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About Construction Industry Council

The Construction Industry Council (CIC) was formed on 1 February 2007. CIC consists of a chairman
and 24 members representing various sectors of the industry including employers, professionals, academics,

contractors, workers, independent persons and Government officials.

The main functions of CIC are to forge consensus on long-term strategic issues, convey the industry’s needs
and aspirations to the Government, as well as provide a communication channel for the Government to solicit
advice on all construction-related matters. In order to propagate improvements across the entire industry,
CIC is empowered to formulate codes of conduct, administer registration and rating schemes, steer forward
research and manpower development, facilitate adoption of construction standards, promote good practices
and compile performance indicators.

CIC has set up Committees to pursue initiatives that will be conducive to the long-term development of the

construction industry. Further information is available on www.hkcic.org.

VISION
To drive for unity and excellence of the construction industry of Hong Kong.

MISSION

To strengthen the sustainability of the construction industry in Hong Kong by providing a communications

platform, striving for continuous improvement, increasing awareness of health and safety, as well as improving

skills development.
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EXECUTIVE DIRECTOR's
MESSAGE

Welcome to the second issue of the Construction Industry Council (CIC)’s research journal Innovation in Construction iCON).
Not only does it set out to be the research journal of the CIC’s funded projects, but it also serves as the channel of communication
between industry practitioners and researchers in the wider construction industry community. We look forward to hearing from both
sides upon the publication of these innovative ideas and exciting findings. With emerging technologies and practices generated from
this platform, we believe that Hong Kong’s construction industry can be transformed into an even more competitive one.

Innovation is a key element in gaining the competitive edge. For this reason, encouraging the development and use of innovative
technologies in the construction industry is one of the core functions of the CIC. In November 2014, we organised the biannual
CIC Conference on the theme of “Construction Innovation and Safety Enhancement for the Betterment of Our Society”, in which
the lively discussions and exchanges are a testament to Hong Kong’s growing appreciation of innovations and research applications.
While industry players have warmed up to the increasing use of new technologies, there remains a series of challenges to wider
adoption of innovations in the industry.

We cannot afford to grow complacent with our old ways and be left behind in this rapidly evolving World. Working with our steadfast
industry and research partners, the CIC is optimistic about the prospect of correctly identifying and solving the remaining issues.

Hong Kong takes pride in becoming a regional and global leader in competitiveness. While Hong Kong’s workers, with construction
workers included, have always been well-known for working harder and faster than everyone else, in today’s world, we also need to
work smarter in order to spur productivity growth. Working smarter requires creative thinking, a strong investment in research and
development, and a vibrant ecosystem in which new ideas are continually exchanged and tested.

To this end, the publication of iCON will become an important building block of this culture of innovation through research and
development involving all stakeholders: government, academia, and industry. Every new issue of iCON is a step further towards this
collaborative goal. We thank all of you who have taken this step together.

Ir Dr. TO Wing, Christopher
Executive Director
Construction Industry Council
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I EDITORIAL

On behalf of the Task Force on Research of CIC, I am delighted to introduce you this latest issue of “Innovation in
Construction” ((CON), which disseminates the most updated and inspiring research findings generated from the CIC
Research Fund. With a focus on construction technology, ZCON 2 brings us the R&D concepts and progress in terms of
innovative technologies in enhancing industry performance as well as optimising design and construction methods and
efficiency.

The exclusive interview in this issue features Prof. Miroslaw J. SKIBNIEWSKI from the University of Maryland in the
United States, a well-known professor and expert in construction automation and robotisation. Prof. SKIBNIEWSKI
shares his views and insights on the automation development and translating innovative ideas into construction reality,
particularly in the Hong Kong industry.

Running for two and a half years, some of the funded research projects has come to the harvest time for disseminating
their research outcomes. The feature story of /CON 2 highlights the fruitful achievements of the recently completed
project conducted by Prof. K.F. CHUNGs team. With the imminent adoption of the Structural Eurocodes in Hong
Kong, Prof. CHUNG firstly provides an overview on the use of the Structural Eurocodes. Various opportunities in steel
construction offered by steel materials and structural steelwork equivalent to those manufactured in accordance with
Huropean specifications are also manifested.

Apart from the completed project, interest findings of five on-going projects are covered in this issue. As part of
his research in retrofitting reinforced concrete (RC) columns in Hong Kong to address seismic issues, Dr. WU Yufei
introduces a more rational and accurate plastic hinge model for external jacketing with fiber reinforced polymer (FRP).
Dr. PL. NG and his research team share with us their brilliant concept of producing ultra-ductile waterproofing rendering
from recycled plastic bottles. Dr. Ray SU is developing a convenient simplified model to assess the seismic performance
of low-rise RC frames and high-rise RC wall buildings with or without transfer structures. Dr. Daniel CHAN’s research
attempts to develop statistical construction time prediction models for high-rise private building projects in Hong Kong
and investigate the construction time performance (CTP). In this Journal his desktop taxonomic review is presented to
examine the previously developed models and the current state of construction duration modelling methods. Last but
not least, Ms. MAING MinJung, based on a preliminary study a typical building envelope type of a housing complex,
reveals the impact of building envelope configurations on urban outdoor thermal environment between building towers.

It is exciting to see so many great ideas and remarkable research findings being unveiled to the industry through /CON
2. 1 must express my sincere appreciation to all the researchers and authors who have made significant contribution and
input to this Journal. Hope you will find the content of this issue informative and inspirational. We always welcome your
feedback on /CON, the CIC funded research projects, and more importantly, inspiring innovations for the benefit of our
industry development.

Jmmy TSE, MiH
Chief Editor

Chairman, Task Force on Research
Construction Industry Council

Construction Industry Council
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CicC
Research Funding Programme

The Construction Industry Council (CIC) was formed on 1 February 2007 in accordance with
the Construction Industry Council Ordinance (Cap. 587). CIC encourages research projects
that are directly related to the needs of the industry. Under the Ordinance, one of the main
functions of CIC is to encourage research activities and the use of innovative techniques and,
to establish or promote the establishment of standards for the construction industry.

CIC from time-to-time initiates research projects to meet the industry needs. These research
projects initiated by CIC may contribute to policy formulation or technology advancement,
preparation of references for promotion of good practices and improvement measures,
collection and analysis of necessary information for comparative study on industry practices,
collection of international practices on certain areas of construction works to facilitate reviewing
industry-wide issues with a view to deriving local strategies, etc.

CIC also supports research projects initiated by Research Institutes which aim to benefit the
local construction industry through practical application of the research outcomes. Invitations
to Research Institutes for research proposals will be sent out twice each year, in March and
September respectively. The research projects with high potential to obtain CIC’s fund should
have practical values or benefits to the Hong Kong construction industry at large e.g. collaborative
research between universities and the industry pertaining to industry development. The cost-
effectiveness and project implementation of the proposal will also be considered.

Inovation I Construction
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Feature Story

Construction Innovation For

the Betterment of
Our Industry




Exclusive Interview with an Industry Visionary -

Prof. Miroslaw J. Skibniewski

Department of Civil & Environmental Engineering
A. James Clark School of Engineering

Upniversity of Maryland

Prof. Miroslaw J. Skibniewski is a Professor
of Construction Engineering and Project
Management at the University of Maryland in
College Park, USA. He is the Editor-in-Chief
of Automation in Construction, a well-known

research
and breakthrough

international journal publishing

innovative studies on

information technologies, automation and

robotisation in the construction industry. As an
expert specialising in construction automation
extensive research

with and  practical

experience, Prof. Skibniewski was invited to
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deliver a speech at the CIC Conference 2014 on

28 November 2014, sharing with us the Advances
in Construction Automation and Robotics.
During his short stay in Hong Kong, we seized
this valuable opportunity to have an exclusive
interview with Prof. Skibniewski seeking
his views and insights on the automation
development as well as the implementation of
innovations in the construction industry, in

particular the Hong Kong industry.

Every innovative idea needs the
right ingredients to flourish.

DEVELOPMENT BUREAU
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Innovative Technologies Available in
Construction

Hong Kong faces a shortage of skilled workers in the
construction sector, with projects in Macau drawing
workers away. In the meantime, ageing workforce and
the escalating construction volume may further widen
the gap between supply and demand of construction
manpower. The construction industry has taken a wide
range of initiatives to relieve the situation, one of which
is the promotion, development and application of new
technologies to undertake or assist human’s works in

various construction processes.

Being the Editor-in-Chief of Automation in Construction
for years, Prof. Skibniewski has witnessed the generation,
study and application of plenty creative ideas in the
construction industry. “In 1920, the word ‘Robot’ was
firstly coined by writer, Karel éapek. In Czech, ‘Robota’
means ‘heavy, dirty work’. ‘Robot’ is therefore a machine
that was supposed to perform ‘Robota’,)” Prof. Skibniewski
shared with us the origin of Robot. He pointed out that
the construction industry had been showing enormous
creativity by adopting various types of construction
machinery to enhance productivity and to deal with heavy,
dirty, and dangerous works such as excavation and lifting
of heavy objects.

Prot. Miroslaw J
SKIBNIEWSKI

Miroslaw
PLOGBNIEWSK!

However, manual control is still required to different extent
in order to reduce the risk of casualties as well as to handle
changing conditions in a construction site. Construction
Automation only emerged fully in the 1980s when
Robotics and Automation in Construction (RAC) became
one of the most important research areas in the field of
service robotics. Automated machines and robots for
construction have been developed and currently there are
already several types of robotics being applied for various
construction activities, such as the concrete finishing,
steel frame welding, pavement laying, demolition, etc. In
recent years, R&D in RAC area has shifted the focus from
machinery to information technologies, including on-site
sensory data acquisition and processing, human operators'
tield safety and security, RFID chip-based process control
and monitoring, automated inventory and shop-keeping,.

Right Ingredients for Successful Innovations in
Construction

Prof. Skibniewski pointed out that Robotics and
Automation is a highly developed technology but its use
in construction is rather limited as compared to other
manufacturing industries due to various reasons. “Every
innovative idea needs the right ingredients to flourish,”
he explained. “At the first place, the technology should be
uset-friendly and the workforce have to be well-trained
to make the most of the technology. We will also need
the right working environment and the ability to acquire
and process data to produce necessary information for
the construction tasks.” More importantly, the industry
should not overlook the technology’s integration with
both the upstream and downstream construction
processes. He suspected that the construction industry
had not yet equipped itself with enough and right
ingredients for many of the automation and robotic
techniques. Consequently, the available techniques could
not be widely applied, nor could the adopted techniques
be fully and economically utilised in the construction

sector.

| The importance of having all the right ingredients can
- be shown in the example of the Chirp-Spread-Spectrum
' (CSS)-based real-time location technology, which has

been studied and pilot tested in some local construction
projects. The system is designed for multiple purposes
including efficient project management, real-time site
hazard detection and safety monitoring, and so on. On
one hand, many benefits have been demonstrated in

Large infrastructure or series of

building projects are apparently
the ideal target for automation.




Applying one core technology, a family of construction tasks can be accomplished.

site trials, such as fast tracking of equipment, materials,
vehicles and individuals working in or visiting the
construction site, generation of warning signals to avoid
accidents, etc. On the other hand, some limitations
have also been revealed. One problem is the workers’
strong reluctance to carry a tracking device. Besides, the
complex working environment of construction site also
affects the CSS signal propagation due to obstacles on
site.

Today, the majority of our effortinimplementing robotics
and automation in construction should not only be paid
on designing technologies but also re-engineering the
project site and restructuring the work tasks to meet the
capabilities of the technology. Otherwise the technology
would simply be a demonstration if the site itself is
not even ready for it. Prof. Skibniewski supplemented
that such redesigning might require new design or
construction methods. He further elaborated with an
example regarding how the project site or construction
process should be redesigned. “Currently we mainly
rely on scaffolders to carry out surface applications for
buildings. However if a machine can climb by itself like
a spider i.e. the 'spidet' technology and conduct relevant
works, manpower can be saved and the risk of persons
falling from height can thereby be reduced. Applying
one core technology, a family of construction tasks can
be accomplished, Prof. Skibniewski advocated. This
would lead to substantial improvement of efficiency and
safety in the entire construction process.

Construction Innovations at the Frontier

When being asked the most impressive innovation
in construction, Prof. Skibniewski reckoned that it is
necessary to categorise the innovations into blue sky ideas
and practical solutions. Prof. Skibniewski opined that
the idea of “Swarming Micro Robots” is an impressive
blue sky idea which may revolute how buildings are built.
“Imagine when several hundred thousand micro robots
are employed in the construction of a building, a hundred
of them are assembling the underground structure,
another hundred are in the superstructure and finishing
the floors.” Although it was hard to predict when they
would be adopted, he emphasised that eventually this
would happen. “We couldn’t possibly imagine 20 years
ago holding a tablet in people’s hand and dealing with
something called wireless internet.”

Prof. Skibniewski also shared with us a technology
which was once an imagination but is now being applied
in construction, i.e., 3D printing. At no time would we
ever imagine that the building construction could be
integrated with printing technology, while nowadays
construction materials such as concrete could be

injected through an onsite 3D printer to build a 5-storey
residential house. Same may apply to the Autonomous
Robots that can sense and read about the environment
for real-time measurement of the working conditions'
quality. Additionally, they can be equipped with an in-
built decision-making mechanism. “Although there are
still a number of issues to be solved, its implementation
on sites is at hand,” Prof. Skibniewski added.

The Journey towards
Fully Automated Construction

“30 years ago like many other people, I thought the
construction industry is only 30 years away from ‘full
automation’” Prof. Skibniewski mentioned, “Pioneers
in Japan have indeed demonstrated its feasibility. Certain
construction processes are fully automated. Having said
that, due to budget constraints, approximately 40% of
the construction work in the country still has to be done

by humans in traditional ways.”

Apart from the concerns on cost, the construction
industry’s fragmented nature remains an obstacle in
the path of full automation. The project-based industry
is fragmented both “horizontally” in terms of the
disciplines and trades (i.e. architectural, structural
mechanical and electrical) and “vertically” in terms of a

Inovation I Construction
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project life cycle (i.e. planning and design, construction,
commissioning and operation). “It’s a global problem,”
Prof. Skibniewski stressed, ‘“together with the
conventional design-bid-build procurement model of
the industry as well as the regulatory environment,
which are holding back innovations in our industry.”
Despite all the hurdles lying ahead, it is still possible
for some particular projects to realise fully automated
construction. Prof. Skibniewski believed that the larger
the project, with more repetitive and larger volume of
works, the easier it would be to implement automation.
“If the project is of low volume and requires a lot
of sensing and reasoning, it’s probably not a good
competitor for automation because it will be very costly
and inefficient.” Prof. Skibniewski stressed. In Hong
Kong, the majority of construction firms are either
medium-sized or small-sized and investing in advanced
technologies such as robots will greatly reduce their
liquidity. From their perspective, it is still risky to invest
in innovation on loans. As a result, large infrastructure
or series of similar building projects flush with large
volume, repetitive tasks are apparently the ideal target
for automation.

“There is a wide spectrum of different tasks ranging
from highly possible where automation will be adopted
very soon to virtually impossible to be conducted
by machines,” Prof. Skibniewski concluded. “But
ultimately the industry will pick up, lift off and carry
this development forward to a much greater height.
It will not only happen in Japan but I'm sure in Hong
Kong, and in other countries if the benefits of robotics
and automation are realised,” he delivered to us his
strong and positive belief in the future of construction
automation.

The interview ended up with Prof. Skibniewski’s anticipation towards the

construction antomation as well as the future development of the Hong Kong

construction industry. Local construction professionals and practitioners are

indeed very active and pioneering in promoting and adopting innovative techniques

in our own industry. We could still remember clearly the rounds of applauses and

the lively discussions at the CIC Conference, during which Prof. Skibniewski

and other invited speakers shared with us their valuable insights in adopting new

technologies in construction. Through this follow-up in-depth interview exchange

with Prof. Skibniewski, we wish to raise confidence and inspire our local industry

practitioners. At this turning point of the industry transformation, it is our

decision to be more open-minded towards the application and implementation of

advanced technologies, and to work together to engineer our future Hong Kong

with innovation and exccellence for all to benefit.

Construction Industry Counci
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Research and Development on Design and Construction to
Structural Eurocodes using Equivalent Steel Materials

K.E Chung'*", M.C.H. Yam*’ and H.C. Ho'’

" Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong
? Department of Building and Real Estate, The Hong Kong Polytechnic University, Hong Kong
?The Hong Kong Constructional Metal Structures Association, Hong Kong

The Hong Kong Constructional Metal Structures Association was established in July 2010,
and one of its primary objectives is to promote effective steel construction in Hong Kong
and neighbouring cities in the Pearl River Delta Region. The Association is supported by
members from universities, consulting firms, construction companies and representatives
from government departments and professional bodies. Owing to abundant and steady
supply of quality Chinese steel materials in the Region, there is an industrial-wide urge to
employ Chinese steel materials and structural steelwork on local construction projects. With
the imminent adoption of the Structural Eurocodes in Hong Kong and a number of Asian
countries, it is highly desirable to facilitate design and construction engineers in Hong Kong to
work effectively to Structural Eurocodes using Chinese steel materials.

With the support of the Chinese National Engineering Research Centre for Steel Construction
and other leading industrial and professional organisations in China and overseas, a Professional
Guide entitled “Selection of Equivalent Steel Materials to European Steel Materials Specifications” was
prepared to provide technical guidance on the use of steel materials manufactured to national
materials specifications of Australia / New Zealand, China, Japan and US.A.. Moreover, with
the support of the Construction Industry Council, a Technical Guide entitled “Effective Design
and Construction to Structural Enrocodes: EN 1993-1-1 Design of Steel Structures” was compiled to
provide technical guidance on designing and constructing structural steelwork to Structural
Eurocodes using equivalent steel materials, especially when welded steel sections such as
I-sections, H-sections and cold-formed welded hollow sections are used.

This paper presents an overview on the use of the Structural Eurocodes as well as various
opportunities on steel construction offered by steel materials and structural steelwork
equivalent to those manufactured to European steel materials specifications. Key features of
the two documents including the equivalence of steel materials and the corresponding material
classification system as well as the use of European steel materials and their equivalent in
structural design are thoroughly presented. Moreover, tabulated design data for rolled sections
of steel materials complying to European specifications and welded sections of equivalent
chinese steel materials are also described. Hong Kong design and construction engineers are
encouraged to take full advantages offered by adoption of the Structural Eurocodes using
equivalent chinese steel materials for construction projects in Hong Kong and neighbouring
cities in the Region.

Keywords: Structures, steel materials, materials specification, steel design

1. ADOPTING STRUCTURAL EUROCODES

to be mandatory for European public works and likely

IN HONG KONG

The Structural Eurocodes are a new set of European
structural design codes for building and civil engineering
works. Conceived and developed over the past 40 years
with the combined expertise of the member states of the
European Union, they are arguably the most advanced
structural codes in the world. The Eurocodes are intended

to become the de-facto standard for the private sector -
both in Europe and world-wide. The Eurocodes had been
published as full European Standards (ENs) in 2007.

Owing to the withdrawal of British structural design
standards in March 2010, the Works Department of the
Government of Hong Kong SAR have been migrating
to the Structural Eurocodes in stages for the design of

Construction Industry Counci
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public works civil engineering structures while mandatory
adoption of the Eurocodes commences in 2015. As a
number of countries outside Europe, in particular, several
Asian countries, have already adopted the Eurocodes for
design and construction of building and civil engineering
structures, there is a growing need for design and
construction engineers in Hong Kong to acquire the new
skills.

1.1. Organisation of the Enrocodes

A total of 58 parts of the Eurocodes are published under
10 area headings:

. Eurocode 0 - EN 1990: Basis of Structural Design

. Eurocode 1 - EN 1991: Actions on Structures
. Eurocode 2 - EN 1992: Design of Concrete
Structures

. Hurocode 3 - EN 1993: Design of Steel Structures

. Eurocode 4 - EN 1994: Design of Composite
Steel and Concrete Structures

. Burocode 5 - EN 1995: Design of Timber
Structures

. Eurocode 6 - EN 1996: Design of Masonry
Structures

. Eurocode 7 - EN 1997: Geotechnical Design

. Eurocode 8 - EN 1998: Design of Structures
for Barthquake Resistance

. Eurocode 9 - EN 1999: Design of Aluminium
Structures

It should be noted that

1) the first two areas, namely, EN 1990 and EN
1991, are common to all designs - basis and
actions;

ii) the other six areas, namely, from EN 1992 to
EN 1996 and EN 1999, are material-specific -
concrete, steel, composite steel and concrete,
timber, masonry, aluminum; and

iif)  the other two areas, namely, EN 1997 and
EN 1998, cover geotechnical and seismic aspects.

Among the ten Structural Eurocodes, EN 1993-1-1 is
considered to be one of the most important codes which
contains advanced methodologies frequently referred
by other Eurocodes, such as EN 1994 on steel-concrete
composite structures, and EN 1992 on concrete structures
as well as structural fire engineering of concrete, steel
and steel-concrete composite structures (Chung, 2014).
In general, EN 1993-1-1 provides general rules of steel
structures as well as rules for buildings. Owing to the
importance of these rules among the Eurocodes, design
and construction engineers in Hong Kong should
have good understandings on EN 1993-1-1 to take full
advantages offered by the Eurocodes.

1.2 Basic considerations in selecting steel materials

According to the latest edition of the Steel Designers’
Manual (2012), one of the key requirements in the choice
of a particular steel material is that it should be fit for the
intended application and the design conditions required.
Hence, the following mechanical properties of the steel
materials are considered to be very important:

. strength,

. ductility,

. toughness,

. through thickness properties,

. chemical compositions, and hence, weldability
. strength, stiffness and thermal expansion at

elevated temperatures.

In addition, the steel materials should have a minimum
service life which suits the expected environmental
conditions, and hence, corrosion resistance is also
important.

