”*. He noted that infrastructure should be developed for people’s
needs — and engineers need to be innovative to overcome significant current challenges (productivity
levels, workforce availability, better H&S performance, constrained expenditure) to achieve these
needs. He also highlighted a set of the Hong Kong Government’s initiatives to help engineers in this
challenge, including the use of BIM, ECI (NEC), improved collaboration and innovative tendering
solutions.

Mr C.S. Wai, the immediate past Permanent Secretary — in his Special Lecture “The Ties that
Bind”— suggested that raising both social interaction and social happiness is our goal as engineers and
technology and the resultant move to a world dominated by mass immediate communication (through
personal smart phones) was impersonalising us and weakening the ties between people. He concluded

viii



ICE HKA Annual Conference 2015
Thinking out of the box in infrastructure development and retrofitting

that Civil Engineers should work to bring people back together and cities such as Hong Kong need to
be both high density and of high quality to be successful — and that this requires sustainability to be
high on an engineer’s agenda. He also noted the Hong Kong Association’s connection with the ICE’s
Shaping the World initiative as a catalyst for improvement*2

The theme of ‘thinking out of the box’ was often mentioned — and for me the conference’s best
‘thinking out of the box’ ideas are encapsulated by these two themes, alongside some really world
class technical innovations.

3 SPECIFICS

All the presentations brought ideas and explored issues around innovation in developing and
retrofitting — below are a few personal thoughts and comments on points that caught my attention:

Prof Victor Li’s Keynote Address looked at the application of innovative material solutions in

the context sustainability and modern cities. It highlighted his success in connecting research

to the market place — true innovation. This covered very clever material solutions for, amongst
other things, bendable concrete (the earthquake resistant properties (plastic hinge) of this alone
have applications for New Zealand and right around the Pacific).

Dr Gary Chou’s views from the supply side in using technical innovation to meet human needs

(and those of race horses) was very incisive and well presented.

Eng. Leung on working beyond the Euro Codes for seismic bridge loading on a world class

project was excellent. His timely comments on the difficulty/constraints in getting innovative

ideas accepted into the procurement and approval process sat very well with the audience as
well.

Dr Paul Toyne’s Keynote Address explained the nine megatrends that are putting pressure on a

city’s quality of life. He then clearly articulated the need for cities to manage these and their

own issues. He noted the best are moving from measuring resilience to thinking about

‘betterment’ and future proofing. He also noted the importance of sustainability, not only

globally, but as a tool to directly improve city living and therefore the quality (and its world

ranking) of that city — he was also able to illustrate this through examples from local contractor

Gammon.

Three presentations in the afternoon looked at a set of Hong Kong based practical examples —

in covering both the benefits and challenges these were very useful. Specifically

o The Hong Kong HA, as the world’s largest property organisation, showcased ideas that
other countries should adopt — such as planning for a 100 year operational life,
understanding that, when introducing innovation, an engineer’s skill set should include
the ability to manage stakeholders and regulators and the use of a five step ‘virtuous
circle’ for introducing innovation (including through the procurement process and in
measuring effectiveness — both are often forgotten in other jurisdictions).

o  The smart grid presentation (with all the risks and drivers) was very well delivered, with a
detailed analysis of the practical and commercial implications/risks of district heating
systems— | found this discussion very pertinent to other cities — in Auckland distributed
networks have been discussed and, like other cities, we know change is coming but how
this will manifest itself is not clear. Therefore the insights given were very useful.

o  Phyllis Li’s Special Address - although talking about Hong Kong specific transportation
issues - touched on the important social issues of isolation in communities and the
impacts of long commutes prevalent in many expanding cities. She provided an
explanation of the concept of Smart Growth and, in acknowledging that land constraints
and rising employment numbers will not go away, showed that innovative planning (both
social and engineering) are needed to lift the quality of life.
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4 CONCLUSION

These well attended and world class presentations covered diverse but linked themes and provided a
set of real learnings for the attendees, whilst challenging some of our normal thinking both technically
and socially. The organisation and facilities were quietly efficient and my congratulations go to Mr
Ken Ho and his organising committee for a job well done.