Various product forms of steel materials are summarised in
Table 1 among many flat and long products. For structural
applications, these products are inevitably cut to different
sizes and shapes, and components are connected to one
another through either bolts or welding in fabrication shops
or on site. It should be noted that when a steel member is to
be fabricated into components or structures, its ability to
retain the required properties during fabrication should be
clearly established. This ability is commonly assessed by
the weldability of the steel material which depends heavily
on the chemical composition of the steel material, such as
the contents of Carbon (C), Sulphur (8), and Phosphorus
(P). The welding processes and procedures adopted should

also be compatible with the steel material chosen.

Table 1 Various products forms of steel materials

* plates
* sections
* hollow sections

Structural .

* sheet piles
steels ]

* solid bars

e strips for cold formed open

sections

Thin gauge * strips for cold formed profiled
strips sheetings

* stud connectors
Connection * non-preloaded bolted assemblies
materials * preloaded bolted assemblies

* welding consumables

Inovation I Construction
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2.USEOFEQUIVALENT STEELMATERIALS

For many years, almost all steel structures in Hong
Kong were designed to the British structural steel design
code, BS5950, and all steel materials were specified
correspondingly to British steel materials specifications
such as BS4360. However, as early as the 1990s, non-British
steel materials found their way to Hong Kong as well as
to Singapore and other neighbouring cities in Southeast
Asia. Occasionally, there were projects when contractors
would use non-British steel materials, such as American,
Australian, Japanese and Chinese steel materials. The
changes ranged from merely using these materials for
some members of temporary structures to replacement
of complete beam-column frames of building structures.
Over the years, many successful projects in Hong Kong
benefited from good quality non-British steel materials,
timely supply and delivery as well as improved structural
economy. However, there were also a few bad examples
of the use of non-British steel materials with inconsistent
chemical composition, inadequate mechanical properties
and lack of traceability.

2.1. Use of equivalent steel materials in Hong Kong

In the 2000s, owing to large fluctuations in the costs of
steel materials in the global markets, Chinese steel materials
became practical alternatives to British steel materials in a
number of construction projects in Asia, in particular, in
Hong Kong, Macau and Singapore. During the drafting
of the “Code of Practice for the Structural Use of Steel” for the
Buildings Department of the Government of Hong Kong
SAR, i.e. the Hong Kong Steel Code from February 2003 to
August 2005, it was decided necessary to devise a means to
allow, or more accurately, to formalise, the use of Chinese
steel materials as equivalent steel materials for structures
which were originally designed to BS5950 (Chung, 2007).
Various parts of Chapter 3 of the Hong Kong Steel Code
provided basic principles and considerations for qualifying
as well as accepting steel materials manufactured to the
following national materials specifications:

. American standards,

. Australian / New Zealand standards,
. Chinese standards, and

. Japanese standards.

Moreover, a simple and practical classification system
for non-British steel materials was also introduced in the
Hong Kong Steel Code in which the design strengths of
these steel materials depended on adequacy of materials
specifications as well as effectiveness of quality control
during their production.

2.2. Use of alternative steel materials in Singapore

A similar use of non-British steel materials was also
formally adopted in Singapore with the issue of a technical
guide entitled “Design Guide on Use of Alternative Steel Materials
to BS5950 in 2008, and then its revised version entitled
“Design Guide on Use of Alternative Structural Steel to BS5950
and Eurocode 3” in 2012 by the Building and Construction
Authority of the Ministry of National Development.

These Design Guides aimed to provide technical guidelines
and design information on the use of non-British steel
materials, and the classification system on various steel
materials given in the Hong Kong Steel Code was adopted
after minor modification. Under the provisions of these
Design Guides, alternative steel materials not manufactured
to European steel materials specifications may be allowed
in structural design based on the Structural Eurocodes for
construction projects in Singapore.

2.3. Abundancy of Chinese steel materials

Steel materials are international commodities which are
commonly shipped thousands of miles from where they
were manufactured to wherever there is a market. Based
on the statistics archive of the World Steel Association
(www.worldsteel.org), Table 2 presents the annual crude
steel production of Australia, China, Japan, the United
Kingdom and the United States of America from 1980 to
2014 together with total world production.

It is shown that Australia, Japan, the UK. and the U.S.A.
tend to maintain their annual crude steel production
tonnages at a broadly constant level with a minimal growth
as a whole. However, owing to the rapid development of
the iron and steel industry in China since the 1980%, the
steel production capacity increased markedly over the last
30 years. It should be noted that as a large number of steel
mills in many parts of China upgraded their production
facilities and commissioned new production plants, the
annual crude steel production of China increased steadily
from 37.1 million metric tons (mmt) in 1980 to 637.4 mmt
in 2010, i.e. an increase of approximately 17.2 over a period
of 30 years. Its annual crude steel production exceeded
100 mmt in 1996, 200 mmt in 2003, and then 500 mmt in
2008. Over 45% of the steel materials in the wortld have
been produced in China since 2010.

As shown in Table 3, among the top ten major steel
producing countries in 2014, the annual steel production of
China reaches 882.7 mmt in 2014, accounting for 50.3 % of
wotld production. Figure 1 also illustrates the proportions
of the annual steel production of Australia, China, Japan,
the UK. and the U.S.A. in 2014. Hence, it is important
for design and construction engineers in Hong Kong to
be able to take advantages of the huge supply of Chinese
steel materials.
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Others

36.4% China
~ 50.3%
United States _
5.4% ’
Australia /', 6.8%  U.K.0.7%
0.5%
Total world production is 1637.0 mmt
Figure 1 Annual crude steel production proportions of five countries of interest in 2014
Table 2 Annual crude steel production (mmt) of various countries of interest since 1980

World

Year Australia China Japan UK. U.S.A ore
production

1980 7.6 371 111.4 11.3 101.5 568.5
1985 6.6 46.8 105.3 15.7 80.1 564.2
1990 6.7 66.4 110.3 17.8 89.7 616.0
1995 8.5 95.4 101.6 17.6 95.2 752.3
2000 7.1 128.5 106.4 15.2 101.8 848.9
2005 7.8 355.8 112.5 13.2 94.9 1146.6
2010 7.3 637.4 109.6 9.7 80.5 1428.7
2011 6.4 683.3 107.6 9.5 86.2 1536.2
2012 4.9 716.5 107.2 9.8 88.6 1546.8
2013 4.6 779.0 110.6 11.9 87.0 1582.5
2014 7.9 822.7 110.7 12.1 88.3 1637.0

Note: mmt denotes million metric tons.

3. EFFECTIVE USE OF EQUIVALENT
STEEL MATERIALS

Shortly after its establishment in July 2010, the Hong Kong
Constructional Metal Structures Association collaborated
closely with the Macau Society of Metal Structures to
explore various issues related to the equivalence of steel
materials, and their impacts on construction projects in
both Hong Kong and Macau. With the support of the
Chinese National Engineering Research Centre for Steel
Construction in Beijing, an Expert Panel on the Effective
Use of Equivalent Steel Materials in Building Construction
was established. A meeting of 12 steel experts from China,
Hong Kong and Macau was held in early 2011 in Hong
Kong to i) identify the needs of the local construction

industry, ii) establish possible supply chains of equivalent
steel materials, and iii) formulate recommendations for
rectification. Consequently, an Expert Task Committee
was established in March 2011 to collect technical
information on both the chemical composition and
mechanical properties of steel materials produced by
Buropean countries and the U.K., Australia, China, Japan,
and the U.S.A for comparative analysis.

By September 2011, a number of steel materials
specifications from various countries had been selected
for further consideration according to their mechanical
properties: yield strengths, tensile to yield strength ratios,
elongation limits, toughness and weldability. The findings
were presented to the Chinese Iron and Steel Association
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Table 3 Major steel producing countries in 2014

Ranking Country Annual c.rude steel Proportion
Production (mmt) (%)
1 China 822.7 50.3
2 Japan 110.7 6.8
3 US.A. 88.3 5.4
4 India 83.2 5.1
5 South Korea 71.0 4.3
84.6
6 Russia 70.7 4.3
7 Germany 42.9 2.6
8 Turkey 34.5 2.1
9 Brazil 339 2.1
10 Ukraine 27.2 1.7

Total world production

and the Chinese Steel Construction Society in March 2012,
and it was decided to expand the scope of the comparative
analysis to cover steel materials under various delivery
conditions as well as product forms. Moreover, a scientific
and yet practical basis for gauging the equivalence of
steel materials should be formulated. After a number of
meetings of members of the Expert Task Committee as well
as discussions and exchanges with experienced engineers
and steel experts in Hong Kong, Macau and China, a draft
of the Professional Guide entitled “Selection of Equivalent
Steel Materials to European Steel Materials Specifications” was
compiled in September 2013 for international consultation.
During the Pacific Structural Steel Conference 2013 held
in Singapore in October 2013, many experienced engineers
and steel experts as well as technical representatives of
national steel construction associations were invited to join
the International Advisory Committee of the Professional
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Selection of Equivalent Steel Materials to
European Steel Materials Specifications

March 2015

Lo o=
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1637.0

Guide. They provided valuable technical comments on
the draft document as well as recommendations to the
Expert Task Committee on the overall direction for
further development of the Professional Guide. After
receiving many favourable and constructive comments,
the international consultation was concluded in April 2014,
and the finalised version of the Professional Guide was
compiled in July 2014 after incorporating all comments as
appropriate.

Through the use of the Professional Guide, selected steel
materials manufactured to modern materials specifications
of Australia/New Zealand, China, Japan, and the U.S.A.
are fully endorsed to be equivalent to those steel materials
manufactured to European steel materials specifications
including EN 10025, EN 10149, EN 10210 and EN
10219. Moreover, these equivalent steel materials must
achieve full compliance with the requirements on material
performance and quality assurance to EN 10025 as detailed
in the Professional Guide. Consequently, these equivalent
steel materials can be readily employed on construction
projects in which structural steelwork is designed to
EN 1993 and EN 1994. Hence, the Professional Guide
provides an international level playing field for Chinese
steel materials enabling them to compete directly with
those steel materials from other countries for overseas
construction projects.

In March 2015, the Professional Guide was jointly
published by:

. the Hong Kong Constructional Metal Structures
Association, Hong Kong SAR,
. the Macau Society of Metal Structures, Macau
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SAR and
. the Chinese National Engineering Research
Centre for Steel Construction, China.

The publication of the Professional Guide was also

supported by:
. the Chinese Iron and Steel Association, China,
. the Construction Industry Council, Hong Kong
SAR,
. the Civil Engineering Laboratory of Macau,
Macau SAR and
. the Singapore Structural Steel Society, Singapore.

3.1. Equivalence of steel materials and their selection principles

Based on the experiences from the construction industry
in Hong Kong and Singapore over the past 30 years as
well as the use of both the “Code of Practice for the Structural
Use of Steel” in Hong Kong and the “Design Guide on Use
of Alternative Structural Steel to BS5950 and Euwrocode 3”
in Singapore over the past 8 to 10 years, the selection
principles for equivalence of steel materials are established,
and fully presented in the Professional Guide. Both
material performance and quality assurance are considered
to be essential requirements for equivalent steel materials,
and key considerations of the selection principles have
been identified as follows:

Material performance

. mechanical strength for structural adequacy,

. ductility for sustained resistances at large
deformations,

. toughness in terms of energy absorption against

impact, and

. chemical composition and weldability for
minimised risks of crack formation in welds.

Quality assurance systems

. demonstrated compliance with acceptable
reference standards,

. demonstrated compliance with material tests
with sufficient sampling on both chemical
composition and mechanical properties, and

. effective implementation of certificated quality
assurance systems.

In order to demonstrate compliance with the material
performance and the quality assurance requirements to
Buropean steel materials specifications, intensive routine
testing should be conducted according to relevant materials

specifications whilst the manufacturing process should be
demonstrated as operating effectively under a Certified
Quality Assurance System. A good example is a Certified
Factory Production Control System to Appendix B.4 of EN
10025-1 which should have been effectively implemented,
successfully certified and regularly monitored by an
independent qualified Certification Body.

When performing rational selection of equivalent steel
materials, the following considerations on mechanical
properties and chemical composition should be taken in
account of:

a) Mechanical strengths for structural adequacy

Both the minimum yield strength, R, and the ultimate
tensile strength, R _, of the proposed steel materials
should be directly adopted from their national materials
specifications. It should be noted that the values of these
two strength parameters depend heavily on both the
dimensions of the coupons and the testing procedures.
According to most European steel materials specifications,
the values of both the minimum yield and the ultimate
tensile strengths are gradually reduced when the plate

thickness increases.

Owing to the different systems of strength grades among
various national materials specifications, the values of both
the minimum yield and the ultimate tensile strengths are
often different to those of the corresponding European
steel materials specifications. In these cases, re-design of
structural steelwork is necessary.

b) Ductilsty for sustained resistances at large deformations

Ductility of steel materials is correlated approximately
with their elongation limits, that is, the elongations of steel
coupons at fracture in standard coupon tests. The values of
the elongation limits depend heavily on the dimensions of
the steel coupons and the testing procedures as well as the
product forms of the proposed steel materials and the steel
coupon sampling methods.

If a proposed steel material does not possess sufficient
ductility as required by the relevant steel design codes,
then the proposed steel material will not be accepted as an
equivalent steel material.

¢ Toughness in term of energy absorption against impact

Toughness is an important mechanical property of steel
materials which is the resistance against brittle fracture,
and is quantified as the amount of dissipated energy
obtained from standard Charpy V-notch impact tests at
various design temperatures. In general, if a proposed steel
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material does not possess sufficient toughness as required

in the relevant European steel materials specifications,
then the proposed steel material will not be accepted as an
equivalent steel material.

Nevertheless, the threshold values of this quantity are
found to be related to both the stress levels and the
thicknesses of the steel plates, and hence, these values are
readily reduced according to actual applications of the steel
materials using codified rules. In general, these values are
often reduced significantly when thin plates are used, and
in these circumstances, the steel materials are likely to be
considered acceptable.

d) Chenrical compositions and weldability to minimise risks
of crack formation in welds

The contents of a number of chemicals should be kept
to an optimal limit, such as Carbon (C), Sulphur (S) and
Phosphorus (P) as their presence tend to reduce ductility,
toughness and weldability as well as promote segregation
at the same time. As a simple rule for hot-rolled structural
steel sections, the maximum Carbon (C) content should
not exceed 0.25% while the maximum Sulphur (S) content
should not exceed 0.05%. Moreover, the maximum
Phosphorus (P) content should not exceed 0.05%, which is
further limited to 0.01 % when through thickness quality,
i.e. Z quality, is specified.

The weldability of steel materials depends on the carbon
equivalent value, CEV, which represents the combined
effects of Carbon (C) and other chemical elements on the
cracking susceptibility of the steel materials.

Hence, if any one of the contents of these non-beneficial
chemicals of a proposed steel material exceeds the
corresponding limit given in the relevant European
materials specifications, then the proposed steel material
will not be automatically accepted as an equivalent steel
material. Moreover, if the CEV value of the proposed
steel material exceeds the corresponding limit, then, the
proposed steel material should be used with caution. Details
of the welding procedures, such as interpass temperatures,
should be modified according to the thicknesses of the steel
materials. Furthermore, welding consumables shall match
the steel types. Otherwise, testing for non-qualifying
welding consumables should be undertaken.

3.2. Classification of steel materials

Given a satisfactory demonstration of both the material
performance and the quality assurance during their
manufacturing processes, steel materials with yield
strengths from 235 to 690 N/mm? are classified as follows:

. Class E1 Steel Materials
Steel materials which are

1) manufactured in accordance with one of the
Acceptable Materials Specifications listed in
Appendix A of the Professional Guide with a
fully demonstrated compliance on their
material performance, and

if) manufactured in accordance with an
Acceptable Quality Assurance System
with a fully demonstration of its
effective implementation.

Thus, compliance with all the material requirements has
been demonstrated through intensive routine testing
conducted during the effective implementation of a
certificated Factory Production Control System according
to European steel materials specifications. The Factory
Production Control System should be certified by an
independent qualified certification body.

o Class E2 Steel Materials
Steel materials which are

i) manufactured in accordance with one of the
Acceptable Materials Specifications listed in
Appendix A of the Professional Guide with a
tully demonstrated compliance on their material
petrformance, and

if) manufactured in accordance with an effectively
implemented quality assurance system which is
different to a Factory Control Production System.

Thus, the steel materials are manufactured in accordance
with all the material requirements given in one of the
Acceptable Materials Specifications, but without a certified
Factory Production Control System in accordance with
European steel materials specifications. In general,
many steel manufacturers will have already established
a form of quality assurance during the manufacturing
processes, however, a high level of consistency in the
material performance of the steel materials required in
European steel materials specifications cannot be verified
in the absence of a certified Factory Production Control
System. Hence, as demonstration of the conformity of
the steel materials is required, additional material tests
with sufficient sampling should be conducted for various
batches of supply to demonstrate full compliance to
both the material performance and the quality assurance
requirements. Refer to Section 3.2.3 of the Professional
Guide for further details of additional materials tests.
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. Class E3 Steel Materials

Steel materials for which it cannot be demonstrated they

were

1) manufactured in accordance with any of the
Acceptable Materials Specifications listed in
Appendix A of the Professional Guide; nor

11) manufactured in accordance with an Acceptable

Quality Assurance System.

Hence, any steel material which cannot be demonstrated to
be either Class E1 Steel Material or Class E2 Steel Material
will be classified as Class E3 Steel Material, and the nominal
value of yield strength of the steel material is limited to 170
N/mm? for structural design; no additional material test is
needed in general. However, the design yield strength of
the steel material may be increased if additional material
tests with sufficient sampling have been conducted for
various batches of supply before use.

Table 4 summarises the classification system applying to
the various classes of steel materials. It should be noted
that a newly defined factor, namely, the material class
factor, 7.,
Hence, the nominal values of the yield strength and of
the ultimate tensile strength of Classes E1 and E2 Steel
Materials are given as follows:

is adopted as a result of the classification.

. Nominal value of yield strength
fy =R, / 7w (Equation 1)
. Nominal value of ultimate tensile strength
f=R_/ 7, (Equation 2)
where
R, is the minimum yield strength to product
standards;
R_ is the ultimate tensile strength to product

standards; and

7we 1s the material class factor given in Table 4.

It should be noted that

. Plastic analysis and design is permitted for
Classes El and E2 Steel Materials assuming
yield strengths not larger than 460 N/mm?.

. For Classes E1 and E2 Steel Materials with yield
strengths larger than 460 N/mm? but smaller

than or equal to 690 N/mm?, design rules given
in EN 1993-1-10 should be used.

o Only elastic analysis and design should be used
for Class E3 Steel Materials.

3.3. Quality assurance requirements to European steel materials
specifications

In general, each steel manufacturer will have already
established a form of quality assurance. However, in order
to demonstrate compliance with the quality assurance
requirements for steel materials equivalent to European
steel materials specifications, a steel manufacturer should
further establish a Factory Production Control System
which is essential for demonstrating conformity of the
steel material performances with European steel materials
specifications. Moteover, in order to demonstrate effective
implementation, the Factory Production Control System
must be certified by an independent qualified certification
body.

3.3.1. Factory Production Control System

A steel manufacturer should establish, document and
maintain a Factory Production Control System (FPC)
System to ensure conformity of his steel products with
relevant materials specifications. In addition to a quality
management system as well as an inspection system, he
should carry out regular monitoring at least once a year
as well as continuous surveillance. More importantly,
he should perform material tests regularly in order to
demonstrate full conformity of the proposed steel material
with the relevant European materials specifications. All
the material tests should be performed in accordance with
relevant material testing standards listed in Section 3.2.3 of
the Professional Guide.

Table 4 Classification system of vatious classes of steel materials

Material class factor,

Nominal yield Compliance Compliance v for
strength with material with quality Additional . e . .
Class . yield strength ultimate tensile
(N/mm?) performance assurance material tests R e b
requirements requirements et strc}:gt ’
E1l Y Y N 1.0 1.0
> 235
and E2 Y N Y 1.1 1.1
<690
E3 N N N - -
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3.3.2. Requirements for Factory Production Control System

The steel manufacturer is fully responsible for
administrating the effective implementation of the
FPC System during the manufacturing process of the
steel material. He should draw up detailed technical
specifications as well as effective quality assurance
schemes which ate appropriate to the steel material and
the manufacturing process. He should also clearly define
specific tasks and associated responsibilities of the tasks
among various parties, and keep up-to-date documents
defining the FPC System. Key tasks in the FPC System
include:

. to identify procedures to demonstrate
conformity of the material performances of
the steel material at appropriate stages;

. to identify and record any incident of non-
conformity; and

. to identify procedures to correct incidents of
non- conformity.

The FPC System should achieve an appropriate level of
confidence in the conformity of the material performance
of the steel material, and this involves:

. documentation of procedures according to
various requirements given in relevant technical
specifications;

. effective implementation of these procedures;

. recording details of these procedures in

operation and their results;

. use of these results to correct any deviation,
repair effects of such deviation, correct any
incident of non-conformity, and if necessary,
revise the FPC System to rectify the cause of
non-conformity.

It should also be noted that FPC procedures include some
or all of the following:

. to specify and verify raw materials and
constituents of the steel material,

. to conduct material tests on the steel material
during manufacturing according to a
pre-determined frequency;

. to conduct verification tests on finished products
of the steel material according to a frequency
which may be pre-determined in technical
specifications, and adapted to the product and its
conditions of manufacturing.

For further information on FPC Schemes, refer to
Appendix B.4 of EN 10025-1.

4. EFFECTIVE STRUCTURAL STEEL
DESIGN TO EUROCODES

With the financial support of the CIC Research Fund
of the Construction Industry Council, a tesearch and
development project was undertaken by the authors at the
Hong Kong Polytechnic University in June 2013 to provide
technical guidance on effective design and construction
of steel structures to the Structural Eurocodes. Hence, a
Technical Guide entitled “Effective Design and Construction
to Structural Enrocodes: EN 1993-1-1 Design of Steel Structures”
was successfully compiled in November 2014 with
technical supports from the Hong Kong Constructional
Metal Structures Association and the Chinese National
Engineering Research Centre for Steel Construction as
well as the Steel Construction Institute and the Institution
of Structural Engineers in the UK., and the Institution
of Civil Engineers Hong Kong Association. It should
be noted that various drafts of the document had been
critically reviewed by the Engineering Technology
Committee of the Hong Kong Constructional Metal
Structures Association as well as senior engineers and
experts on steel construction.

In June 2015, the Technical Guide was published by the
Construction Industry Council with support from the
following organisations:

. The Hong Kong Polytechnic University,

. The Hong Kong Constructional Metal Structures
Association,
. The Chinese National Engineering Research

Centre for Steel Construction, and
. The Chinese Confederation of Roll Forming
Industry.

The Technical Guide provides essential guidance on key
design rules for structural steel design on both rolled
and welded sections given in EN1993-1-1 as well as the
associated U.K. National Annex together with relevant
non-contradictory complementary information (NCCI).
Moreover, all the Nationally Determined Parameters
(NDPs) recommended by the Works Bureau of the
Government of Hong Kong SAR provided in the updated
design manuals of various government departments have
been adopted. These items include load factors, loads,
and methods for calculating certain loads, partial safety
factors and advice where a choice in a design approach is
allowed. Hence, technical information is presented in the
context of the local construction industry, and references
to prevailing regulations and codes of practice are made
whenever necessary.
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4.1. An Overview of Technical Guide

In general, all the key design rules given in EN1993-
1-1 atre described in the Technical Guide, and they are
supplemented with explanatory notes and commentaries
in the same sequence as found in the Eurocode:

. General
. Basis of design
. Materials

- yield strengths
. Durability
. Structural analysis
- section classification
. Ultimate limit states
- resistance of cross-sections under single actions
- resistance of cross-sections under combined
actions
- buckling resistance of members under single
actions
- buckling resistance of members under
combined actions
. Serviceability limit states

CONSTRUCTION
INDUSTRY COUNCIL

BEXEE

In order toillustrate various design procedures for structural
steel design, a total of 8 worked examples on cross-section
properties and resistances as well as on buckling resistances
of steel members are provided. Comprehensive design
procedures for i) column members undergoing flexural
buckling, ii) beam members undergoing lateral torsional
buckling, and iii) beam-column members undergoing
buckling under combined compression and bending are
also provided. Detailed design information and parameters
are also presented in a tabulated format for easy reference.

4.2. Design data for rolled and welded sections

In order to assist design and construction engineers to
perform effective structural steel design, design data

on section dimensions and properties as well as section
resistances of a wide range of rolled and welded sections
with practical steel materials are provided in the Technical
Guide. Table 5 presents the types of rolled and welded
sections covered in the document while typical cross-
sections of these sections are illustrated in Figure 2. It
should be noted that both rolled sections complying
to European steel materials specifications and welded
sections with equivalent Chinese steel materials have been
incorporated as follows:

o Rolled sections to European steel materials
specifications
a) All rolled I- and H-sections are assumed to be

manufactured with steel materials to EN 10025

while their dimensions are manufactured to BS
4-1.

b) All hot-finished hollow sections are assumed to
be manufactured with steel materials to EN
10210-1 while only selected hot-finished hollow
sections specified in EN 10210-2 with a
dimension larger than 100 mm are considered.

During preparation of tabulated design information, all
of the rolled sections are assumed to be Class E1 Steel
Materials with a material class factor, 7, =1.0 as discussed
in Section 3.2. Moteover, section resistances of all these
sections with common steel grades, i.e. S275 and S355
steel materials, are tabulated in a systematic manner for
practical design. Table 6 summarises various design
information provided for the rolled sections covered in
the document, and a total of 18 Design Tables have been
compiled covering 234 rolled sections in two different
steel materials.

. Welded sections to Chinese steel materials
specifications
a) During preparation of the tabulated design

information, all welded I- and H-sections are
fabricated with steel materials to GB/T 700
and GB/T 1591 with standard thicknesses. It is
envisaged that with a rational combination of
these plate thicknesses in the flanges and the
webs of the sections to GB/T 709, a series of
welded sections with similar section depths and
flange widths are readily manufactured covering
a wide range of section properties and
resistances for practical design. These ranges
of section properties and resistances are similar
to those rolled sections in the same series of
section designations.
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Table 5 Ranges of rolled and welded sections

Rolled sections Welded sections
$275 and S355 Q235, Q275, Q345 and Q460
Rolled I-section: Equivalent welded I-section:
I-section EWI-section
Rolled H-section: Equivalent welded H-section:
H-section EWH-section
Hot-finished circular hollow section: Equivalent cold-formed circular hollow section:
CHS EWCHS
Hot-finished rectangular hollow section: Equivalent cold-formed rectangular hollow section:
RHS EWRHS
Hot-finished square hollow section: Equivalent cold-formed square hollow section:
SHS EWSHS

Rolled sections

|- and H-sections to:

- EN 10025 on materials

- BS54-1 on dimensions
CHS, RHS and SHS to:

- EN 10210-1 on materials

i | - EN 10210-2 on dimensions
I-section H-section

O

Circular hollow section  Rectangular hollow section  Sguare hollow section
CHS RHS SHS

Welded sections

EWIS and EWHS to:
- GB/T 700 & GB/T 1591 on materials
- design methods in Section 8.4

EWCHS, EWRHS and EWSHS to:

- GB/T 6725 & GE/T 8162 on materials
i Equivalent welded - design methods in Section 8.4 as well
Equwa!enr_we!ded H-section as GB/T 6728 & GB/T 17395 on
I-section ) dimensions,
EWi-section EWH-section
Equivalent cold-formed  Equivalent cold-formed Equivalent cold-formed
circular rectangular sguare
hollow section hollow section hollow section

EWCHS EWRHS EWSHS

Figure 2 Cross-sections of typical rolled sections and welded sections
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Table 6 Summary of design information for rolled sections

I-section

H-section

CHS RHS SHS
AZ AZ AZ
7 | |
(\ >y - >y -r >y
- .

Dimensions and .
72 sections

31 sections

55 sections 44 sections 32 sections

properties
Sectior;zrszisstt:;ces for N N N \ N
Sectiog;;:isstt:‘x:lces for N N N N N
Table 7 Summary of design information for welded sections
EWI-section EWH-section EWCHS EWRHS EWSHS
Az AZ AZ AZ AZ

- >y

Dimensions and .
72 sections

31 sections

55 sections 44 sections 32 sections

properties
Section resistances for N J
Q235 steel
Section resistances for N N \ N N
Q275 steel
Section resistances for N N \ N N
Q345 steel
Section resistances for N N N N N
Q460 steel
b) All the equivalent cold-formed hollow sections covered in the document, and a total of 27 Design Tables

are manufactured with steel materials to GB/T
6725 and GB/T 8162 while their dimensions
are manufactured to GB/T 6728 and GB/T
17395. All of these sections are proposed as
equivalent welded sections to those rolled
sections based on various structural
requirements, such as compression and bending
resistances.

For simplicity, Chinese steel materials are assumed to
be Class 2 steel materials with a material class factor,
7w = L1 as discussed in Section 3.2. Standard welding
procedures are assumed to be applied effectively during
their fabrication. Moreover, section resistances of all these
sections with common steel grades, i.e. Q235, Q275, Q345
and Q460 steel materials, are tabulated in a systematic
manner for practical design. Table 7 summarises various

design information provided for the welded sections

have been compiled covering 234 equivalent welded
sections in four different steel materials.

4.3 Chinese versions of the Steel Designers' Manual 7" Edition

With the support of various industrial associations in Hong
Kong and Macau SARs as well as China, in particular, the
Chinese Steel Construction Society, the Chinese National
Engineering Research Centre for Steel Construction, the
Hong Kong Constructional Metal Structures Association
and the Macau Society of Metal Structures, the latest
edition of the Steel Designers” Manual had been translated
into both traditional Chinese and simplified Chinese.

This classic Manual on structural steelwork design was
first published in 1955 in the U.K.. Since then, the Manual
had been reviewed and revised regularly over the past 56
years to incorporate latest developments and technological
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advances in steel construction in the U.K.. This Manual
was regarded as one of the most widely referred structural
engineering professional manuals in the UK. as well as
many European countries and Commonwealth countries
in many parts of the world. All of the chapters in the 7th
edition of the Manual have been comprehensively reviewed
and revised to ensure they reflect current approaches
and best practice, and brought in to compliance with
the Structural Eurocodes. The Manual was published in
February 2012 by the Steel Construction Institute in the
UK.

With the joint effort of the Chinese Steel Construction
Society, the Hong Kong Constructional of Metal Structures
Association and the Macau Society of Metal Structures, a
total of 36 steel engineers and experts in China, Taiwan,
Hong Kong and Macau worked on the translation and
review work of the Manual collaboratively over a period
of two years. It should be noted that the traditional
Chinese version of the Manual was published in August
2013 while the simplified Chinese version was published in
August 2014. These Chinese versions of the Manual will
readily introduce international practice of building design
and construction to Chinese engineers, in particular,
on international material specifications, modern design
methods as well as major considerations and requirements
on overseas construction projects.

5. CONCLUSIONS

This paper describes recent research and development
initiatives on effective design and construction of steel
structures for the local construction industry which are
positive responses to adoption of the Structural Eurocodes
in Hong Kong. Both the Professional Guide on the use
of equivalent steel materials and the Technical Guide on
advanced structural steel design are compiled to facilitate
design and construction engineers to work effectively to
EN 1993-1-1 using Chinese steel materials and structural

steelwork. Hence, Hong Kong design and construction
engineers are encouraged to take full advantages offered
by these two documents for construction projects in Hong
Kong as well as neighbouring cities and countries in the
Region. The Chinese versions of the Steel Designers'
Manual 7" Edition will readily facilitate Chinese design
and construction engineers to follow international practice
on overseas construction projects.
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British and Enropean Steel Materials Specifications

BS 4 Structural steel sections.
Part 1:  Specification for hot-rolled sections. 2005.

EN 10025 Hot rolled products of structural steels.

Part 1:  General technical delivery conditions. 2004.

Part 2:  Technical delivery conditions for non-alloy
structural steels. 2004.

Part 3:  Technical delivery conditions for
normalised/ normalised rolled weldable
fine grain structural steels. 2004.

Part4:  Technical delivery conditions for
thermomechanical rolled weldable fine
grain structural steels. 2004.

Part5:  Technical delivery conditions for structural
steels with improved atmospheric corrosion
resistance. 2004.

Part 6:  Technical delivery conditions for flat
products of high yield strength structural
steels in the quenched and tempered
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EN 10149 Specification for hot-rolled flat products made
of high yield strength steels for cold forming,.
Part 1:  General delivery conditions. 2013.
Part2:  Deliveryconditions forthermomechanically
rolled steels. 2013.
Part 3:  Delivery conditions for normalised or
normalised rolled steels. 2013.
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alloy and fine grain steels.
Part 1.  Technical delivery conditions. 2006.
Part 2:  Tolerances, dimensions and
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EN 10219 Cold formed welded structural hollow sections
of non-alloy and fine grain steels.
Part 1. Technical delivery conditions. 2006.
Part 2:  Tolerances, dimensions and
sectional properties. 2000.

Chinese Steel Materials Specifications
GB/T 700 Carbon structural steels. 20006.

GB/T 709 Dimension, shape, weight and tolerances for
hot-rolled steel plates and sheets. 2006.

GB/T 1591 High strength low alloy structural steels. 2008.
GB/T 6725 Cold-formed steel sections. 2008.

GB/T 6728 Cold-formed steel hollow sections of
general structures: Dimensions, shapes, weight and
permissible deviations. 2002.

GB/T 8162 Seamless steel tubes for structural purposes.
2008.

GB/T 17395 Dimensions, shapes, masses, and tolerances
of seamless steel tubes. 2008.
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APPENDIX

Additional material tests required for Class E2 Steel Materials

Table A1 summarises all the additional material tests required for demonstration of conformity of a proposed equivalent steel
material in order to achieve a classification as a Class E2 Steel Material.

Table A1 Additional material tests required for demonstration of conformity

Material tests Product forms Parameters tested?® Reference Standards
Plates
Sections
HOHOW.SCCUOHS Yield strength
Tensil Sheet piles Tensile strength
cnste Solid bars enstie strengt BS EN ISO 6892-1:2009
Tests . . Elongation at fracture
Strips for cold formed open sections
Strips for cold formed profiled sheets
Stud connectors
Bolts
Charpy Plates
impact tests Sections Impact energy BS EN ISO 148-1:2010
Hollow sections
Hardness Bolts Brinell hardness BS EN ISO 6506-1:2005
Tests Nuts Vickers hardness BS EN ISO 6507-1:2005
Washers Rockwell hardness BS EN ISO 6508-1:2005
Proof load Nuts Proof load stress BS EN 20898-2:1994
Tests
Allweld iwldﬂstrc:gth .
Metal Tests Welding consumables enstie strengt BS EN ISO 15792-1:2008
Elongation at fracture
Impact energy
Plates
Sections Carbon content,
. Hollow sections Carbon Equivalent Value,
Chemical Sheet piles Sulphur content
Analysis Solid bars Phosphorous content, BS ENISO 14284:2002
Strips for cold formed open sections and others
Strips for cold-formed profiled sheets
Bolts

As the inspection frequencies, the sampling sizes and the number of tests for each parameter depend on many factors, such
as delivery conditions and supply, and structural applications of the steel materials as well as quality assurance requirements
and relevant local regulations on the use of equivalent steel materials, it is not practical to provide general recommendations
on the programme of material testing. Nevertheless, practice of quality control on the use of equivalent steel materials by
regulatory authorities in a number of countries and cities in Asia is provided in Appendix C of the Professional Guide for
easy reference. It is advisable to seck recommendations from these regulatory authorities for specific requirements on the
additional material tests.
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PREDICTING CONSTRUCTION DURATIONS AND ENHANCING
CONSTRUCTION PRODUCTIVITY: ATAXONOMIC REVIEW

Daniel WM. Chan'’", Albert P.C. Chan', Patrick T.I. Lam' and W.K. Lau?

" Department of Building and Real Estate, The Hong Kong Polytechnic University, Hong Kong
? Faculty of Science and Technology, The Technological and Higher Edncation Institute of Hong Kong, Hong Kong

In an attempt to develop statistical construction time prediction models for high-rise
private building projects in Hong Kong and launch an investigation of construction time
performance (CTP), a desktop taxonomic review was conducted to examine some previously
developed models and to provide an overview of the current state of construction duration
modelling methods. The succession of the models was captured in a number of key aspects
under investigation. Of similar concern as estimating the construction time accurately, lifting

construction productivity in the construction industry as a whole is targeted. Among the

approaches to faster construction, only those relevant to the case in Hong Kong are reported
herein. Such a review in addition to serving as a quick reference to construction time prediction
and faster construction has provided valuable insights into the subjects for the on-going

research study.

Keywords: Construction time performance, duration, prediction model, productivity

improvement

INTRODUCTION

An accurate estimate of completion time contributes
to project success (Chan and Kumaraswamy, 1995).
Therefore, for years, predicting construction durations
and assessing CTP have been of interest to both project
managers and construction researchers (Chan, 1999). In
practice, construction duration is very important to both
the clients and the contractors. At the pre-contract stage
it can help proper cash flow forecasting by both parties.
With a realistic estimate, contractors will be assisted in
cost-effective resource allocation, financial planning,
profitability and efficiency of capital flow within a time
limit determined in advance (Chan and Kumaraswamy,
1995). Due to increased project duration certainty, clients’
own financial planning and contractor selection process
will also be improved.

Being the first step, the development of a construction
time prediction model that provides an optimal estimate
of construction durations is essential. The estimate has
to be reasonable or realistic, or delays and subsequently
cost overruns will become more likely when durations are
underestimated, while clients will lose valuable income
when durations are overestimated. With such a time
prediction model, an investigation of determinants of
project duration and cross-country comparisons of CTP
will become feasible and vital. The findings will help
establish good practices and effective implementation
strategies to speed up the construction process.

In Hong Kong, against this background, the need to
develop benchmark models for construction durations is
imperative. It is high time that the CTP of high-rise private
building projects in Hong Kong is to be investigated,
with an aim to elevate the overall competitiveness
and productivity of the local construction industry.
In examining the subject, current practices of project
scheduling will be reviewed. Project data will be collected
and analysed to establish the CTP, and the CTP will be
compared against similar overseas economies. Key factors
that affect project construction duration will also be
identified. Good practices for enhancing the existing time
performance will be recommended. As a first, this paper
presents a review and discussion of published literature
about construction duration modelling and means to
achieve faster construction.

REVIEW METHOD

In search of previously developed construction time
prediction models, only those studies that: (1) investigated
the subject of construction durations; (2) have quantitative
prediction model(s) developed from empirical data; and
(3) were published in academic journals in English were
considered. For studies which examined factors affecting
construction durations without quantitative models, they
were not selected for review.

To identify the desired studies, a combination of search
terms ‘“‘construction time” or “construction duration”,
“prediction” and “model” was used. An electronic search

“daniel.w.m.chan@polyu.edu.hk Dr. Daniel Chan
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of the literature up to December 2014 was conducted,
via common electronic databases of ScienceDirect?
EBSCohost”, Emerald Insight and Taylor & Francis Online.
A total of 151, 120, 112 and 31 results were returned from
the respective databases. The titles and abstracts of the
retrieved materials were quickly reviewed. They would be
selected for in-depth review and analysis if they matched
the aforementioned criteria. Of these identified papers,
some were duplicated and quite a number of them were
found irrelevant to the subject under study. More than
25 papers were ultimately selected in the end. They were
analysed against the points of interest as summarised in
Table 1 and Table 2. For the purpose of this paper, only 13
selected papers with another 5 picked by the authors were
analysed and discussed.

Considering the relevance of research studies in faster
construction and to narrow down the scope of search,
rather than doing an extensive literature search as above,
some local and overseas research studies in relation
to the construction time prediction models and major
factors contributing to faster project completion will be

highlighted and reviewed.

# The original number of returns from these databases
was large and papers with terms “energy”, “software”,
“tunnel” and “ship” were excluded; and

": 2 were not available online, 2 from the American Society
of Civil Engineers (ASCE) library, and 1 from another
source (i.e. Le-Hoai and Lee, 2009).

Modelling Construction Durations

The Model. The first significant recorded construction
duration prediction model in power regression form was
developed by Bromilow (1969), with construction cost
being the only independent variable, being expressed as:

T =K )

where T'is the duration of construction period from date
of site possession to practical completion in working
days, Cis the final cost of building in millions of dollars
adjusted to constant labour and material prices, K is a
constant describing the general level of time performance
of an Australian $1 million project, and B is a constant
describing how the time performance is affected by project
size as measured by cost.

While the seminal Bromilow’s time-cost (BTC) model
gives a quick, quantitative estimation of construction
duration, it failed to consider factors other than cost
(Walker, 1995). Taking into account of factors in addition
to or other than cost and to capture their effects on
construction duration, a number of models were then

developed. Ireland (1985) modelled construction time
using complexity of construction form, extension of time
through industrial disputes, construction planning during
design and area. Walker (1995) determined workdays by
construction cost, granted extension of time to actual
construction period ratio, type of work, quality level of
workmanship, management style and effectiveness of
information technology use by the management team.
Chan and Kumaraswamy (1995) used floor area, number of
storeys and cost-floor area separately to model construction
duration. In the study of Khosrowshahi and Kaka (1990),
construction duration is given by construction cost, degree
of ease of horizontal access, buildability level, type of work,
structural properties of frame and floor, number of units,
project start month and abnormal events occurred. Chan
and Kumaraswamy (1999) adopted estimated construction
cost, presence of precast facades, height of building, nature
of site and type of housing scheme to model the estimated
(contractual) construction duration, and they used actual
construction cost, total volume of building, gross floor
arca to number of storeys ratio, and again type of housing
scheme and presence of precast facades, to model the
actual construction duration. Love ¢z a/. (2005) forecasted
construction duration based on gross floor area and
number of floor levels in a project. In the Hoffman et al.
(2007)’s multifactor model, project total cost, management
entity, region and design/construction agent were used to
predict construction duration. Stoy et al. (2007)’s model
estimated construction speed based on project size (in
1000m? of gross external floor area), number of winters
and planning durations.

Publication Date. From the selected research studies, the
earliest one was carried out in 1969 and the most recent
one was conducted in 2014. Coming after the earliest
one which was launched in 1985, two were done between
1990 and 1994, four were done between 1995 and 1999,
two were conducted between 2000 and 2004, and six were
conducted between 2005 and 2009. From this obsetvation
it is clear that modelling and predicting construction
duration represents a problem of continual concern.

Country of Origin. Among the selected research studies,
the CTP in Australia is the most frequently cited (six
studies), followed by Hong Kong (three studies), the
United Kingdom and the United States (two studies), and
Germany, Malaysia, Nigeria, South Korea and Vietnam
(one study). In many of these studies, the BTC model was
applied and the time-cost relationship was verified with
empirical data in different countries.

Sample Projects. Concerning the sample size of the
selected studies, if we disregard the two research studies with
an exceptionally large sample of 856 and 661 in Hoffman
et al. (2007) and Kaka and Price (1991) respectively, on
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average 111 projects were examined in each study. A total
of 3,175 projects were considered throughout the years.
Usually the projects were further classified according to
their sectors (i.e. public versus private), building type (e.g.
residential and commercial), type of work (e.g. new build
and renovation) and procurement method used. From the
classified studies, different time prediction models were
developed and their time performances were studied.

Predictive Power. Denoted by t* or R, the coefficient of
determination is an accepted measure of the goodness of fit
of a statistical model (Chan, 1999; Chan and Kumaraswamy,
1995). It can tell how well the model fits the population
or the samples from which the model is derived, i.e. t*
(or R?) equals to 1 when all the observations fall on the
regression line (curve) and t* (or R?) equals to 0 when
there is no statistical relationship between the dependent
and independent variables (Chan, 1999). Sometimes,
an adjusted R? is used as it enables the comparison of
explanatory power between regression models that have
different number of predictors.