Coming from Auckland in New Zealand — itself being a city that both has an aspiration to grow by
being recognised as “the most liveable city’ in the world in a country and that sits on the Asia
Pacific’s ‘ring of fire’ - it was refreshing and very interesting to compare and contrast the issues and
innovation being applied in Hong Kong. We live in a global market and our peer groups and
comparator cities stretch right across the region — and there was plenty for me to take back to discuss
with officials and engineers in both NZ and Australia.

Looking forward from this successful conference, the ICE’s Shaping the World initiative is a
logical next place for attendees and interested parties to go to continue their life-long learning around
these themes*2

Notes:

“! Martin Luther King Jr.

“2 ICE’s Shaping the World funding has enabled the HKA to work with the Chinese University of
Hong Kong’s Institute of Future Cities to undertake a study looking at the long term infrastructure
development needs to 2030. This Study will be published as a Report before the end of 2015.



Shaping The World

LEARNING AND EXHIBITION CENTRE

OVERVIEW
e The world’s first state-of-the-art, interactive learning and exhibition space devoted to the
broad disciplines of civil engineering
e Situated at the ICE headquarters in Westminster to open in October 2016 with an exhibition
on transport and communications
e Patron: HRH the Princess Royal to host business receptions and events

1

TARGET AUDIENCE
¢ Government, industry, clients, supply chain, secondary/primary schools, civil engineering
students, practising engineers, public and parents

OBJECTIVE
e Raise the profile of the built environment/impact of infrastructure for social good
An platform to debate key issues and innovative solutions to global infrastructure challenges -
urbanisation, climate change, energy shortages, demographic changes
e Support ICE thought leadership on industry themes — innovation, transformation
e Promote STEM activities to inspire the next generation to consider a career in the industry

and prime the talent pipeline to address the lack of engineers

PROJECT OVERVIEW

The interactive space will bring engineering to life, supporting inspiration and skills development. The
Centre will be designed to engage young people and will include areas such as exhibition spaces, 3D
simulators and models. The design visuals above show a flexible space that will accommodate
industry displays, case studies, simulated learning technology and corporate entertaining.

Technology Hardware: Display equipment, interactive boards, computers, 3D printers

Software: BIM and design software, virtual learning environment, 3D simulation,
gaming, e-learning, digitisation of material

Training Aids Interactive models, materials, stationery, 3D printer consumables, games,
specialist furniture

Exhibitions Models, archival material, display materials

Engagement Staff involvement to educate and inform exhibition and learning attendees

SUPPORTING DATA
e There will be over 2.5m engineering job opportunities worldwide between now and 2022.
¢ An increasing, urbanising population, more frequent extreme weather and rapid digitalisation
requires a broader mix of skills to meet the growing demands for infrastructure projects
e Civil engineering and the value of infrastructure have a low public profile.

Contact: Jeanette Grose, Head of Development Shaping the World jeanette.grose@ice.org.uk.
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Keynote Address

Re-engineering concrete for resilient and sustainable
Infrastructure

Victor C. Li
University of Michigan, USA

Keywords:

ABSTRACT: This paper considers the requirements of construction materials to support civil
infrastructure resiliency and sustainability. Relevant properties of a re-engineered ductile
concrete, named Engineered Cementitious Composite (ECC), are reviewed under this
framework. Based on a growing body of experimental data, it is suggested that the tensile and
compressive ductility, the damage tolerance and tight crack width characteristics, and the self-
healing functionality of ECC provides the foundation of a materials technological platform
that contributes to structural durability and resiliency. The technology is undergoing a
transition from laboratory studies to full-scale field applications. The state-of-the art of ECC
technology is illustrated with highlights of an application in bridge deck retrofit aimed at
enhancing infrastructure sustainability, and an application in a new building design aimed at
enhancing building resiliency under earthquake loading.

1 INTRODUCTION

Civil infrastructures are products. Like all other products, the need for their design for sustainability
is increasingly recognized. Unlike most other products however, civil infrastructures, such as building
and transportation systems, and water and energy systems, are typically large in size and are supposed
to last as much as a hundred years or more. They are often seen as public monuments. Their large
size implies large material flow, and their long lasting nature implies a long life cycle, during which
multiple repair events may be needed. Both features carry serious implications on sustainability in
terms of material production, construction and reconstruction, reduced operation/occupation (down-
time for maintenance) and associated economic and environmental costs. Suitable civil infrastructure
design can have large and lasting impacts on the quality of life of citizens in developing and
developed countries.