Extracted from the selected research studies and reported
in Table 1, the t* values of the BT'C models ranged from
0.196 in Ogunsemi and Jagboro (2006) to 0.960 in Ng e al.
(2001). The mean * value of the models is 0.564. For other
time prediction models, their £* (or R?) values ranged from

BTC Models

0.374 in Hoffman et al. (2007) to 0.999 in Walker (1995),
and they have a mean r* (or R?) value of 0.731. In general
the predictive power of other time prediction models is
stronger than BTC models. The predictive power of the
models based on their t* (or R?) values is summarised
below:

EFFECTIVE STRATEGIES FORACHIEVING
FASTER CONSTRUCTION

Based on the desktop literature review, a number of
ways that have perceived and proven benefits in faster
construction relevant to the situation in Hong Kong were
reviewed. Generally, they were grouped into technological
or managerial strategies.

Technological Strategies

Improving the buildability of projects and early
involvement of contractors: In Lam ¢z a/. (20006), they
identified 63 buildability attributes and classified them
to either design process or design outcome related. They
then revealed in a questionnaire survey that site condition,
coordination between documents/components/working
sequence, standardisation and repetition, safety and ease of
construction were considered to be the five most important
buildability attributes with merits to reduce construction

Strength of Relationship

Coefficient of Determination

Research Publications

Strong 2= 0.7
Moderate 04=<r*<0.7
Weak <04

Chan (1999); Sousa et al. (2014)

Ireland (1985); Kaka and Price (1991); Chan and
Kumaraswamy (1995); Chan (2001); Ng e a/. (2001);
Le-Hoai and Lee (2009); and

Le-Hoai et al. (2009)

Ogunsemi and Jagboro (20006); and Hoffman ez a/.
(2007)

Other time prediction models

Strength of Relationship

Coefficient of Determination

Research Publications

Strong * (ot RH= 0.7

Moderate 0.4 <1 (or R?) < 0.7

Weak * (or R?) < 0.4

Walker (1995); Khosrowshahi and Kaka (1996)*;
Chan and Kumaraswamy (1999); Ogunsemi and
Jagboro (2000); and Stoy et al. (2007)

Love ez al. (2005)*

Hoffman ez al. (2007)

Note: * Ajusted R, rather than r* (or R?), was reported.

Inovation I Construction

‘33



Table 1 Previous research studies of construction time performance and the statistical prediction models

Study Construction Time Prediction Model Data and Modelling Method Predictability
Bromilow T = 313C"3, 370 building projects
(1969/ 1974) Cin 1 million Australian dollar
Value at 1972 prices Bromilow Time-Cost Model
Ireland T = 219C"; 25 high-rise commercial projects r?:0.58
(1985) Cin 1 million Australian dollar

Value at June 1979 prices

Multiple regressions

Kaka and Price
(1991)

Civil engineering projects
T = 258.1C*% (Estimated)
T = 245.3C"** (Actual)

Public building projects
T = 407.4C"*3 (Open competition)
T = 424.1C"** (Selected competition)
T = 367.5C"*"* (Negotiated competition)

Fixed price contracts
T = 398.8C**"* (Public buildings)
T = 274.4C"*'* (Ptivate buildings)
T = 258.1C™% (Civil engineering)

Adjusted price contracts
T = 486.7C"*5 (Public buildings)
T = 491.2C"%* (Private buildings)
T = 463.3C**" (Civil engineering)

Cin 1 million pound
Value at 1988 prices

2

661 building projects including r*:
commercial, industrial, residential and Civil engineering
projects

0.71 (Estimated)

0.71 (Actual)

public works, and 140 road projects
Bromilow Time-Cost Model

Public building projects
0.55 (Open competition)
0.67 (Selected
competition)

0.59 (Negotiated

competition)

Fixed price contracts

0.58 (Public buildings)
0.24 (Private buildings)
0.71 (Civil engineering)

Adjusted price contracts
0.46 (Public buildings)
0.37 (Private buildings)
0.94 (Civil engineering)

Walker
(1995)

Wortkdays = C"*! x exp {(1.19eot_act) -
(0.489fit) + (0.1050bj_qual) — (0.125cr_people)
+ (0.08cm_des_com) + (0.104cm_IT _use)}

where C = 1,000 Australian dollar,

eot_act = ratio of extension of time granted to
actual construction period,

fit = 1 if project is a fit-out,

obj_qual = quality of workmanship from 1 to 7
where 1 = very low and 7 = very high,
cr_people = people-oriented management style
from 1 to 7 where 1 = very low and 7 = very
high,

cm_des_com = communications management
for decision making between construction and
design from 1 to 7 where 1 = very low and 7 =
very high, and

cm_IT _use = effective use of information
technologies by construction management team
from 1 to 7 where 1 = very low and 7 = very
high

Value at January 1990 prices

33 building projects including office, t*:0.9987
industrial, education related and
others

Multiple regression model
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Chan and Kumaraswamy
(1995)

Government building projects
T=182.3C*?"" (Estimated)
T=216.3C"** (Actual)

Private building projects
T=202.6C"** (Estimated)
T=250.9C"*"* (Actual)

Civil engineering projects
T=252.5C"?" (Estimated)
T=291.4C"** (Actual)

Cin 1 million Hong Kong dollar

111 projects comprised of 37
government building projects, 36
private building projects, and 38 civil
engineering projects

Bromilow Time-Cost Model

2

Government building
projects

0.66 (Estimated)
0.62 (Actual)

Private building projects
0.48 (Estimated)
0.42 (Actual)

Civil engineering
projects

0.64 (Estimated)
0.61 (Actual)

Khosrowshahi and Kaka
(1996)

Model 11

Exponential (Duration) = Constant +

log (Cost)*Cost coef. + Horizontal access coef.
+ Buildability coef. + Scope coef. + Operation
coef. + Frame coef. + Units*Unit coef. + Start
month coef. + Abnormality coef. + Floor coef.

coef. = coefficient

Cost in 1 pound
Value in 1985 prices

54 housing projects from different
locations in the UK

Multi-variate regression analysis

Adjusted R?:
0.927

Chan (1999)

All building projects
T = 152C**

All public projects
T = 166C"*

All private projects
T = 120C"*

Cin 1 million Hong Kong dollar
Value at December 1994 prices

110 projects including residential,
commercial, education, industrial,
hotel, health and others

Bromilow Time-Cost Model

2

0.85 (All building
projects)

0.91 (All public projects)
0.73 (All private
projects)

Chan and Kumaraswamy

(1999)

Estimated construction duration

log EST_TIME = 2.6031 + 0.0834log EST-
COST + FACADE (0 for w/ precast

facades; 0.0497 for w/o precast facades) +
0.0024HEIGHT + NATSITE (0.2352 for level;
0.221 for built-up; 0 for sloping) + TYPESCH
(-0.0453 for purchase; 0 for rental)

Actual construction duration

log ACT_TIME = 3.0264 + 0.1236log ACT-
COST + TYPESCH(-0.0544 for purchase; 0 for
rental) + FACADE (0 w/ precast facades; 0.0666
for w/o precast facades) + 1.3E-06VOLTOTAL
— 0.0003GFA/NOSTOREY

NATSITE = nature of site
TYPESCH = type of scheme
VOLTOTAL = total volume of the building

(m’)

Cin 1 million Hong Kong dollar
Value at fourth quarter of 1996 prices

56 “Harmony” type domestic blocks

Multiple linear regression

2
0.8572 (Estimated time)

0.7546 (Actual time)
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Chan T = 269C"* 51 public sector including education, t*:

(2001) offices, residential, repairs and 0.41
Cin 1 million Malaysian riggit alteration, sports and others
Value at December 1992 prices
Bromilow Time-Cost Model

Ng ez al. Overall 93 projects ol
(2001) T =131C"" 0.588 (All)
Bromilow Time-Cost Model 0.679 (Public)
Public 0.540 (Private)
T=129C"* 0.538 (Non-industtial)
0.810 (Industrial)
Private
T: 1 32C().3()

Non-industrial projects
T=152C"

Industrial projects
T=97C"3%*

C in 1 million Australian dollar
Value at March 1998 prices

Love et al. New build (u = 1 for new build, otherwise = 0) 161 construction projects Adjusted R*
(2005) log(T) = 0.656 + 0.312log(C) + 0.221n 0.589 (New build)
Multiple regression using the 0.574 (Refurbishment/
Refurbishment/renovation (w = 1 for technique of weighted least squares  renovation)
refurbishment/ 0.589 (Fit out)
renovation, otherwise = 0) 0.568 (New build/
log(T) = 0.697 + 0.320log(C) - 0.145p refurbishment)
0.59 (Procurement
Fit out (u =1 for fit out, otherwise = 0) method)
log(T) = 0.828 + 0.311log(C) - 0.393n 0.96 (Time-Cost
Forecasting Model)

New build/refurbishment (u = 1 for new build/
refurbishment, otherwise = 0)
log(T) = 0.57 + 0.325log(C) + 0.113p

Procurement method (u = 1 for non-traditional
method, p = 0 for traditional method)
log(T) = 0.353 + 0.345log(C) - 0.237n

Time Forecasting Model
log(T) = 3.178 + 0.274log(GFA) +
0.142log(Floor)

C in 1 million Australian dollar

Construction Industry Council

36‘



Ogunsemi and Jagboro
(2000)

All projects
T:63CU,2()2

Private projects
T:55C0,312

Public projects
T:69CU,255

For all projects
T=118.563-0.401C(C = 408) or
603.427+0.610C(C > 408)

For private projects
T=168.895+0.491C(C =557) or
709.66+0.884C(C > 557)

For public projects
T=98.010+0.357C(C = 353) or
567.967+0.283C(C > 353)

Cin 1 million Nigerian naira

87 building projects including
residential, commercial, educational
and others

Bromilow Time-Cost Model and
piecewise linear regression with
breakpoint

%

Bromilow Time-Cost

Model
0.205 (All projects)

0.196 (Private projects)

0.322 (Public projects)

Piecewise linear
regression with
breakpoint

0.7656 (All projects)

0.7762 (Private projects)
0.8306 (Public projects)

Value at 2000 prices
Hoffman ez al. (2007) All projects 856 military facility projects ¥
T=26.8C"*" All projects
MAJCOM Bromilow Time-Cost Model and 0.337
T=24.3C"*>(AFMC) multiple linear regression MAJCOM

T=30.9C0.191(All others)
COE regions
T=41.3C""(NW, Pacific Ocean)
T=22.6C"*5(All others)
D/C agent
T=24.3C"*¥(NAVFAC)
T=32.1C*"(COE)
T=22.0C**°(In-house)
Temperature
T=27.4 C"*"(High)
T=20.9C"*"(Medium)
T=32.1C""*¥(Low)

C in 1 million US dollar
Value at 2004 prices

MAJCOM = Major Command

AFMC = Air Force Materiel Command

COE = Corps of Engineers

NAVFAC = Naval Facilities Engineering
Command

ACC = Air Combat Command

AETC = Air Education and Training Command
AFSOC = Air Force Special Operations
Command

D/C = design/construction

Multifactor model
y=3.44+0.198x,-0.059x,-0.070x,-0.222x -0.193x, -
0.01406%

where y=project construction duration (in days),
x, =project total cost (in §), remaining x, values
represent dummy variable for ACC, AETC,
AFSOC, NW COE region and in-house D/C
agent, respectively

0.326 (AFMC)
0.323 (All others)
COE regions
0.276 (NW, Pacific
Ocean)

0.374 (All others)
D/C agent

0.328 (NAVFAC)
0.291 (COE)
0.448 (In-house)
Temperature
0.349 (High)
0.344 (Medium)
0.335 (Low)
Multifactor model
0.374
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Stoy e al.
(2007)

Model 1

In(y)=6.482+0.9681n(x,)-0.361x -0.4691n(x,)

216 projects

e
0.629 (Model 1)

0.915 (Model 2, log-log

where y=construction speed (m” gross external ~ Weighted least squares regression transformation)

floor area/month), x, =project size (in 1000m?

gross external floor area), x,=no. of winters and

x,=planning duration (in months)

Le-Hoai and Lee (2009)  All projects 34 building projects including 2

T=341C"">(All) residential, commercial and others ~ Sector

Sector 0.657(All)
T=359C""*(Public) Bromilow Time-Cost Model and 0.619(Public)
T=220C"*"(Private) different regression models 0.707 (Private)

Tender method
T=366C""(Open)
T=238C"*'(Negotiated)

Project type
T=369C""*(Residential)
T=225C"*8(Commercial)

Tender method:
0.553(Open)
0.809(Negoitated)

Project type:

T=386C""*(Others) 0.766(Residential)
0.934(Commercial)
C in 1 billion South Korean won 0.246(Others)
Value at 2000 prices
Le-Hoai et al. (2009) All cases 77 building projects including Pl
T=93.6C"** residential, commercial, educational ~ 0.403 (All cases)
Public sector projects and others 0.436 (Public sector
T=98.1C"** projects)
Private sector projects Bromilow Time-Cost Model and 0.377 (Private sector
T=87.2C"** different regression models projects)

Cin 1 billion Vietnamese dong
Value at 2000 prices

Sousa ¢/ al.

(2014)

Using weighted least-squares techniques

Sanitation projects
log(T)=0.4695log(EC)+0.7003
Water projects
log(T)=0.5265log(EC)+0.5318
Sewer projects

log(T)=0.4108log(EC)+0.8879

Using least-squares techniques
Sanitation projects
log(T)=0.45191og(EC)+0.7443
Water projects
log(T)=0.4763log(EC)+0.6585
Sewer projects

log(T)=0.4357log(EC)+0.8259
EC: estimate costs

Cin 1 thousand US dollar
Value at 2002 prices

180 sanitation (i.e. water and sewer)
projects in Chicago

Linear regressions performed by
least-squares and weighted least-
squares techniques

2

Using weighted least-
squares techniques
0.7251 (Sanitation)
0.7547 (Water)
0.7301 (Sewer)
Using least-squares
techniques

0.6841 (Sanitation)
0.6778 (Water)
0.7255 (Sewer)

Construction Industry Council

38‘



Table 2 Key factors or parameters included in construction time prediction models

Factors
Project Project Management
Study Project-scope ) i X ) g
complexity Environment Attributes

Bromilow (1969/1974) Construction cost
Ireland (1985) Construction cost

Construction cost;

Building ;
Kaka and Price (1991) urding type

Project sector;

Procurement system

M t style;

Construction cost; anagem;n .St} y

Ratio of extension of time to Communications management
Walker (1995) : . for decision making;

actual construction period; . . .

. Effective use of information
Nature of project .
technologies
Chan and Constructi .
onstruction cos

Kumaraswamy (1995) "

Construction cost; Abnormality in the following

Scope of construction; . areas: access, communication,

. . Horizontal X
Khosrowshahi and Kaka Nature of project; . mistake, delays, stoppages,
(19906) Type of frame; aeeess; Starting month speed up, resource, cost limit
P : Buildability peed up, : ’

Number of units;
Materials of slab construction

occupied, variations, transport,
time limit, unknown, and others

Chan (1999)

Construction cost;
Project sector

Chan and Kumaraswamy

Construction cost;
Building height;
Gross floor area;

Presence of precast

facades; Type of housing

(1999) Number of floors: Nature of site scheme

Total volume of building
Chan (2001) Construction cost
Ng et . Cor?struction cost

Project sector
(2001) ol

Building type

Construction cost;

Nature of project;
Love et al. P ¢ svst

rocurement system;

2005
( ) Gross floor area;

Number of floors;
Ogunsemi and Jagboro Construction cost;
(20006) Project sector
Hoffi 1 al. Region; . .
(Zgo;;lan “ Construction cost Client Tzrgrll(;:raturc Agent of design/ construction
Stoy et al. Project size in 1000m?

oy roject stze o Number of winters  Planning duration in months

(2007) gross external floor area

Le-Hoai and Lee (2009)

Construction cost;
Project type;
Procurement system;
Project sector

Le-Hoai et al.

Construction cost;

(2009) Project sector
Sousa e# al. Construction cost;
(2014) Project type
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time. Singapore, for example, has proactively taken
measures to improve buildability, including the carrying
out of official buildability and constructability assessments
under the related legislation.

Standardisation, modularisation and repetition in
building design and construction details: Repetition of
similar precast elements at every floor, repetition of similar
design across building blocks, standard modular design
and modular design were perceived by local construction
professionals as the most important and most frequently
used design factors when using prefabrication to reap fruit
in faster construction (Jaillon and Poon, 2010).

Increasing the adoption of prefabrication and
precast components: In Jaillon and Poon (2010)’s
survey, construction professionals were neutral to
using prefabrication for shorter construction time and
improved productivity. Opposite to such views, findings
from case studies suggested that prefabrication not
only saved time but also design and construction costs.
Similarly in Chan and Chan (2002)’s study of design and
construction innovations in public housing construction,
they found that prefabricated construction shortened the

e | oy
Y

tEEE

TEFRERFIEFEEE,

| A A
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time for superstructure erection significantly. In Chan
and Kumaraswamy (1999), they found statistically that
using precast facades can shorten construction time. The
subsequent mandatory use of precast concrete facade
panels and semi-precast concrete floor slabs in all public
housing constructions and wider use of prefabrication in
other building components to accelerate floor cycle time
were recommended by Chan and Kumaraswamy (2002) to
reduce overall construction duration.

Using more efficient concrete pumps for concreting:
According to Chan and Kumaraswamy (1995)s field
observations, concrete placing by pumping was more
productive than crane and skip leading to a shorter floor
cycle time. Site data reported in Wang and Anson (1999)
concurred that concrete placing by pumping method was
the most productive method of concreting above ground
level. From the studies, it is evidenced that the use of
concrete pumps with a higher pump rate can shorten
construction time.

Other strategies: Chan and Kumararswamy (2002) also
recommended some other strategies to achieve faster
construction based on their surveys with industry experts:

Construction Industry Counci
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(i) maximise mechanisation in the construction process; (ii)
construction sequence should be efficient and simple; (iii)
increase the number of tower cranes and sets of large panel
steel formwork used in a project; (iv) use jack-up working
platforms that carry proprietary wall forms themselves
to save crane time for transporting the formwork around
the site; and (iv) encourage symmetry in block layout for
contractors to adopt innovative construction methods or
system formworks. Besides, brought up again in Chan and
Chan (2004) was using a CTP index for benchmarking
expected duration against trend-line for above and below
trend performance analysis:

Construction time performance (CTP) index
= (Predicted duration / Actual duration) x 100% (2)

Managerial Strategies

According to Kumaraswamy and Chan (1999), Chan and
Kumaraswamy (2002), and Chan and Chan (2002), a series
of research studies were conducted to investigate the
managerial approaches to facilitate faster construction in
Hong Kong. The managerial approaches revealed include:

Ensure continuous workflow for minimising floor
cycle time: Maintaining continuous workflow especially
for critical resources such as tower crane, large panel
formwork, pumped concrete, etc. is essential to minimise
floor cycle time so as to shorten overall construction
duration.

Ensure co-ordinated workflow among all trades:
Ensuring a coordinated workflow among all trades by
more effective site management and supervision, and
equally important is to maintain close liaison with all
contracting parties.

Innovations in procurement method: Contemplate
on project basis the suitability of adopting alternative
(innovative)  procurement methods for  reduced
construction durations, e.g. using fast-track, design-and-
build and negotiated contracts, adopting a partnering
approach via relational or collaborative contracting, and
more recently, the introduction of target cost contracts
(e.g. Chan ez al., 2010) and the New Engineering Contracts

(NECs) (e.g. Chan et al., 2014).

Management for better communications and decision
making: For better communications, the development
of appropriate overall organisational structures and
information communication network systems that link
all project teams throughout the project processes;
defines clearly the roles and responsibilities of each party
participating in the project, and increase coordination of
design and construction teams at the design-construction

interface are recommended. For better communications and
faster information flows to happen, training programmes
and formal education in integrated management
information systems and advanced information processing
technology should be provided to industrial practitioners.

For better decision making, not only should appointed
decision-makers be cleatly identified and mobilised but
also they should be provided with decision aids.

Application of building information modelling (BIM)
tools: BIM tools have received increasing attention and
wider application in the construction industry to improve
the production performance over the past decade (Froese,
2010). Cao et al. (2014) advocated that BIM can be applied
to clash detection of various activities during the design
stage by checking any possible conflicts amongst building
systems prior to construction, as well as simulating master
programmes and construction sequences. Hanna e al.
(2014) also asserted that the most significant level of value
generated by the use of BIM on daily project activities is
to identify any design flaws or mitigate any conflicting
coordinations via the clash detection programmes before
the commencement of work at site level. Therefore, a wider
application of BIM during the design phase should be able
to achieve faster construction and higher productivity
by avoiding potential field clashes or conflicts and more
prompt co-ordinations of different site activities during
construction as a whole.
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CONCLUSIONS

Neither over-estimate nor under-estimate of construction
duration is desirable from a commercial and management
perspective as cither can adversely affect commercial
arrangements previously made. Construction time
prediction models giving reasonable or realistic estimates
are much in demand for that reason. In this paper published
works to-date in construction duration modelling and
approaches to achieve faster construction were reviewed.
Placing particular concerns about the situation in Hong
Kong, the review paved the way for an on-going research
study to investigate the CTP of high-rise private building
projects in Hong Kong on the one hand and to elevate
the overall competitiveness and productivity of the local
construction industry on the other.

By examining 18 published papers an overview of
the current state of construction time prediction was
provided. Founding on the BTC model, project-scope,
project complexity and project environment related factors
and management attributes are used in addition to cost
to predict construction durations. Around 110 projects
are considered in each study to develop different time
prediction models. The predictive power of the models, as
their coefficient of determination r* (or R?) values reflected,
varies a lot. Construction cost being the most commonly
used predictor of time, if converted to a common currency
and base year price, gives clues to construction productivity
of countries over time making cross-country comparisons

of CTP possible.

Reported in the previous studies, effective strategies
for enabling faster construction in Hong Kong are
either technological or managerial in nature. From the
technological perspective, shorter construction duration
will be resulted from improvements in buildability,
standardisation, modularisation and repetition of building
designs, increasing use of prefabrication and precast
components, and putting to use more efficient construction
methods. From the managerial aspect to save construction
time, coordinating and maintaining continuous workflow,
use of innovative procurement methods, and managing for
better communication and decision making, together with
introducing BIM tools, ate recommended for reaping the
potential benefits.
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SIMPLIFIED SEISMIC ASSESSMENT OF RC BUILDINGS IN
HONG KONG UNDER OCCASIONAL EARTHQUAKE ACTION

Ray K.L. Su'’, Tim O. Tang', C.L. Lee' and Hing-ho Tsang”

" Department of Civil Engineering, The University of Hong Kong, Pokfitlan, Hong Kong
’Department of Civil and Construction Engineering, Swinburne University of Technology, Melbourne, Australia

Seismic design of buildings will be implemented in Hong Kong (HK) in the near future.
A versatile Timoshenko beam model integrated with modal response spectrum analysis is
proposed for assessing the seismic performance of low-rise reinforced concrete (RC) frames
and high-rise RC wall buildings with or without transfer structures. Occasional earthquake

design spectra with a return period of 475 years for different site conditions in HK have been
constructed. A set of design charts correlating the seismic demands (e.g response spectral
acceleration, shear area ratio, roof drift ratio and interstorey drift ratio) to the translational
fundamental period of buildings has been developed as a convenient preliminary seismic
checking and assessment tool. This generalised tool can provide a rapid checking of the
seismic performance of an immense volume of existing and new buildings and can easily be

implemented by engineers without any prior knowledge of seismic design.

Keywords: Interstorey drift ratio, modal response spectrum analysis, occasional earthquake,
Timoshenko beam model, transfer structure.

INTRODUCTION

Despite the fact that Hong Kong (HK) is located in a
region of low-to-moderate seismicity, no seismic code has
been enforced. Introducing a new seismic code requires re-
examination of the seismic resistance of existing buildings
accompanied by suitable retrofitting measures. The
potential onerous workloads in designing skyscrapers with
complex structural forms and unforeseeable consequences
hinder stakeholders from giving their consent to seismic
code development. Hence, the development of convenient
simplified techniques without constructing a fully detailed
frame model (Chopra, 2007) for rapidly assessing the
seismic performance of an immense volume of existing as
well as new buildings is required.

The use of a simple Timoshenko beam (I'B) for modelling
the dynamic behaviour of a real building has been
validated by Boutin e a/. (2005). Two regular low-rise
reinforced concrete (RC) buildings ranging from 22 m to
43 m high were investigated. By calibrating the first and
second translational frequencies of the buildings from
ambient vibration tests (AV'T), the uniform TB model was
capable of simulating the mode shapes and higher modal
frequencies. Cheng and Heaton (2013) further introduced
a soil spring at the base of a prismatic TB model and
successfully reproduced the first and second mode shapes
of a nine-storey RC frame building with a core wall. A
similar study was conducted by Kohler e a/. (2013) on
a prismatic 12-storey RC shear wall building with one
level basement. The aforementioned findings prove the

versatility of using a prismatic TB model in estimating the
dynamic behaviour of a real building.

Based on the translational vibration periods of local
buildings identified from AVTs, and TB models calibrated
in the previous studies (Tang and Su, 2014b), this paper
aims to assess the seismic performance of typical local
high-rise RC wall and low-rise RC frame buildings. The
modal response spectrum analyses (MRSA) considering
the first four modes of the calibrated TB models are
conducted by using the proposed occasional earthquake
design spectra with a return period (RP) of 475 years for
typical rock and soil sites in HK. Finally, a set of design
charts for logging response spectral acceleration (RSA),
shear area ratio, roof drift ratio (RDR) and interstorey
drift ratio (IDR) is constructed, by which preliminary
seismic assessments of buildings can be easily and rapidly
performed once the fundamental translational structural
periods are determined.

TIMOSHENKO BEAM MODEL FOR
SIMULATING RC BUILDINGS

Timoshenko Beam Theory (TBT)

Due to the length limitation of this paper, only the relevant
parameters (e.g. frequency ratio and shear-to-flexural
stiffness ratio) of the two-dimensional fixed-free TB
model (Figure 1) will be presented. Detailed derivation and
verification of a non-uniform TB model can be found in

Tang and Su (2014b).

‘klsu@hku.hk Dr. Ray Su
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Figure 1 Non-uniform Timoshenko Beam Model and Notations of Properties

The shear-to-flexural stiffness ratios (r ) of a uniform TB
can be defined as (Boutin ¢z a/., 2005; Cheng and Heaton,
2013):

kGA 2
_"H, _GH KA
=Bl = E I (12
iy

_ GH} 8

Ty =R D’
(for rectangular cross-section with k=2/3) (1b)

in which G and I are the equivalent shear modulus and
moment of inertia of the TB model, k is the shear factor
adopted to adjust for different cross-sectional shapes, A is
the plane area of the building, D is the span of the plane
area along the vibrating direction, E is the equivalent
Young’s modulus and H, is the total height of the building
(H, / D is the aspect ratio).

For r approaching +0, the model degenerates into an
Huler-Bernoulli beam with flexural action only (i.e. without
shear deformation) and the frequency ratios for the second
to fourth modes (with respect to the first mode) are close
to 6.3, 17.4 and 34.0, respectively; whereas t ; approaching
0 refers to a simple shear beam and the corresponding
frequency ratios diminish to 3, 5 and 7. Thus, the r , factor
for the TB model can easily be calibrated by matching the
first two translational modal frequencies if they can be
obtained from AV'Ts or numerical modelling.

Dynamic Behaviours of RC Buildings

A database comprising in-situ dynamic tests of buildings
has been compiled by Tang and Su (2014b) through a

literature review and previous in-situ tests in HI by Su ez

al. (2003). These data consist of 75 buildings with different
structural forms including simple shear walls, moment
frames or infilled frame buildings and high-rise coupled
shear walls with core walls, tube-in-tube or outrigger belt
truss. Some of these are constructed above RC transfer
plates or frames.

Of the 41 local medium-to-high-rise buildings with a mean
height > 100 m, 21 buildings exhibit an r  ranging from 0.4
(shear-mode dominant) to 40 (flexural-mode dominant)
with a median of around 10 (Tang and Su, 2014b). There
are six local low-rise buildings having five to nine storeys
(H, <40 m), and only one of these has an identified second
mode frequency ratio corresponding to r, = 0.2 which
exhibits a shear-mode behaviour.

Figure 2 shows the measured translational fundamental
periods in conjunction with building height. A simple
period-height equation for the intact structures in HK can
be deduced from small amplitude vibration tests as:

T, .. = 0.015H, for RC wall buildings )

in which the subscript i denotes the intact period obtained
from small amplitude vibration data.

From Figure (2b), the coefficients of the lower-bound and
upper-bound period-height equations can be reasonably
assumed as 0.01 and 0.02, respectively.

For local low-rise RC frame buildings (H, < 40 m) with
infills, either Equation (2) or the period-height Equation
(3) in accordance with FEMA 450 (BSSC, 2004) may be
adopted. For pure RC frame buildings, since there is a
paucity of local dynamic test results, it is recommended

that EC8 be followed (BSI, 2004a):
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Figure 2 Comparisons of First Translational Periods with Building Height
lediame = 0-0488H, /% for RC frame buildings Figure (32). Good agreement between the measured and
with infill walls (FEMA 450) 3 predicted results has been achieved (Tang and Su, 2014b).
Amongst the identified r,, which ranges from 0.1 to 40,
T, ..=0075H06" for pure RC frame the median value of r . = 10 is adopted for simulating the
buildings with H < 40 m (ECS8) “) combined shear and flexural modes for medium-to-high-

Figure (2¢) compares the periods estimated by Equations
(2) to (4) for low-rise buildings, and the measured
fundamental translational periods of local buildings (with
infilled walls) are also provided for comparison. Equation
(2) generally gives a closer prediction whereas Equation
(3) forms an upper-bound estimate to the experimental
results. Half of Equation (3) (i.e. 0.0244H, %), or 0.01H,, is
regarded as the lower-bound estimate for low-rise infilled
frame buildings.

Under seismic action, structural members may crack and a
stiffness reduction factor of 0.5 (ECS8, BSI, 2004a; ACI318-
11, 2011) is further considered for the cracked sectional
properties, whereby a period lengthening factor [, is
introduced:

Bi= ﬁ =1.414 )

The identified frequency ratios with r, are shown in

rise shear wall buildings with 14 to 40 storeys; whereas r
= 0.1 is adopted for low-rise frame buildings with two to
ten storeys. Although the frequency ratio for a constant r
may vary with the aspect ratio (=H, /D), the changes are
modest within a certain range of r_, particularly for the
lower modes. Figure (3b) compares the frequency ratios
for prismatic buildings with 16 and 30 storeys predicted
by TBT. The TBT yields higher frequency ratios for
the 30-storey TB model with higher r ; however, such
discrepancy diminishes rapidly when r < 15.

DESIGN EARTHQUAKE MODEL FOR
HONG KONG

Rock Sites

The recommended design spectrum (DS) for rock
sites (Su ef al., 2014a; Su et al., 2014b; Tsang, 2006) for
occasional earthquake actions with a RP of 475 years (or
10% probability of exceedance in 50 years) in HK can be
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expressed using Equation (6) in the format of response
spectral displacement (RSD) with 5% damping versus
natural period of structure (T).

T<0.23 . RSD(mm)=0.28 X (T/27 X 9810
0.23<T<1.0 : RSD(mm)=16 x T ©)
1.0<T<5.0  : RSD(mm)=16 + 7 x (T-1)

The compatible response spectral velocity (RSV) and
acceleration (RSA) can be conveniently obtained by direct
transformation from the RSD, respectively, as:

RSV (mm/s) = RSD (mm) x (%) %
RSA(g) = RSD (mm) x (45 ) /9810 ®
The rock DS for HK in RSD and RSA formats with a RP

of 475 years and the confident period limit of 5.0 s are
shown in Figure 4.
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(a) Measured (Data Points) and Predicted Results from
a Uniform 30-Storey TB

Soil Sites

Soil column profiles from 16 different site locations
(Figure 5) in HK have been collected in order to construct
the site-specific response spectra using STRATA (Kottke
et al., 2013). Site response analyses have been performed
using a suite of simulated acceleration time histories that
are compatible with the design occasional earthquake
actions. The average spectral ratios (SR) for each site can be
obtained. The SR is defined as the ratio between the RSD
of the soil surface and that of the bedrock. By multiplying
the rock DS (RSA or RSD) with the SR, the site-specific
response spectra can be constructed, which have been
presented in acceleration-displacement response spectrum
(ADRS) format in Figure 6. Moreover, the enveloped
earthquake response spectrum in the tripartite format for
each soil type is also shown in Figure 6.

Earthquake Design Spectra for Typical Site Conditions in HK
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The 16 site-specific response spectra can be grouped into
four types (namely, Site O, Site 1, Site 2 and Site 3). It is
noted that a site with relatively thin and/or stiff soil layers
and with the initial natural period T, = 0.15s (i.e. SO1 to
S03) can be classified as a rock site (i.e. Site 0), and the rock
DS model can be adopted.

The four occasional earthquake DS for HK are shown
in Figure 7 in ADRS and RSA formats. This set of DS
for the four typical site conditions could be a convenient
engineering design tool. If the translational fundamental
vibration periods of buildings are known, then the seismic
force and displacement demands under different types of
site conditions can be estimated.

0.8

SEISMIC DEMAND ASSESSMENT USING
THE TB MODEL

RS A and Shear Area Ratio Demands

MRSA has been conducted on the calibrated TB model. The
responses of the first four translational vibration modes
have been combined using the square-root-of-the-sum-of-
squares (SRSS) approach. The buildings with a constant
storey height of 3 m, mass density of 5.5 kN/m? and a span
(D) of plane area of 20 m are assumed to possess uniform
lateral stiffness along the height of the TB models. The
accumulated participating mass ratio has reached 90% as
stipulated in EC8 (BSI, 2004a). Due to the length limitation
of this paper, only results with significant implications (i.e.
buildings subjected to Site 2 or Site 3 design spectra in this
study) are presented.

Figure (8a) shows the RSA with the normalised first
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Figure 8 Seismic Demands of Wall Buildings (r, = 10; 8= 1.414; A, =1, A, =1)
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mode natural period for medium-to-high-rise shear
wall buildings (assuming r = 10) under uni-directional
earthquake action (for Site 2). The normalised lower-bound
(0.01H,-3)) and upper-bound (0.02H,-5)) periods, with
respect to the expected period (0.015H,-5)), are 0.67 and
1.33, respectively. The expected RSAs for various building
heights are within 0.28 g (T/T_ = 1) for a 14-storey (42
m) building and 0.10 g for a 40-storey (120 m) building.
For the 14-storey building, the RSA may vary between
0.23 gand 0.43 g for a range of possible first mode natural
periods.

Figure (9a) shows the RS5A with the normalised first mode
natural period for low-rise frame buildings (assuming r .=
0.1) under uni-directional earthquake actions (for Site 2).
The normalised lower-bound (0.0244H °7-5 ) and upper-
bound (0.0488H %7 5)) periods, with respect to the period
of the pure RC frame building (0.075H 75 ), are 0.33 and
0.05, respectively. Compared to high-rise wall buildings,
the RSAs for short-period low-rise buildings with two
to ten storeys are relatively larger. The RS.4s for more
flexible low-tise frame buildings are within 0.12 g (T/ Tfmmc
= 1) for a ten-storey building and 0.73 g (flat-top value)
for a two-storey building. In the presence of RC and/or
masonry infills, the period could be shorter (T/T,
0.65 corresponds to Equation (3)) and a higher demand
on the RSA ranging from 0.24 g to 0.73 g is expected for
low-rise infilled frame buildings with two to ten storeys.

Based on the TB model and the RS.A demands, the base

shear (or storey shear) can be computed. As the design shear
stress must not be greater than the shear stress capacity v :

RSA(Ar)  mus) )
= Qi A <y,
! A AT 08 % S A,
in which
Q is the overstrength factor for shear that may be
taken as 1.5;
iereg is the plan irregularity factor that may be taken
as 1.7;

is the plan transfer structure factor that is taken
as 1.0 for a building without transfer structures
or 1.5 for a building with a well behaved
transfer structure (Su et al. 2014b);

is the topographic factor that varies from 1.0 to
1.4 (EC8, BSI, 2004a);

is the total floor area;

trans

is the sectional area of the j-th wall (and/or
column) along the direction of the earthquake
action concerned, it is multiplied by a 0.8 factor
to account for the reduction for effective depth;
is the uniformly distributed mass per unit area
(e.g- the mass at the i-th floor m=m _ A).

From Equation (9), the minimum shear (wall) area ratio at
the critical floors (e.g. the ground floor and the floor just
above the transfer structure) can be derived as:
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Figure 9 Seismic Demands of Frame Buildings (r, = 0.1; 8= 1414 A, =1; 4 =1)
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Once the RSA demands of buildings obtained from
the design charts (Figure (8a) and Figure (92)) and the
corresponding parameters in Equation (9) are properly
determined in accordance with the local conditions, the
minimum shear area ratio demand can be computed. By
comparing the minimum required shear area ratio and the
design or existing shear area ratio of a building, its seismic
performance can be evaluated.

RDR and IDR Denands

The RDR and IDR are the two important indices for
evaluating the seismic performance of a building subjected
to earthquake actions. For the collapse-prevention (CP)
limit state, the RDR of 1% and IDR of 1.5% recommended
by CSA (2004) are adopted. Such stringent limits are
achievable in low-to-moderate seismicity regions only.
Comparatively, the Vision 2000 report (SEAOC, 1995)
suggests an IDR of 1.5% for the life safety (LS) limit state
and 2.5% for the CP limit state. EC8 imposes a more
stringent IDR limit of 0.5% to 1.0% on buildings that are
attached to isolated non-structural components under 475-
year RP earthquakes.

The RDRs for high-rise wall buildings with 14 to 40 storeys
against normalised first mode natural periods (with respect
to T ) are shown in Figure (8b), in which a constant
RDR plateau is reached for normalised periods beyond 2.
Moreover, a unified gradient trend for the RDR in Figure
(8b) and IDR in Figure (8¢c) can also be observed. For the
critical buildings with T/T = 1.33, the maximum RDR
and IDR are only 0.29% and 0.36% (Site 3), respectively,
which indicates that limited nonlinearity is expected.

The displacement demands obtained from the design
charts have to be amplified in the presence of unfavourable
features: (a) a topographic factor A, = 1.2 is applied when
the building is situated on a sloping site with a slope angle
> 15% and (b) for irregular buildings, an irregularity and
torsional factor for displacement demand, lmeg, » ranging
from 1.2 to 1.7, is applied for high-rise shear wall buildings
(Su and Cheng, 2008; Tang and Su, 2014a). Thus, with
these adverse conditions, the RDR for the expected period
(T/T_ = 1)is 0.45% (= 0.22%x1.2x1.7) and the IDR is
0.53% (= 0.26%x1.2x1.7). For flexible buildings (T/T_
= 1.33), the RDR is 0.59% (= 0.29%X1.2X1.7) and the IDR
is 0.73% (= 0.36%x1.2X1.7). Particular cautions should be
applied to more flexible medium-to-high-rise shear wall
buildings under Site 3 conditions. However, these IDR
values are below international limits (according to EC8 or
the LS limit state of Vision 2000), indicating that high-rise
shear wall buildings with 14 to 40 storeys could be able to
sustain the occasional earthquake action, although slight
damage to structural members and moderate damage to

non-structural components could possibly occur according
to the stringent requirement in EC8 (e.g. IDR > 0.5%).

Figures (9b) and (9¢) show the RDR and IDR, respectively,
with the normalised first mode natural period (with respect
to T, ) for low-rise buildings with two to ten storeys.
The expected period for the low-rise infilled frames or RC
shear wall buildings falls within T/ T, .. =033 and 0.65
as shown in Figure (2¢). Thus the critical RDR and IDR
demands at T/T, = 0.65 are 0.37% and 0.55% (Site 2),
respectively. For low-rise pure frame buildings located on
Site 2, the RDR at the expected period (T/T, = 1) falls
within 0.23% and 0.62% and the IDR falls within 0.42%
and 0.88%. If unfavourable features exist, the topographic
factor (A, = 1.2) and irregularity factor (A, = 17)
should be applied. The critical RDRs would increase to
0.75% (= 0.37%x1.2x1.7) for T/ T, = 0.65and 1.26% (=
0.62%x1.2x1.7 for the two-storey building) for T/T, =
1. The critical IDRs increase to 1.12% (= 0.55%x1.2X1.7)
for T/T. = 0.65 and 1.8% (= 0.88%Xx1.2X1.7 for the

frame

two-storey building) for T/T,_ = 1.

The results indicate that low-rise pure frame buildings
with four storeys or less, located on Site 2 and coupled
with unfavourable features, may be susceptible to damage
(e.g. IDR = 1.8% = 1.5% as required by Vision 2000 for
LS limit state) if the ultimate IDR capacity of column
elements is smaller than the seismic IDR demand. This
could be the case for columns with non-seismic detailing
or premature brittle shear failure (Su e a/., 2008; Zhu et al.,
2007). Detailed analysis is required to further assess the
vulnerability of these low-rise pure frame buildings with
notable nonlinear behaviour.

CONCLUSIONS

A versatile two-dimensional non-uniform Timoshenko
beam (TB) model has been adopted to assess the seismic
performance of high-rise RC walls as well as low-rise RC
frame buildings. The design spectra for four typical site
conditions in HK have been constructed for occasional
earthquake with an RP of 475 years. Modal response
spectrum analyses have then been performed on the
calibrated TB model under various site conditions. Finally,
basic design charts correlating the seismic demands (e.g.
RSA, shear area ratio, RDR and IDR) to the fundamental
translational period of various types of buildings have
been developed as a convenient design tool for the
preliminary seismic assessment of buildings. The results
show that high-rise wall buildings with 14 to 40 storeys
can sustain occasional earthquakes, but slight damage
to structural members and moderate damage to non-
structural components could possibly occur (e.g. Site 3).
However, low-rise pure frame buildings without shear
walls (which are rare in HK) with a height < 12m, with
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unfavourable features under specific site condition (e.g. Site
2), may not meet the life safety (L.S) requirement under the
occasional earthquake action. The seismic performance of
RC buildings in HK under the rare earthquake action with
a RP of 2475 years will be investigated in the next phase
of the study.
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A substantial amount of polyethylene terephthalate (PET) is consumed all over the world.
From the economic and ecological perspectives, recycling PET waste to regenerate fibres for
incorporating into concrete and/or mortar is presumably one of the most effective ways to
minimise the disposal of plastic waste. It is envisaged that the incorporation of PET fibres
into cementitious materials can achieve higher ductility, higher fracture toughness, better crack
control and crack bridging properties. However, recycled PET fibres have intrinsically poor
wettability and weak adhesive bonding with cement paste, and it would be degraded in the
alkaline environment of cementitious matrix. There are mainly two approaches of surface
modification to improve the bonding of recycled PET fibres with the cementitious matrix,
namely (i) physical modification to proliferate the fibre roughness by surface crimping, hooking
or twisting, and (ii) chemical modification to improve the hydrophilicity of fibre surface and
to enhance the alkaline resistance of PET fibres. This paper summarises the physical and
chemical approaches of surface modification and compares their effectiveness respectively, in
order to develop the optimum surface modification strategy for the application of recycled
PET fibres in cementitious materials..