Civil infrastructures are often public assets. We depend on them to sustain our everyday activities.
The importance of their resiliency to extreme loads whether natural or manmade, is well known. A
lack of resiliency goes beyond the concern for public safety, but could lead to severe interruption of
daily life and business that can have significant economic impacts, especially in dense urban
communities.

It is perhaps obvious that civil infrastructures should be designed to be both sustainable and
resilient, while being economical (part of being sustainable). In a recent article by Peng et al. (2012),
it is argued that true sustainability should embody resiliency. While few will argue against this
philosophy of integrated sustainability and resiliency, the question is how to achieve this in practice.
This is a subject of active research.
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For concrete infrastructure, there is intrinsic challenge due to the brittle characteristic of concrete
material. Despite the common practice of steel reinforcement, severe damage or even collapse of
infrastructure continues to occur in major seismic events, requiring expensive and lengthy periods of
recovery, not to mention the loss of life. Under normal service loads, the problem of cracking
continues to afflict both new and old structures, leading to poor durability and repeated repair
requirements. These considerations suggest that we are far from the ideal of being able to build civil
infrastructures that are both resilient and sustainable, despite a significant amount of research on
structural safety design and on high performance concrete materials.

Much of the research that has gone into concrete materials over the last two decades have focused
on either making concrete stronger (typically meaning higher compressive strength) or making
concrete greener (typically using recycled ingredients and/or reducing the cement content). It is
generally recognized that concrete with higher compressive strength actually becomes more brittle,
and that greener concrete is not equivalent to more durable concrete. The challenge of creating
damage tolerant concrete that supports infrastructure resiliency and sustainability remains.

This paper overviews the material characteristics required to support sustainability and resiliency
of civil infrastructure systems. It is suggested that a newly developed ductile concrete named
Engineered Cementitious Composites (ECC) provides a viable platform to meet this ambitious goal.
Recent field applications of this material are used to illustrate how specific features of ECC are
utilized to realize the infrastructure design goals of simultaneous resiliency and sustainability.

2 REQUIREMENTS FOR MATERIAL CHARACTERISTICS TO SUPPORT
INFRASTRUCTURE SUSTAINABILITY AND RESILIENCY

The global construction and reconstruction of concrete infrastructures result in enormous flows of
materials between natural and human systems. To support the sustainability of infrastructure, it is
necessary for concrete material to be green with low embodied energy and carbon emissions in its
production process. While this is a necessary condition, it is not sufficient. A green concrete that
requires repeated repairs in the resulting infrastructure not only leads to increased volume of material
used in the whole life cycle, but also negatively affects the use pattern of the infrastructure. For
example, based on a detailed life cycle model, Keoleian et al. (2005) found that the use phase
dominates over other phases of the life-cycle of a bridge deck; repair events and associated traffic
impacts lead to primary energy consumption and equivalent carbon dioxide emission that overwhelms
all other phases (material production for the initial construction, construction, transport and end of life
demolition). This study highlights the important contributions of concrete infrastructure durability to
sustainability indicators. For truly sustainable infrastructure design, an ideal concrete material should
be both green in production and durable in use.

While a number of definitions on infrastructure resiliency have been offered, perhaps the concepts
advanced by Bruneau et al. (2003) is most helpful for the present discussion. They stated that three
characteristics must be met for an infrastructure to be resilient:

a) Reduced failure probability

b) Reduced consequences from failure

¢) Reduced time (and cost) to recovery

Figure 1 (adapted from Bruneau et al., 2003) illustrates how the quality of an infrastructure
degrades to 50% due to a major loading event at to, and gradually recovers to full functionality at time
t;. The green dashed line represents the quality profile of a more resilient infrastructure that degrades
less by the same loading event, and recovers to 100% functionality at a time period below that of (t; -

to).
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Figure 1 A resilient infrastructure degrades less and recovers faster after a major loading event
(adapted from Bruneau et al., 2003)

From a concrete material standpoint, high material tensile ductility can be utilized to design
structures with reduced structural failure probability (see e.g. Gencturk, 2013). This is particularly
true as most concrete structural collapses result from brittle fracture rather then concrete compressive
crushing. Further, material damage tolerance can directly contribute to reducing the consequences of
failure (Gencturk, 2013, Fukuyama et al., 2000 and Billington and Yoon, 2004); controlled damage
may lower the material and structural stiffness but retain load carrying capacity. Finally, if concrete
crack width can be controlled so that they experience self-repair without external intervention, the
recovery period will be shortened and repair cost will be reduced. A concrete that is ductile, damage
tolerant and possesses the ability to undergo self-healing will contribute to enhancing infrastructure
resiliency.