Keywords: cementitious materials, polyethylene terephthalate fibre, recycling, surface

modification.

INTRODUCTION

Polyethylene terephthalate (PET) has been widely used in
various fast-moving consumer plastic goods, particularly
beverage containers and bottles. However, the huge
amounts of used PET commodities increase the burden
on the public landfills and lead to severe environmental
problems. To minimise the disposal of PET, there has
been an increasing pressure for recycling and reusing PET
waste. Identifying proper ways to utilise the recycled PET
can undoubtedly contribute to resolving the acute problem
of municipal solid waste accumulation. On the other hand,
cementitious materials including concrete and mortar are
the most widely used construction materials. Therefore,
the incorporation of recycled PET fibres as micto-
reinforcements in cementitious materials has attracted vast
research aiming to consume the PET waste.

Cement-based materials are in general brittle and have low
tensile strength, low energy absorption and weak crack
resistance. The incorporation of fibres to form fibre-
reinforced cementitious composites has been shown to
enhance the tensile capacity, fracture toughness, and crack
resistance of cementitious materials (Dubey, 1999). The

underlying principle is that the discrete reinforcing fibres
can prevent crack propagation by transferring tensile
stress across the crack to tension along the fibres, as well
as to the bond between the fibres and the cementitious
matrix. This crack bridging mechanism can increase the
energy absorption in the post-crack regime and promote
ductile fracture of the cement-based composites (Dubey,
1999; Sujivorakul, 2002). Hence, the effectiveness of using
recycled PET discrete fibres to produce fibre-reinforced
cementitious materials is an important area of research.

The energy absorption of a fibre-reinforced cement-
based composite is dependent very much on the bond
characteristics of the fibres with the cementitious matrix.
It is because the bond slip between the individual fibre
and the cementitious matrix would dissipate substantial
amount of energy during the crack propagation process.
The bond behaviour is influenced by various factors,
including the material properties of the cementitious
matrix, the geometry and surface properties of the
fibres (Guerrero 1999, Sujivorakul 2002). Therefore, the
bonding characteristics of recycled PET discrete fibre
in cementitious composites must be duly engineered to
ensure the functionality of the material.

‘puilamng@nami.orghk Dr. Pui-lam NG
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Generally speaking, PET fibre exhibits low surface
energy and limited chemical reactivity, resulting in poor
wettability and weak adhesive bonding of PET fibres as
micro-reinforcements in cementitious matrix. Moteover,
the recycled PET fibres would be degraded in the alkaline
environment of cementitious matrix. Therefore, proper
surface treatment procedures must be performed to achieve
adequate interfacial adhesion and to prevent undesirable
degradation of fibres. There are mainly two approaches
of surface modifications to improve the bonding
characteristics of recycled PET discrete fibres. The first
approach is physical modification in proliferating the
surface roughness of fibres in crimped, hooked, or twisted
shapes; and the second approach is chemical modification
in improving the hydrophilicity of the fibre surfaces and
to enhance the alkaline resistance of the fibres. In fact,
the introduction of new functional groups via chemical
modification is potentially to alter both the physical and
chemical nature of the fibre surface concurrently. By
choosing the appropriate experimental parameters, it is
possible to restrict the chemical modification to the surface

of fibre, while leaving the interior structure unaltered
(Avny and Rebenfeld 19806).

In this paper, the physical and chemical approaches of
surface modification of recycled PET discrete fibre are
reviewed and their effectiveness are compared. This
is imperative to the development of optimum surface
treatment and surface modification strategies for
application of recycled PET fibre in cementitious materials.

| Catting .

Rolling blade

Fixed blade

RECYCLING AND SURFACE
MODIFICATION OF PET FIBRE

PET is a thermoplastic which can be remelted under high
temperature. During the recycling of PET wastes, the
PET is cleaned, melted, and reformed by extrusion. The
resulting recycled PET continuous fibre would be chopped
into discrete fibres. In the following, the manufacturing
processes of recycled PET fibre are introduced, and an
account of physical and chemical modifications of recycled
PET fibre is presented.

Regeneration of PET fibres

Fibres with circular or rectangular cross-sections are
commonly regenerated from recycling of PET wastes. This
section describes the processes involved in the regeneration

of PET fibres.
e Fibre with circular cross-section

After the cleaning and melting process, the fibres are
extruded from a nozzle at the tip of the extruder, which
is typically disk-shaped and has a number of small holes.
The temperature is set at 250-280°C during the extrusion
process for PET to melt. PET fibres with circular cross-
section are extruded from the nozzle. The resulting
recycled PET continuous circular cross-section fibres (or
monofilaments) are then indented and cut into discrete
fibres, as shown in Figure 1. The fibres are further drawn
in a water bath with cooling water (Ochi ef a/. 2007).

Indent
marking

Maonofilament

Pinchroll | Roller die
w2 R

Alignment guide

PET fiber

Figure 1 Apparatus of the indent marking and cutting of PET fibre (Ochi ez a/. 2007)
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Recycled PET sheet roll

Figure 2 Process for manufacturing rectangular cross-section fibres from recycled PET bottles, and the appearance of

resulting PET fibres (Kim ez a/. 2008)
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Figure 3 Schematic of indentation procedure by pressing (left) and the appearance of pressed PET fibres (Singh e a/. 2004)

* Fibre with rectangular cross-section

The recycled PET is firstly melted to form a roll-type sheet.
The sheet was then slit into continuous fibre strips with
rectangular cross-section of 0.2-0.5 mm thickness and 1-5
mm width, and a deforming machine was used to change
the surface geometry of each continuous fibre strip (Figure
2). Finally, the continuous fibres were cut into discrete
rectangular cross-section fibres of 20-50 mm length (Kim
et al. 2008).

Physical modification

In general, the freshly extruded PET fibre with circular
or rectangular cross-section is smooth and would have
relatively low pullout resistance from the cementitious
matrix. The emphasis of physical modification is to
produce various indents on fibre surface to increase the
surface roughness of the resultant PET fibres.

For the PET fibres with circular cross-section, the indents
canbe produced byindentrollerdie. The PET monofilament
is commonly preheated in a hot-water bath under 68-73°C
before indentation. This processing temperature is close
to the glass transition point of PET, and the control of
temperature is critical for the consistency of the sizes of
indents. For those fibres with rectangular cross-section,
different indentation shapes can be used, including
straight, “O” fibres, crimped and embossed. Several
mechanical indentation methods have been developed to

increase the surface roughness of PET fibre strips. One
of the methods is to modify the continuous PET sheet by
a two-roller system with projections, as shown in Figure
2. The extruded sheet is passed through while pressed at
the required load by finely adjusting the distance between
the two rollers. The resulting sheet with indentations can
be slit longitudinally into strips, which may be further cut
into desired length. Another method is to press the fibre
between two hardened steel surfaces with projections, as
illustrated in Figure 3. Different levels of pressure and

surface morphology of indentation could also be chosen
(Singh ez al. 2004).

Won etal. (2011) investigated the effects of PET fibre shapes
on the pullout behaviour of cement-based composites. The
bond strength of the embossed fibre was about 5 MPa
and was significantly superior to the crimped and straight
fibres. A linear relationship exists between the pullout load
and displacement until the fibre and cement matrix begins
to debond, subsequently with a nonlinear relationship until
the fibre was finally pulled out or fractured, as illustrated
in Figure 4. Similar patterns were observed for all the
three fibre types, with the difference in displacements.
The straight fibre manifested the shortest linear portion
before reaching the maximum pullout load with small
displacement due to the rapid debonding between the
smooth fibre and the cement matrix. Comparatively, the
embossed fibre showed an extended nonlinear portion
derived from the uneven surface and the straightening of
the fibre over the fibre-matrix interface. This gives rise to
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Figure 4 Pullout force versus displacement curves of three types of indented PET fibres (Won e7 a/. 2011)

a constant resistance to the pullout load until final pullout
or fracture of fibre was reached. As for the crimped fibre,
it was difficult to distinguish whether the peak pullout load
occurred at the linear or nonlinear regime. When the fibre
was under loading, the crimped sections started to unfold
before reaching the maximum pullout load. The more the
fibre unfolds, the larger the displacement at maximum
pullout force would result.

Kim et al. (2008) examined the fibre surface after the
pullout test to analyse the frictional resistant force due
to different fibre shapes. The straight fibres had no
significant signs of scratching, but with the presence of
small amounts of adhered cement, due to the small surface
area and low frictional resistance. In contrast, the surface
of the embossed fibres was found to be scratched, and
the embossed area was partly ripped out. The crimped
area of the crimped fibres was laid open. The bond was
strengthened as a result of the mechanical anchorage
effect around the crimped area and its mechanical bond
strength increased continuously as the crimp was opened,
but stopped once it was completely opened. However, the
crimped area was comparatively weaker than the other
areas because of the intrinsic production procedures, and
was partially damaged during the test.

Chenrical modification

In the last decade, extensive research on the technologies
of chemical modification of the PET fibre surface has been
conducted. Several methods to improve the wettability
and to provide stronger bond between the PET fibre and
cement matrix have been advocated. The typical methods
of chemical surface modification of PET fibres, including
alkali treatment, plasma treatment and matrix modification
etc., are summarised in Table 1.

e Alkali treatment

Alkali treatment is a simple and efficient way to modify
the surface of recycled PET fibre. The presence of alkaline

could increase wettability, as well as providing potential
sites for the formation of covalent chemical bonds within
the cementitious matrix. The reaction mechanism between
PET and alkali solution is shown in Figure 5: PET
undergoes nucleophilic substitution and is hydrolysed by
aqueous sodium hydroxide. The hydroxyl ions would attack
the electron-deficient carbonyl carbon group to form an
intermediate anion. Chain scission follows and results in
the production of hydroxyl and carboxylate end groups.
Similar chemical reactions were reported by Zeronian and
Collins (1989) for the alkali treatment of polyester.

In the case of polyester, the reaction with aqueous sodium
hydroxide appeared to be not confined on the surface. As
the chain scission reaction occurs, the reaction products
dissolve in the solution and a fresh surface unveils, which
is attacked in turn. Consequently, the fibre diameter is
progressively reduced. There would be a loss in fibre
tenacity and mass as the hydrolysis progresses. However,
the decrease is small when a low concentration of alkaline
solution is employed for treatment. Allin all, it is important
to investigate the durability of PET fibre in the alkaline
environment of cementitious matrix. Table 2 summarised
the detailed research of alkali treatment effects on the
durability of recycled PET fibre.

Fraternali e al. (2013) studied the alkali resistance of
the recycled PET strips subject to immersion in alkaline
solution at 60°C for 120 hours. The alkaline solution
contained 10 g of sodium hydroxide and 1 dm? of distilled
water. The tensile strength of the immersed PET fibre was
found to remain at 87% of the untreated one.

Machovic et al. (2013) evaluated the interfacial transition
zone (ITZ) between fibres from waste PET bottles and
cementitious matrix using environmental scanning
electron microscope (ESEM) and Raman spectra. After
alkaline hydrolysis at an elevated temperature, both the
surface morphology and content of polar group of PET
fibres were altered. The ESEM observation showed that
the composites of PET fibres treated by NaOH hydrolysis
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Table 1 Chemical modification of recycled PET fibre

Surface Modification

Reference Details Characterisation
Technology
hovie e al.
(Machovie ¢f Alkali Refer to Table 2
2008)
(Shao et al. 2001) Silica fume
Four types of gas: argon, air, ammonia,
(Wu and Li 1999) Plasma and oxygen; treatment time: 1, 5 and 10 Pullout test
min
Pl iti d ai
(Mancini ef al. 2013) Plasma asma composition (oxygen and air), Contact angle, Surface energy

(Jung ez al. 2013)

(Cioffi ez al. 2003)

(Oh and Park 2014)

(Won ez al. 2010)

(Won et al. 2010)

(Won et al. 2011)

Matrix modification
(Styrene-butadiene
latex)

Plasma

Matrix modification

Sulfuric acid

Salt

Surface coat

power (25-130 W), time (1 and 5 min)

Pullout test,

TLatex was added at 0, 5, 10, 15, 20 and . .
Microstructural analysis of

25% of the binder weight (wt %) b .
re surface

Plasma composition (oxygen), power (50

W), time (5, 20, 30 and 100 sec)

Contact angle, Tensile test

Nanosilica and silica fume contents were

added at 0-10% of the cement weight, Microstructural analysis
latex was used at 15% of the cement (SEM)

weight

3% H,SO,, and 3% sodium sulfate
(NaSO,) solution for 30, 60, 90 and 120
days

3% NaCl and 4% CaCl, for 30, 60, 90 and
120 days

PET fibres were passed in maleic
anhydride grafted polypropylene (mPP)
solution of 5, 10, 15 and 20 wt % at 80 °C

0 (s}
Il I OH -
-—C—@—C—O—CHZ—CHZ-0~ -

O O

Il Tl
(:7@7(:707(}127(}1270
A
OH

o l
Il
=" _- COO- + HO-CH, - CH, ~

Figure 5 Chemical modification of PET fibre by alkali (Zeronian and Collins 1989)
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Table 2 Alkali treatment of recycled PET fibre

Reference

Solution Concentration

Immersing Temperature and .
& . P Characterisation
Time

(Machovie e/ al.
2008)

(Shao ez al. 2001)

(Machovic ez al.
2013)

(Ochi et al. 2007)

1M NaOH solution;
saturated Ca(OH), solution

10 wt % NaOH solution

1M NaOH solution

10 wt % NaOH solution

90°C at a heating rate of
10°C/minute, and then left
at ambient temperature for

3 days

FTIR, DSC, Water vapour
absorption, Microstructure
of fibre surface

60°C for 120 hours

90°C at a heating rate of
10°C/minute, and then left
at ambient temperature for
3 days

Raman spectra

40, 60 and 80°C for 120

hours Tensile strength

Ca(OH), saturated solution
(pH 12.3), 0.1 M NaOH
(pH 13), and Lawrence
solution (0.48g/1Ca(OH),
+ 3.45¢/1 KOH + 0.88g/
INaOH, pH 12.9)

(Silva ez al. 2005)

pH 12.6 by mixing 0.16%
Ca(OH), + 1% NaOH +
1.4% KOH

(Won et al. 2010)

5, 25 and 50°C for 150 days

30, 60, 90 and 120 days

FTIR, Microstructural
analysis (SEM equipped with
EDX)

Microstructural analysis

(SEM)

Note: FTIR stands for Fourier transform infrared spectroscopy; DSC stands for differential scanning calorimeter; SEM stands for scanning

electron microscope; EDX stands for energy dispersive X-ray spectroscopy.

had almost invisible ITZ, whereas the composites with
non-hydrolysed PET fibres had distinct heterogencous
ITZ with a thickness up to 50 um, as well as a profound
abundance of large pores containing large crystals of
portlandite and ettringite (Figure 6). Raman spectroscopy
also showed that the most intensive bands of portlandite
and ettringite appeared within the 50 um ITZ from the
hydrolysed PET fibre, while the cement composites with
alkaline hydrolysed PET fibres did not show an increased
concentration of the above mineral phases near the fibre
surface.

* Surface hydrophilisation treatment

Won et al. (2011) reported the enhancement of bond
performance between recycled PET fibre and cement
matrix via hydrophilisation treatment with maleicanhydride
grafted polypropylene (mPP). Different concentrations of
mPP were employed and compared with control PET fibre
without being subjected to surface treatment. It was shown
that the pullout behavior, bonding strength and interfacial
energy were increased along with the concentration of mPP
up to 15%, and then decreased at higher concentration.
Moreover, the hydrophilisation of recycled PET fibres
enhanced the bond performance with the cement matrix

by forming scratchings during the pullout process. As
shown in Figure 7, the PET fibre surface after the pullout
test with and without mPP treatment differed significantly.
This is due to the strong hydrophilicity of mPP with
cement matrix that upon pullout, induced scratches and
even tearings at the PET fibre surface.

Park and Lee (2012) used styrene butadiene latex to improve
the bonding properties of polypropylene fibre. Latex is a
milky liquid containing surfactant-coated organic polymer
particles, and it has been widely used in various cement-
based composites requiring water tightness. The surfactant,
such as ethoxylated nonylphenol and sodium dodecyl
sulfonate, stabilises the particles and delays solidification,
as well as increases the workability at a low water/cement
ratio; while the latex particles form a film during hydration
and fill the air voids. The test results showed that both
bond strength and interface toughness increased with the
latex content up to 15%. This is because the latex filled the
pores and created a film that improved the bond strength
between the components as well as increased the friction
against pullout. Yet, the bond strength and interface
toughness would decrease under latex content of 20% or
more, possibly due to delay in the hydration reaction.
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Figure 6 ESEM images of the cementitious matrix and I'TZ around a non-hydrolysed PET fibre (left) and a
NaOH-treated PET fibre (right) (Machovic ¢f a/. 2013)

(a) control (b) mPP at 5% content.

Figure 7 Optical images of the PET fibre surface after pullout with and without mPP treatment

Table 3 Contact angle and surface energy and its components of oxygen plasma treated and
untreated PET fibre (Cioffi e a/. 2003)

Treatment C(();tz(l;tllefle Ta H;r)monic 7 , Geometric (J) W (J/cm2)
0 90
0,5 31 7.3x10° 6.7x10° 13.5%10°
0,20 7 8.1x10° 7.5%10° 14.5x10°
0, 30 9 8.3x10° 7.6X10° 14.5x10°
O, 100 8 8.4x10° 7.6X10° 14.5x10°
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Table 4 Detailed information of recycled PET fibres added to concrete or mortar

Volumetric Fibre Cross-section Fibre surfa
Reference w/C content of length ¢ s'u. ce
fibres (wt%)  (mm) Circular: Rectangular: width X condition
diameter (um) thickness (mm)
(Machovie et al. 2008) 0.4 2 10 26.7 Smooth
(Shao ez al. 2001) 0.29-0.38 2.2 6 30 Smooth
(Wu and Li 1999) 0.3 38
(Jung ez al. 2013) 30 1000 Hydrophobic
(Machovic ez al. 2008) 0.5 2 10 200
32 (strip);
(Foti 2011) 0.7 0.26 ; 0_5(3?%);) 5 (width) Strips and “O” fibre
. Straight, crimped,
(Fraternali ez al. 2011) 0.53 0.5, 0.75, 1.0 40-52 700-1100 0.8%1.3 (oval)
embossed
(Fraternali ez al. 2013) 11.3-35 0.5%2 Smooth
ioht. cri
(Kim et al. 2008) 0.55 0.1-1.0 50 0.5x1 Straight, crimped,
embossed
. 0.2%1.3 (embossed);  Crimped, twisted,
Kim et al. 2010 0.41 0.5-1.0 50
(Kim e/« ) 0.38%0.9 (crimped) embossed
(Machovic et al. 2013) 0.4 2 10 290 Alkali-treated
(Ochi et al. 2007) 0.5-0.65 30, 40 750
(Oh and Park 2014) 0.47 30 1000 Straight and smooth
(Pereira de Oliveira and
0.5-1.5 35 0.5%2
Castro-Gomes 2011)
(Silva ez al. 2005) 0.61 0.4-0.8 20 26 Alkali-treated
(Won ez al. 2010) 0.5 1.0 50 Embossed
Straight, cri
(Won et al. 2011) 0.55 50 0.2x1.3 traight, crimped,

embossed

Microstructural analysis revealed that scratches on the
fibre surfaces were increased after pullout, which was
probably attributed to the enhanced adhesion against fibre
pullout. The number of scratches increased with increasing
latex content up to 15%. Meanwhile the bonding strength
and interface toughness increased with latex content up to
15% as well.

* Surface activation by plasma treatment

The mechanism of surface modification of polymer fibres
by gas plasma involves the removal of hydrogen atoms from

the polymer backbone followed by the replacement with
polar groups. Plasma is generated by gas molecules excited
by a source of electrical energy. Under excitation, electrons
are stripped from the molecules, producing a mix of highly
reactive disassociated molecules. Various gases, including
ammonia, air, nitrogen, argon, and carbon dioxide could
be employed for producing plasma, and the interfacial
bond strength can be readily doubled with exposure to
plasma for only a few minutes (Hild and Schwartz 1992).

Ciofti et al. (2003) used a cold oxygen plasma to etch the
surface of recycled PET fibres. The results of contact angle,
surface energy and work adhesion values for untreated
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Table 5 Physical and mechanical performance evaluation of PET-reinforced concrete and mortar

Three-point loading Plastic
Reference Tensile Pullout Compressive shrinkage Watet‘.' Porosity
test First-crack Toughness test test Cracking abSOI‘PthIl measurement
strength indices
(Machovie ¢/ al. 2008) \ N N
(Shao e al. 2001) v N N
(Wu and Li 1999) N
(Machovic ez al. 2008) \
(Foti 2011) N N J
(Jung et al. 2013) N
(Fraternali e# al, 2011) \ (Four point)  V (Four point) \
(Fraternali ez al. 2013) \ \
(Kim ef al. 2008) N N
(Kim ef al. 2010) V (Four point) Y (Four point) V N
(Machovic e al. 2013)
(Ochi ez al. 2007) \ \ N N
(Oh and Park 2014) N N
R ¢ ¢ v v
(Silva ez al. 2005) \ \
(Won ez al. 2010) ~
(Won et al. 2011) \

PET and oxygen plasma-treated PET with treatment
time varied from 5 to 100 seconds are listed in Table 3,
which showed the increased performance in both wetting
and adhesion as the plasma treatment time was extended.
Here, the decreased contact angle was a consequence of
the interaction between the reactive species and oxygen
plasma at the PET fibre surface.

PHYSICAL AND MECHANICAL
PERFORMANCES OF RECYCLED PET
FIBRE-REINFORCED COMPOSITES

To evaluate the roles of recycled PET fibre in cementitious
materials, recycled PET fibre with different geometry
and surface modification had been adopted to produce
recycled PET fibre-reinforced concrete or mortar by
various researchers. Various parameters including fibre
length, diameter, surface modification, volumetric
fraction of fibres, and water/cement ratio, as well as
cement matrix modification were studied (Table 4). The
physical and mechanical properties of concrete and mortar
were assessed by tensile test, flexural test including three-
point and four-point loading, single fibre pullout test,

compressive test, plastic shrinkage cracking test, water
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(c) pullout test (Kim ez /. 2010)
Figure 8 Sctup for (a) flexural test (Kim ¢z a/. 2008), (b) compressive test (Foti 2011), and (c) pullout test

(Kim ez al. 2010)

50 O  (Pereira de Oliveira & Castro-Gomes 2011)
O (Ochietal 2007)
a 0 (Kumetal 2010)
40 - 0O  (Fraternali et al. 2013)

a O  (Fraternali et al. 2011) PET/a
= O (Fraternali etal. 2011) PET/b
% 0 a O  (Fraternali ot al. 2011) PET/c
= .

2
E a
5 204
L]
F

10

0 T T
Compressive strength First-crack strength

Figure 9 Compressive and first-crack strength of 1 wt% PET fibre-reinforced concrete and mortar

3 As-received

B riber surface modified by 15% mPP

B Ccrent matrix modified by 6% nanosilica
4 - - Cement matrix modified by 10% silica fume

3.61
3.44 3.42

Pullout strength(MPa)

|

04 7

Straight Crimped Embossed

Physical modification type

Figure 10 Effects of different chemical and physical modification methods on the pullout strength (Won ef a/. 2011, Oh and
Park 2014)
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absorption and porosity measurement (Table 5). Among
these, the flexural, compressive and single fibre pullout
tests (Figure 8) are typical methods to evaluate the effect
of recycled PET fibre addition.

Flexcural test

Flexural test with transverse bending is one of the most
frequently employed tests to evaluate the mechanical
performance of cementitious materials, in which a
specimen with either a circular or rectangular cross-
section is bent until rupture using a three-point or four-
point loading configuration. The test is conducted in
accordance with ASTM C1018. Figure 8(a) depicts the
flexural test with four-point loading condition. The load
versus displacement is used to measure the average values
of the first-crack strength (f,), toughness and residual
strength factors. f_is corresponding to the first peak of the
load-deflection response. The toughness of each concrete
or mortar specimen is measured through the area under
the corresponding load-deflection curve, which is related
to the energy absorption capacity of the material. Figure
9 shows the values of f_of 1 wt% PET fibre-reinforced
concrete and mortar obtained by different researchers.

Compressive test

The compressive test (shown in Figure 8(b)) follows the
Buropean standard EN 12390: 2009. Cube specimens
of 100x100x100 mm dimensions are employed for the
compressive test. The load is applied via two platens at the
top and bottom of the specimen. Figure 9 shows the values
of compressive strength of 1 wt% PET fibre-reinforced
concrete and mortar reported by other researchers.

Single fibre pullont test

The single fibre pullout or bond test is shown in Figure
8(c) and the test conducted in accordance with the Japan
Concrete Institute (JCI) standard SF-8 for experimental
evaluation method of fibre bond with cementitious matrix.
The bond strength of the fibre is calculated as:

t. =P / 7DL
where 7_ is the maximum pullout strength, P__is the
maximum pullout force, D is the fibre diameter and L
is the embedded length of fibre. The toughness of the
fibre-matrix interface is critical in enhancing the fracture
energy and ductility of the fibre reinforced cementitious
composite. The interface toughness can be determined by
integrating the area under the pullout force-displacement
curve. The displacement required to measure the interface
energy in the JCI SF-8 standard is 2.5 mm. Figure 10
summarises the effects of different chemical and physical

modification methods on the pullout strength of fibre-
reinforced cementitious composites (Won ¢# a/. 2011, Oh
and Park 2014).

CONCLUSIONS

The development of surface modification techniques of
recycled PET fibres and their emerging applications have
paved the way to the substantial usage of PET waste in
cementitious materials. This paper has presented various
surface modifications and illustrated the performances of
the treated fibres as summarised below.

. The surface roughness of fibre has significant
positive effects on the fibre pullout behaviour. Surface
physical indentation of recycled PET fibre is a promising
way to improve the mechanical performance of fibre-
reinforced cementitious composite. Recycled PET
fibre with embossed surface exhibits better adhesive
performance compared to the smooth one. Other tailor-
made surface geometries of PET fibres may be explored to
evaluate their effects on the performance of cementitious
composite.

. Chemical modification methods, including (a)
grafting of the fibre surface by alkali or plasma treatment;
and (b) deposition of small particles on the fibre surface
such as maleic anhydride grafted polypropylene (mPP) or
silica fume may improve the wettability of recycled PET
fibre surface and its alkaline resistance in the cement
matrix. The mechanism is by surface hydrophilisation,
surface activation and the introduction of surface polar
functional groups. Investigation of the appropriate degree
of chemical treatment such as the concentration of reagents
and the treatment time is needed for achieving the required
alkaline resistance and desirable interfacial bond between
PET fibre and cementitious matrix.

. The incorporation of recycled PET fibre in
cementitious materials including concrete and mortar
is advantageous. The merits of recycled PET fibre-
reinforced cementitious composites include high ductility,
enhanced fracture toughness, increased tensile strength
and deformation capacity, good crack control and crack
bridging properties. The surface modifications of recycled
PET fibre can contribute significantly to the physical and
mechanical performances of the cementitious composites.
Further detailed research work to formulate the optimum
application strategy of recycled PET fibre in cementitious
materials is urgently needed.
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PLASTIC HINGE OF REINFORCED CONCRETE COLUMNS
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The behavior of plastic hinge in reinforced concrete (RC) is complicated and has not been well
understood so far. Existing simple models of plastic hinge length have been widely used for
design, evaluation, and construction of RC structures, such as for performance based designs
and design of rehabilitation works. The existing models have been developed empirically from
tests with limited scope, different emphases, and without a rational, systematic study of the
problem. Furthermore, they do not include all the important factors and differ from one
another in their predicted results, the factors they consider, and their forms. Therefore, one
model is more accurate for one type of problem and another performs better in another case.
The authors have investigated the problem through experimental tests, numerical simulations,
and analytical studies, and have identified key factors that affect plastic hinge length. A more
rational and accurate plastic hinge model is introduced in this article which is applicable to a

wider range of structural applications.

Keywords: RC columns, plastic hinge length, modeling, retrofit.

INTRODUCTION

The history has shown that major earthquake disasters
often occur in places that are not well prepared. From
the historical lessons learned in past earthquakes, many
earthquake experts, including the internationally renowned
authority for seismic design of concrete structures,
Professor Robert Park, has pinpointed Hong Kong to be
earthquake vulnerable needing emergency planning for
making its buildings earthquake resistant (Park and Paulay
20006). As a result, the Buildings Department is currently
preparing for the introduction of statutory seismic design
requirements for building development in Hong Kong. As
pointed out by seismic experts, soft-storey failure of columns
is a major problem in Hong Kong. External jacketing with
fiber reinforced polymer (FRP) is currently the most
effective, simplest and cheapest technology for RC column
retrofitting. In fact, FRP jacketing is particularly effective
in mitigating seismic damage of soft-storey structures, as
it largely increases the ductility of RC columns, and hence,
avoids strength degradation of structural members under
very large earthquake displacement.

Flexural retrofitting of RC column involves wrapping of
a layer of reinforcing material such as FRP and steel plate
to the external face of a column within the plastic hinge
region. By providing adequate confinement to a column
through jacketing, the strength and deformation capacity
of concrete can be largely increased, leading to a much
improved performance of the retrofitted column in terms
of both strength and ductility. Although controversies exist

in the use of FRP materials in construction (e.g. on issues
related to fire resistance, material brittleness, durability,
and bond), FRP jacketing of RC columns has been least
controversial compared with other FRP applications in
construction, and hence, has been widely accepted as a
highly reliable and effective construction method (Wu ez
al. 2000).

Flexuraljacketingis required only at the plastic hinge region.
Therefore, estimation of plastic hinge length is important.
Although numerous plastic hinge length models have been
proposed in the literature, various problems exist in these
models and much more research works are needed (Jiang ez
al. 2014; Zhao et al. 2012).

PHYSICAL AND EQUIVALENT
PLASTIC HINGES

The physical plastic hinge is the place in a flexural member
where plastic deformation occurs. Plastic deformation
can occur on the tension side of a column by yielding of
reinforcing bars, and/or on the compression side due to
large inelastic strain or crushing of concrete. Hence, the
physical plastic hinge of RC members is defined as the
region where concrete crushes or reinforcing bar yields.
In the literature, the physical plastic hinge is often treated
as the severely damaged region of a column (Bae and
Bayrak 2008). Therefore for flexural retrofitting, only the
physical plastic hinge region needs to be jacketed. To date,
only limited number of investigations have been reported
to determine the physical plastic hinge length (Ho 2003;
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Figure 1 Plastic hinge lengths

Zhao et al. 2012; Jiang et al. 2014).

On the other hand, plastic hinge length is usually referred
to the equivalent plastic hinge length in the literature rather
than the physical plastic hinge length. In engineering
design, the displacement of a flexural member is often
calculated by integration of curvature £ along length, as
in Equation (1).

A= Of xXxdr M

where A is the displacement at the top of a cantilever
column; z is the length of the column; x is the distance
of a section from the column base. For simplification of
engineering calculations, the plastic curvature is assumed
to be concentrated in a region called the equivalent plastic
hinge with a length of LP. Therefore, the curvature
distribution is represented by a linear elastic triangular
distribution along the full height plus a constant plastic
curvature in the plastic hinge region, as shown in Figure 1.
Integration of this curvature distribution using Equation
(1) gives (Paulay and Priestley 1992):

2
Au:Ay+Ap= %3132: +}Cpr(Z_%) (2)

where A is the ultimate displacement; Ay and AP are the
yield and plastic displacements, respectively; £ is the
yield curvature and £  the plastic curvature given by & _
- K (Figure 1), in which £ is the ultimate curvature. It
can be clearly seen from Equation (2) that the equivalent
plastic hinge length I largely affects the result of ultimate
displacement. Rearranging Equation (2) gives

A, — A,

Lp:Z_ ZZ_Zﬂfﬁ_}Cy (3)

In the literature, empirical models for L are developed

by determining the displacements and curvatures at the
ultimate and yield points from experimental tests and
calculating Lp using Equation (3).

It can be seen from Figure 1 that the physical plastic hinge
length Lpr and the equivalent plastic hinge length Lp are
different, and Lpr is generally larger than Lp" Hines ¢z al.
(2004) proposed the following relationship:

L,=05L, +L,=05L,+0022d,f, 4

where d, and f are the diameter and yield strength of the
longitudinal bars, respectively. The second term Lpb in
Equation (4) allows for the yield penetration of steel bar
into the column base.

EXISTING PLASTIC HINGE MODELS

Almost all existing plastic hinge models refer to the
equivalent plastic hinge length. Baker (1956) firstly
proposed an empirical plastic hinge model (Table 1). Up to
now, more than twenty models have been proposed in the
literature, as listed in Table 1.

Existing plastic hinge models are empirically regressed
from experimentally obtained plastic hinge length. Most
researchers including the renowned research group at
the University of Canterbury have used Equation (3) to
calculate the equivalent plastic hinge length from test
results. In this case, the determination of ultimate and
yielding displacements, A and A, and the corresponding
curvatures, K and K are critical. The ultimate failure is
oftendefined at the poiht of the post-peakload-deformation
curve where the strength drops a certain percent, generally
in the range of 10-30%. When different strength drops
are used, the ultimate displacement A can be significantly
different. The definition of yield point corresponding to
A and K could also be different in different works. As a
result, the equivalent plastic hinge length calculated from
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Table 1 Existing plastic hinge length models

No. Reference Model
: 0.7  for mald steel
L,=kik:ko( 5 )7 d k={
e 3( d ) " loo for cold — worked ste
L, Baker(1956),
’ Bate ef al. (1962) o
k2=1+0.5% k3:{0.6 fe=42MPa
v 09 f.=14MPa
3 Baker and L, = 0.8k ks (%) c
Amarakone (1965)
ki and ks same as in Model 2,c = neutral axis depth
4 Sawyer (1964) L,=0.25d +0.07bz
s[5 )
L,=+|1+|1.14 11
5 Mattock (1965) st (1G] ® V162
_Asfs Al A
T pafo 47 bdf 9 bdf.
6 Corley (1966) L,=9%+02%  (ininch)
20
7 Mattock (1967) L, = % +0.052
R. (% +0.03z0R.) or Red  lower bound
L —
¥ d
8 ACI-ASCE (1968) R. (Z—'— 0.1z0R.) upper bound
R _0.004—¢.. - AM. R _M.—M.
T € €ae ' 4V, — JuM,R, " M.—M.
9 Park ezl (1982) L,=0.4d
10 Mander (1984) L,=32/d, +0.06z
11 Zahn (1985) L,= (0082 + 6d,) (0.5 +1.67n) n=0.3 whenn =0.3
12 Priestley and Park (1987) L,=0.08z + 6d,
13 Paulay and Priestley (1992) L, = 0.08z + 0.022d, f,
14 Sheikh ez al. (1994) L,=1.0d (for high azial load level), h = depth of section
15 Panagiotakos and _ {0.122 +0.014a0d.f, for cyclic loading
Fardis (2001) " 10.182+0.021aud.f, for monotonic loading
16 Ho (2003) L,= [20( Pyos(feyis(£y0s 4 o6 lg

P, f 0s
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Table 1 Existing plastic hinge length models

No. Reference

Model

Ruangrassamee and

7 Kawashima (2003) L,=02z—0.1d
LP = P A, z
18 Bae and d _[O'B(Pu)+3(A:)_0'1](ﬁ)+0'2520-25

Bayrak (2008)

P,=0.85f.(4,—A,) +1,A,

19 Berry (2006) L,= 0.05z + Q'If vy < %
fe
0.0375z+0.12 ]\;yﬂ optimal
20 Berty e al (2008) L= fods fe
0.05z+0.1= recommended
Jfe

21 Kolias ez al (2008)

L,=0.1z+0.015f,'d,

22 Alemdar (2010)
3f Y db

03+

1 3fydb z ]d

based on deformation

2

L,
L,

23 Biskinis and _
Fardis (2010) L,=

0.2d1+

24 Gu et al. (2012)

25 Kéroglu et al. (2014)

T+ +
[4 10000./f . 25000

m
1+

d[ 1.1+ min (9;

10000,/7. 5000 ]d based on curvature

cye. loading

mono. loading

L,= (059 —2.30A, + 2.284 ) z + 0.022f,d,

L,=—218.656 + 0.642f,. + 0.201s

—0.074,+ 0.0014, + 2.544f,,

Equation (3) could be significantly different.

On the other hand, some models such as that by Biskinis
and Fardis (2010) do not allow for the effect of strain
penetration into support (LPb in Equation (4)). Also, some
people developed the equivalent plastic hinge length
model by measuring the physical plastic hinge region
(severely damaged region) from tests (Bae and Bayrak
2008). Because of these differences, the empirical models
reported in the literature can be very different in both the
form and the results.

The factors that are considered in the existing plastic hinge
models include (see Table 1): 1) cross-sectional depth H or
effective depth 4, 2) shear span length z or span-depth ratio
3/d, 3) the type or yield strength of steel bar £, 4) concrete
strength fc ” 5) axial load level P/Pu, 6) confinement effect

by stirrups or external jacket, 7) diameter of tension bar
d., 8) reinforcement ratios, 9) loading types (monotonic or
cyclic), etc.

The above review of the existing literature shows that
modeling of plastic hinge length is largely empirical and
irrational so far. Furthermore, the methods for model
development adopted by different people were inconsistent
and the database used for model regression was both small
and different. To date, the plastic hinge has not been well
understood and modeled. In fact, the key factors that affect
the plastic hinge length have not been correctly identified
(Zhao et al. 2012). Further research works are very much
needed.
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RELEVANT RESEARCH WORKS
AT CITY UNIVERSITY OF HONG KONG
(CITYU)

We have evaluated the performance of the existing plastic
hinge models using test data (Feng 2014; Jiang ez a/. 2015).
The physical plastic hinge length LPr was determined from
the experimentally measured curvature distribution curve
where the curvature is larger than the yielding curvature.
The relationship between L and L or Equation (4) was
used to calculate I . A database was built by collecting
test results from the literature (Ho 2003; Fedak 2012;
Saadatmanesh ez a/. 1996; Zhao 2012; Jiang ez al. 2014;
Hose 2001). By comparing the model predictions with
the test results in the database, it was concluded that the
existing models give very different results and provide
inadequate accuracy of prediction. Furthermore, none of
them includes all the important factors.

To further study the plastic hinge problem, both
experimental and numerical studies have been undertaken
at CityU in recent years. Different methods have been
investigated to increase the ductility of the plastic hinge
region, including (1) the traditional external jacketing
(Wu e al. 2006; Gu. et al. 2010), (2) by inserting small
bars into concrete (Wu e al. 2008), and (3) by casting a
precast compression yielding block into the plastic hinge
zone (Wu and Zhou 2011). As confinement significantly
affects the plastic hinge region including the length of the
plastic hinge, a new plastic hinge model that allows for
the effect of external jacketing has been developed (Gu ez
al. 2012). This is the first plastic hinge model published
in the literature that considers the effect of external
confinement by jacketing. The study has also determined
that confinement has both beneficial and adverse effects
on plastic hinge length, and identified the reasons for the
contradictory test results reported in the literature.

Considering the large number of factors that affect the
plastic hinge and the high cost involved in column tests,

finite element modeling (FEM) has also been adopted to
study the plastic hinge of RC flexural members (Zhao ez al.
2012). Due to the high nonlinearity and complication of the
problem, no FEM study on RC plastic hinge was carried
out before this work, and therefore, it was the first FEM
modeling reported in the literature on RC plastic hinges.
This FEM study qualitatively investigated the problem and
successfully identified the key factors that affect the plastic
hinge length.

In a most recent study, the difference between jacketing
circularand square RC columns were studied experimentally
and the plastic hinge model proposed in Gu ez al. (2012)
was revised and extended so that it is applicable to both
circular and square columns (Jiang ez al. 2014).

PLASTIC HINGE MODEL CONSIDERING
THE EFFECT OF EXTERNAL JACKET

Advanced technologies have been used to investigate
the RC plastic hinge at CityU (Figure 2). Digital Image
Correlation (DIC) technology was adopted to capture the
strain of the whole column surface so that the detailed strain
field in the plastic hinge region was recorded continuously
during testing (Figure 2a). To measure the rebar yielding
zone without disturbing its bond with concrete, the strain
gauges were installed inside the reinforcing bars rather
than on the surface of the bars (Figure 2b). From the
intensive strain measurements, the rebar yield and concrete
crushing zones could be closely monitored in the whole
loading process.

A typical curvature distribution obtained from the tests
is shown in Figure 3. During loading, the curvature
distributions outside the plastic hinge zone do not vary
significantly after plastic hinge forms, however those in
the plastic hinge region change largely, as shown in Figure
1. This principle was used to determine the length of the
physical plastic hinge L, as shown in Figure 3. The real
curvature distribution is not as smooth as that in Figure 1,

Column
specimen

|

Computer

Side view

Figure 2(a) RC column tests - test setup and DIC system
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Figure 2(b) Strain gauge installation
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Figure 3 Typical curvature distribution

rather, it fluctuates along the column due to the existence of
cracks. However, the dividing point between the curvature
varying and non-varying zones can still be observed,
which separates the plastic hinge region from the other
part. It is noted that the dividing point determined in this
way occurs exact at the location of yield curvature (Figure
3), which validates the rationality of the method.

Based on the experimentally determined plastic hinge
length of the test columns, the following plastic hinge
model has been developed (Jiang ef a/. 2014):

Lo=Ln+( 3" XL )
where
L,,=0.08z+L,, =0.08z+0.022d,f, ©)
L _{3.028& when0 < A; < 0.1
e (051 —2.302:+2.2823 2z when0.1 <2< 05 (7)
— Zfﬁ?t
/1f bfm (8)

in which b and r are the breadth and corner radius of the
column cross-section, respectively; f is the strength of
concrete; and t and ffrp are the thickness and strength of
the FRP jacket, respectively.

The model and its performance are shown in Figure
4. It can be seen from the figure that the plastic hinge
length is sensitive to the confinement of the jacket. The
plastic hinge length increases at the beginning when
confinement increases, and then treduces with further
increase in confinement. This phenomenon is caused by
two mechanisms. The first one is that FRP confinement
leads to an increase in the compressive strength of concrete
that causes an increase of the lever arm of the compression
resultant and hence the moment resistance of the cross-
section. In spite of the increase in the cross-sectional
moment capacity, the yield moment does not change when
confinement increases. As a result, the location of yield
moment moves up when confinement increases, leading to
alarger plastic hinge length. The second mechanism is that
the lateral confinement from FRP jacketing increases the
frictional bond between the longitudinal reinforcement
and concrete. The bond stress opposes the bar stress and
hence causes a reduction of the stress in the longitudinal
bars, which reduces the rebar yielding zone. As a result,
the plastic hinge length reduces. The first mechanism
dominates in the ascending part of the curve in Figure 4,
and the second mechanism governs in the descending part
of the curve.

CONCLUSIONS AND FUTURE WORKS

The concepts of physical and equivalent plastic hinge
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Figure 4 Performance of models (References in the figure refer to Jiang et al. 2014)

lengths are introduced. In seismic retrofitting, the
determination of the physical plastic hinge region for
retrofitting requires the knowledge of the physical plastic
hingelength. The equivalent plastic hinge length is required
to calculate the ductility and ultimate displacement of a
flexural member. A review of extant literature shows
that a satisfactory plastic hinge model is not available and
much more research works are required to develop a more
rational and accurate plastic hinge model.

Extensive investigations have been undertaken at CityU
involving experimental testing, numerical simulation and
analytical modeling. A more advanced plastic hinge model
has been developed which allows for the effect of external
jacketing, and hence, can be used not only for design of
new RC columns but also for retrofitting of existing RC
columns.