To summarize, the requirements for a structural material to support civil infrastructure
sustainability and resiliency are:

a) The material should be green

b) The material should possess tensile and compressive ductility in addition to strength

c) The material should exhibit damage tolerance when overloaded

d) The material should be durable and should limit crack width in support of structural durability

e) The material should self-repair when damaged

These requirements are difficult to meet, especially in a single material. The integration of these
requirements, however, should be the goal of design for the next generation concrete. Implicit in the
above, especially recognizing the large volume usage of concrete material in infrastructures is that
these requirements need to be met with cost effectiveness in mind, in order for such a material to be
meaningful in an industrial context. The pursuit of a single objective, for example, green or high
strength, would not be adequate for future civil infrastructure systems demanding sustainability and
resiliency.

3 ANEW CONCRETE FOR INFRASTRUCTURE SUSTAINABILITY AND RESILIENCY

A plausible technology platform to support infrastructure sustainability and resiliency is Engineered
Cementitious Composite (ECC) (Li et al., 2001). The most important characteristic of ECC is its
ability to strain-harden when deformed beyond the elastic limit under tensile or compressive loading.
Under compression, the strain capacity is about twice that of normal concrete. Under tension, ECC
exhibits over 3% strain, or more than 300 times the strain capacity of normal concrete.

A typical stress-strain curve of an ECC in tension is shown Figure 2. The elastic limit (EL), first
cracking (of) strength, and ultimate limit UL at tensile strength oy and strain capacity &y are
identified on this curve. Between the elastic and ultimate limits, multiple microcracking occurs, and
gives rise to inelastic straining with increasing tensile stress. For this reason, the material is also
known as Strain-Hardening Cementitious Composite (SHCC) (van Zijl et al., 2010). This strain-
hardening branch on the stress-strain curve is typically absent in concrete materials, but is responsible
for the unique tensile ductility and damage tolerance of ECC materials.
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The development of crack pattern of an ECC (Lepech and Li, 2006) is unique among concrete
materials. Instead of a single fracture leading to failure, distributed microcracking of tight cracks is
associated with increasing load (Figure 3).
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Figure 2 ECC shows (a) high tensile ductility with over 3% strain capacity, and (b) multiple saturated multiple cracking
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Figure 3 Development of crack pattern in ECC (Lepech and Li, 2006): Increasing number of cracks with limited crack
width under increasing imposed tensile load. The five stages (a-e) of damage pattern correspond approximately to the
loading stages indicated in Figure 2

The damage tolerance of ECC can be demonstrated by the response to uniaxial tensile loading of a
double edge notched specimen. Figure 4 (Li, 2009) shows the distributed inelastic deformation away
from the notched plane, a behavior distinctly absent for notch sensitive material such as normal
concrete or ordinary fiber reinforced concrete.

Double edge specimens with different notch depths have been tested (Li, 2009). The tensile
strengths of these specimens were found to remain essentially constant regardless of the notch depth.

The underlying principle of ECC design (Li, 2003, Yang and Li, 2010 and Li, 1997) is controlled
load transfer between fiber and matrix, in such a manner that cracks emanating from initial defects in
the composite matrix are bridged by fibers regardless of the length of the crack, and that tensile
loading on fiber bridges are limited to below the bridging capacity. These requirements are embodied
in a set of micromechanical tools that can be used to tailor fiber, matrix and fiber/matrix interface to
attain the high tensile ductility (Li, 2012).
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The same set of micromechanics tools can be utilized to control the width of the microcracks (Li,
2012). In ECC, microcracks are typically constrained to less than a hundred micron; in some cases as
low as 20 microns depending on the fiber type, surface coating and interface tailoring.

Figure 4 ECC shows high damage tolerance (Li, 2009) by diffusing inelastic deformation and delaying localization of
fracture. The brittle fracture mode of failure is fully suppressed
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