Further studies are going on at CityU, aiming at more
detailed quantification of the tension yielding and
compression yielding zones, and consequently, a more
sophisticated and rational plastic hinge model in the future.
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PRELIMINARY STUDIES OF BUILDING ENVELOPE

CONFIGURATIONS AND IMPACT ON THERMAL ENVIRONMENT

Minjung Maing"" and Alan Lai'

"School of Architecture, The Chinese University of Hong Kong, Sha Tin, N.T., Hong Kong

The building envelope is the first barrier layer to sepatrate indoor and outdoor environments.
This layer that wraps the building typically includes some combination of solid opaque walls
and windows. To make comparisons with building types, their layout and urban canyon
effects, ratio of opaque walls to window areas and sky view factor (SVF) were mapped for
various commercial and residential buildings in Hong Kong. The average window wall ratio
in residential buildings was about 0.4 which is a prescribed ratio provided by ASHRAE
90.1, an international standard used for energy efficient design. A preliminary study was
conducted on a typical building envelope type of a housing complex to compare how the
urban canyon conditions, measured by SVE, for a given envelope emissivity would affect the
thermal environment between the housing towers. The results showed that the amount of
building envelope surface area receiving direct sunlight affected the measured radiation at
the pedestrian level and consequently the mean radiant temperature (MRT). There are strong
correlations with the MRT and sunlit view factor meaning that building orientation and urban
canyon dimensions significantly affect urban outdoor thermal environment.

Keywords: building envelope, mean radiant temperature, sunlit view factor, window wall

ratio.

INTRODUCTION

The exterior wall of the building, referred as building
envelope, forms an important surface layer that controls
our indoot thermal comfort from outdoor conditions. The
envelope is a major component considered in sustainable
design since it can provide shading, thermal resistance to
control solar radiation and enhance indoor comfort. Much
consideration is made in the design process to maximise
these strategies but little consideration is taken on how the
building envelope design will affect the outdoor thermal
environment and the pedestrians within the adjacent
outdoor space. Design strategies for the building envelope
differ based on climate and can be generally summarised
as: (a) block out heat, mainly direct solar radiation, for hot
summer climates; and (b) maximise incoming heat, both
direct and indirect solar radiation, for cold winter climates.
Hong Kong, having a hot sub-tropical climate, experiences
extreme hot weather over long periods throughout the
year and primarily during the months of May to October.
The envelopes that are reviewed in this research are
residential and commercial buildings in Hong Kong’s
climate and with growing commitment to sustainability;
the design of the envelope is aimed at blocking direct
solar radiation entering the indoor using shades, using
thick concrete walls of reflective colour and selectively
using better performance windows. To study how the
building envelope affects the outdoor environment,
relevant parameters used to assess performance of
envelope are identified. These parameters are: amount

of incoming heat reflected back out — reflectivity, and
amount of heat radiated or emitted — emissivity. In Hong
Kong the performance of the building envelope is mainly
measured by it OTTV (Overall Thermal Transfer Value)
which is analogous to U-values used in other parts of the
world. OTTV is targeted as a performance metric for
commercial buildings and recently RTTV (Residential
Thermal Transfer Value) has been recently introduced and
in nascent stages of implementation. OTTV calculations
use weighted average values of U-values for envelope and
thermal absorptivity. However for considering envelope
impact on outdoor environment, U-values and thermal
emissivity are more appropriate parameters. In general low
U-values are considered desirable for high performance
envelopes which would translate to more radiation being
reflected and emitted back into the environment.

The objectives of the research are: (i) to identify relevant
design parameters of the building envelope that affect
thermal outdoor environment; (if) to conduct field study
on urban areas with representative building envelope
construction types to form correlations of the design
parameters to mean radiant temperature, (MRT) and
physiological equivalent temperature (PET); (iii) to conduct
simulation studies to validate the simulation model with
empirical data from field studies; and (iv) to formulate
design assessment methods. PET and MRT are thermal
indices used to study outdoor thermal comfort (Mayer H e#
a/ 1987, Chun Liang Tan ef a/, 2013, Spagnolo ] et al., 2003,
Tze-Ping Lin et a/, 2010). In the first stage, different types
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of building envelope constructions were studied to identify
categories relevant to its thermal performance and impact
on urban environment. A pilot study was conducted on a
representative building envelope type in a public housing
estate in Hong Kong. The data collected during the field
testing were analysed using regression methods to find
correlations between identified test parameters. In this
papet, work that has been done on parts (i) and (ii) of the
research will be discussed.

METHODOLOGY
Envelope Characteristics and Configurations

To begin the research, information was gathered on
existing envelope constructions, mapped against design
configurations relating to material properties and building
orientation in relation to ground and buildings. Buildings
elevations were studied and grouped into residential and
commercial building types. The key parameters of building
envelope design and construction that are considered
during design for desired envelope performance and its
affect on outdoor environment were identified (see Table

1). Due to a relative homogeneity in most of the materials
used in residential buildings, the configuration of how
much exterior windows (glazing) and solid exterior walls
(concrete) installed on the envelope were measured as
ratios of Window Wall Ratio (WWR), and Opaque Wall
Ratio (OWR), respectively. This consideration was also
applied to commercial buildings.

Three configurations of building envelope construction
were identified that could have potential affect on thermal
environment: flat, recessed and protruded as shown in
Figure 1. The flat envelope constructions were found with
older public housing buildings of slab-type construction
dated from around 1960s to 1980s and most commercial
buildings. Recessed constructions are mostly seen in the
newer public housing blocks and protruding constructions
mostly in private housing blocks.

Pilot Study
The test site of Wo Che Estate in Sha Tin, New Territories

was selected. This housing estate is a public rental housing
complex with several twin tower block design, each

Table 1 Parameters used to study building envelope and urban environment.

Parameters Definition and Description
Ratio of the transparent glazing area to the outdoor floor-to-floor wall
area (ASHARE, 2009)
WWR Window-to-Wall Ratio
This does not include the metal frame and a general rule used was 80% of
wall openings.
. Ratio of the opaque area to the outdoor floor-to-floor wall area (i.e.,
OWR Opaque-to-Wall Ratio
concrete surface)
SVE Sky View Factor Fraction of sky dome can be viewed from a particular point within
canyon (Erell ez al., 2010).
Fraction of radiation emitted by the surface at a given temperature to the
15 Emissivity radiation emitted by a blackbody at the same temperature (Cengel, Y.A.,

2003)

Opverall heat transfer coefficient- usually a value referred to assess thermal

U-value Thermal Transmittance  performance of glass, of how much heat passes through the glass
material. Low-emissivity glass has low U-values.
Energy (W/m? emitted by the Sun: about 99% of solar radiation lies
between from 0.15 to 4.0 um (Geiger, R, 2009)
o Solar radiation
The total solar energy, namely ‘global radiation’ is the sum of ‘direct’ and
‘diffuse’ radiations. (Cengel, Y.A., 2003)
Uniform temperature of an imaginary enclosure in which radiant heat
transfer from the human body equals the radiant heat transfer in the
actual non-uniform enclosure (ASHARE, 2009).
MRT Mean Radiant Temperature

MRT is obtained by measuring of all short- and long-wave radiant fluxes
from six directions (namely up, down, right, left, front, back) (Sofia, T. e
al., 2007)
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Figure 1 Three configurations of building envelope constructions that are representative of

residential buildings in HK: flat, recessed and protruding.
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Figure 2 Initial testing of long wave and short wave radiation at testing site at Wo Che Estate in Sha Tin HK. The
testing locations are marked as A, B and C within the courtyard space between the three housing blocks.

consisting of two squares jointed at the corners and with a
continuous open atrium in the center core of each square.
There are usually 2 to 3 of these blocks in one cluster
area. In Wo Che there are two clusters and each cluster
has 3 twin tower blocks as shown in Figure 2a. For the
first testing site, the flat envelope construction type and
constant material emissivity and U-value were selected to
focus the testing on investigating relationships between
radiation, SVF and air temperature. Field-testing were
conducted on three consecutive days of 31 December
2014, 2 January and 3 January 2015 at 3 locations A, B and
C within the middle ground between the tower blocks, as
marked in Figure 2b. Three net radiometers (one set up
shown in Figure 2c) were set up to measure the long-wave
and short-wave radiation from the six directions namely,

from the sky dome, the ground, and the four cardinal
directions (North, East, South and West). Concurrently,
thermal images were taken with an infrared camera and

fish-eye lens photos were taken every hour to calculate
SVT.

RESULTS AND DISCUSSION
Construction Lype and Envelope Configuration

The data collection of WWR and OWR of a sample of
existing building envelopes comprising of public housing,
private housing and commercial building types showed
a trend of public housing buildings usually having lower
window ratios than the other types. There was a tendency

Construction Industry Counci
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for commercial buildings to have all-glass walls, more
notably in the recent developments, and for private
housing towers to follow this trend. The public housing
buildings tended to have lower WWR and within an
average of around 0.4% as shown in Figure 3. Interestingly
although there is no specific guideline prescribing window
area on residential buildings, the public housing designs
generally seem to comply with an international guideline of
sustainability, ASHRAE 90.1 Section 5.2.1 which provides
a PRESCRIPTIVE method requiring that "the vertical
fenestration area does not exceed 40% of the gross wall
area for each space-conditioning category".

Urban Canyon and V'iew Factors

The effect of SVF on air temperature or surface
temperatures within urban area has been widely studied
for decades so as to understand the relationships between
urban geometry and urban heat island (UHI) intensity,
especially the nocturnal cooling effect (Oke, 1981,
Unger, 2004). Closer observations of the fish-eye photos
showed the opportunity to further define the view factor
components to not only sky and non-sky areas, but also to
differentiate sunlit wall areas from the building facades.

Thermal Infrared Inmage

Thermal infrared images of building elevations were taken
to identify effect of solar radiation on the envelope. The
images captures the difference in radiant fluxes radiated
from building facades between sunlit and shaded area

Ratios

caused by direct sunlight cast on building envelope (see
Figure 4). In some cases, the difference in temperature of
suncast and non-suncast (shaded) area can be as large as
12.5 degrees, meaning that radiation differences are about
61.6 W/m?. Using similar method as used to calculate
SVE, the sunlit area, hence the sunlit view factor (SLVF)
value can be obtained from the RayMan software with
fish-eye photos. This further segmentation of view factors
introduces a parameter than can better describe thermal
patterns of the envelope in relation to the built environment.
The next question would be does this parameter, SLVF
have correlations with the measured solar radiation at the
pedestrian level and consequently to MRT.

Effect of View Factor on 1ong-wave Radiant Fluxes and MRT

In this study, the emphasis is put on the effect of sunlit
view factor on the long-wave radiant fluxes and thus
the mean radiant temperature (MRT) within the high
density urban environment. The measured long-wave
radiant fluxes at test points, A, B, and C were shown in
Figure 5 including the long-wave flux calculated from
air temperature data extracted from nearest HKO Sha
Tin weather station. There are fairly strong relationships
between a) Downward Long-wave flux-SLVF data pairs,
b) Sum of all six directions Long-wave fluxes-SLVF pairs,
and ¢) MRT-SLVF pairs all with R* > 0.4 and significance
level of 0.001 (see Figure 6).

CONCLUSIONS

00 01 0203 040506 07 08 09 101112131415

Residential

Commercial

BWWR
{ mOWR
SVF

Figure 3 Window Wall Ratio, Opaque Wall Ratios and Sky View Factor distribution for sample of residential
and commercial buildings. Solid blue lines represent WWR for public housing, red blue lines represent WWR
for private housing and blue dashed line for WWR of commercial buildings
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Table 2 Algorithm of Sky View Factor and Sunlit View Factor Calculation: fish-eye photos taken at the test site
are processed with RayMan softwate

Fish-eye Photo Sky View Factor Sunlit View Factor

SVF=0.35 SLVF = 0.075

Figure 4 Thermal infrared image of a partially suncast building envelope. The radiant temperature difference

at the envelope surface between suncast and shaded wall surfaces on same wall ranges up to 12.5 degree, about
61.6 W/m? radiant heat flux.
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Figure 5 Air temperature comparisons in 6 cardinal directions for the three test points on 3 test days plotted
against HKO temperature data for corresponding tested dates.
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Figure 6 Regression analysis of sunlit view factor plotted against a) downward long-wave radiation, b) sum of

long-wave radiation and ¢) mean radiant temperature.

The envelope construction of housing buildings have a
large range of concrete to window ratios. Public housing
blocks having an average WWR of about 0.4, meaning
40% windows and 60% solid concrete walls, some private
housing blocks tend to be similar to commercial buildings
in that the envelope has more window than solid wall
(higher WWR). The first pilot test of a flat typical housing
envelope with constant envelope emissivity, showed that
the amount of direct solar radiation cast on the envelope has
strong correlation with radiant heat flux at the pedestrian
level in the public open spaces between buildings of the
same envelope design.

Desired low U-values such as low emissivity glass, translates
to larger reflected long-wave and short-wave radiation from
vertical surfaces onto the urban outdoor environment. The
next part of the research will do further testing to assess the
sunlit view factor and radiation correlations with different
envelope types and conditions. A comparison matrix will
be developed to include tests and analysis with envelopes
of differing glass-to-wall ratios, envelope configuration
(recessed and protruding) and different layout within high-
density urban areas (orientation).

REFERENCES

ASHRAE. (2009). ASHRAE Fundamentals Handbook
2009 (SI Edition) American Society of Heating,

Regrigerating, and Air-Conditioning Engineers,
ISBN-13: 978-1933742557

ASHRAE. (2013). ASHRAE 90.1-2013 (SI) — Energy
Standard for Buildings except Low-Rise Residential
Buildings

Cengel Y.A. (2003) Heat transfer: a practical approach. 2ed.
Boston: McGraw-Hill Publishers.

Cengel Y.A. (2003) Heat transfer: a practical approach. 2ed.
Boston: McGraw-Hill Publishers.

Chun Liang Tan, Nyuk Hien Wong, and Steve Kardinal
Jusuf (2013). Outdoor mean radiant temperature
estimation in the tropical urban environment. Building
and Environment 64(2013), 118-129

Geiger R., Robert, H., and Paul, T. (2009). The climate near
the ground. Ted. Lanham, Md.: Rowman & Littlefield.

Mayer H, and Hoppe P (1987). Thermal comfort of man in
different urban environments. Theoretical and Applied
Climatology 38(1987), 43-49.

Oke T.R. (1981). Canyon geometry and the nocturnal
heat island: comparison of scale model and field
observations. Journal of Climatology 1: 237 — 254.

Inovation I Construction

‘83



Sofia T., Fredrik L., Ingegird E. and Bjérn H. (2007).
Different methods for estimating the mean radiant
temperature in an outdoor urban setting. Inz .
Climatol. 27(2007), 1983-1993

Spagnoo J, and de Dear RJ (2003). A field study of thermal
comfort in outdoor and semi-outdoor environments
in subtropical Sydney. Australia. Building and
Environment 38(2003), 721-738

Tzu-Ping Lin, Andreas Matzarakis, and Ruey-Lung Hwang
(2010) Shading effect on long-term outdoor thermal
comfort. Building and Environment, 45(2010), 213-221.

Unger J, (2004). Intra-urban relationship between surface

geometry and urban heat island: review and new
approach. Clim Res 27(2004), 253 — 264.

Watson I.D. and Johnson G.T. (1987). Graphical estimation
of sky view-factors in urban environments’, Journal of

Climatology, Vol. 7, 193-197.

BIOGRAPHY

Construction Industry Counci

a4|



JUSWUOITAUD

[ewroy3 ueqsn jo Lpenb oy
Suraordur ur uSrsop adopoauo
SuIp[ing pre 03 saurpm3

/ suonsadans [eonovsd

Pue $91391E1s USISO(] ‘¢
sod£1 adooaus Surpmq
JUDI9JJIP [€FOUIT JO YITUIMIS
1edwr oy Jo viep prog ‘g
SJOUSISIP O JUIWUOFIAUD
[ewIa) ueqan syoedur
odopaaus Surpring 9y Moy Jo
SurpueIsIOpUN dIYNTIG ‘|

“3u0[ SUOE] JO 1X21U0D TEQIN
£yrsuop Y3y e ur odojoauo
SuIp[Ing Jo suoISIap USSP
au3 UT pre 03 swalsAs odofoaua
Suipping yuasoy1p £q padnput
JUSWUOITAUD [EWIIYI JOOPINO
ur S93ULYD 93 2IBSNISIATT O,

(Buoy Suopy
Jo ANsFoATU() 9S9UTYD) oY T,)
ONIVIN Sunfury s

JUOWTOFTAUT]

[ewIoY I, F00pIN() ueqrin)
vo adopaauy Surppng
Jjo 10edwy Jo Apmig v

UOMEST[IIN 2)SLM

jo voneorjdde [eonoerd
oy Inoqe Lxsnpur oy
01 TONENSUOWI(] °¢
ooeds [[Iypuel

pasrwr] jo arnssard

92 JOI[9F 01 SUOY|
Suop] urt saproq onserd
9049537 93 303 JoxTEW
[£20] JO TONEII)) 7
[erForew

Surropuos Joordiojem
JO UOMIELIIUIT MIU Y °]

22l
91039sTp 01 213104 dnse[d
9124093 o) WiFOISULI) O
SOANIPPE PUE TONIPUOD

uorsnnxs o) aziwndo
01 pue Suryoordiorem
J0J SUTIOPUDI
SNONTITIWD J[INP
-enpn o3 dofaasp of,

(poywry
SININISUT S[BIIIEIN
Pa2uBAPY PuUE OUEBN])
ON "Td A

SN[ UT $9IM300 511G
arsodwon) 21930uU07)
-[291G 10§ anbruydIT,

USIS9(] 2AIBAOUU]

vonardwod 109(oxd

191SEJ PUE JUIIDIIFO SUTASIYDE
303 syouonnoeid [ernsnpur Jo5
$910U 9JUEPING [LINIDBI ‘¢
vopesnp 329(oxd jo
SIUBUTWIAIAP 93 Jo Arewwing 'g
ar0desurg

PUE SUOS] SUOL] U22M19q
s199(oxd Jo sourwIOgIod Swn

UondNISUOd Uo suosiredwor) |

‘9[OUA B SE AFISNPUT UOHINIISUOD
[e201 o2 yo Lyranonpord pue
vonnedwod (21940 93 SUnLAd[d
£qazo) pue ‘Guos] SUOL] Ul
s109(oxd Surpping arearrd asi
-y3ry jo sdurwroyrod own
UOIONFISTOD 93 9)TINSIAUT O],

(LarszoaTu() oTUTPANAL[O]
U0y SUOH Y T,)
NVHO PUed 1d

Suoy] Suol] ur s109(01 ]
Surpmg AL 9STY-YSIH JO
20UBWIOJIO] WL, BOMINIISTOT)
jo Apnag peordwyg wy

“[oA9]
STWISIOS Pasmbar 303
JF0M SUNIFOFIAT o)
JO $1SOD TOTDONIFISUOD
PUT JOQE[ PISITUTUTW
303 sauTepINg

pue £So[opoyow
UonONIISTOD

UCRIIBHEL ")

“SanssT
SrwIs[as SuISSaIPpPE 10§
STWN[Od 7)Y JUNSIXd
JO SuIIJORIAI JOF
SoUT[PPING UONINTISTOD
[eonoesd orur 28ury
snsed wwniod 7y Jo
JUDIXD OY3 UO [Ppow

JO SSUTPUIJ [€O1I2309}
PUE OTOpEdE

o) T9JSUER O,

(Suoy Suopg
Jo Lszoatun) L3170 9y T)
0X RPINA I

il GRS Beesmyor)
DY Sumgonay

103 POYPIN
UOdNIISUOY) JUSIDIFFH
3S07) pue Inoqe |

JF1g9dL NOILNIILNOD

juNed
/ SUIPPMY

Suoy[ Suor]

U1 SSUTPINg 91930T0D JO -

Surre1op S1wWIsIOS 9yl Uo
I[redop JSTwisios oy £oyp

SOUT[IPINS [Bd1IOTI T

's3urprmq Oy 3o uSisop
PUE SISATBUL JTWSIOG ']

*S[TBIOP JTWSIAS Y3
Jjo ANTIqeIdnIISuod pue
SSOUDIATIONGJD AIISSO00U
$303es oy1 UO UONITIE

©10ods I sToquiow
1 ) 1 vondrrosa(q

[eIn3on1s O JO .

soneded pue sputwap
Armonp orwsos

9U1 UO UONEINISIAUT
aarsuayrdwod

T 100puod O,

(SBuoy Suopg
Jo AysyoATUN) Y T,)
NS 4oy 13 *1a

J01B3TISIAUT
redoung

Juoy Suor]
U1 SSUIP[INg 21930U07)
303 BUI[TEIS( JTWSIOG SBLL G23E959d

UO SQUI[OPIND) [BI110EI]

Inovation I Construction




CONSTRUCTION e
~ INDUSTRY COUNCIL ZCB
S = = »
BExRE .

Construction Industry Council has launched the Hong Kong based
Carbon Labelling Scheme for Construction Products which aims to provide o
verifiable information on the carbon footprint of construction products for clients, 20

designers, contractors and end users to select 'low carbon’ materials.
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Initially, it covers three types of carbon intensive products:
STEPLRE =R S IRBEB A EM

== o

Cement Reinforcing Bar Structural Steel Ready-mixed Concrete
K 8 5 gt FHRREL

A series of awareness and auditor courses are being organised by ZCB to introduce the basic

knowledge about the carbon footprint of construction products, the Scheme, and to provide For enquiries, please contact:
professional training on Carbon Footprint of Product (CFP) quantification. For further information ~ WMEEH & B :

on the Scheme and the training programmes, please browse the following web link:
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Bl e MART BE SRR B REZIRENER - FRE

Dr. Margaret Kam
HE®mEL

¢, +8522100 9831

http://zcb.hkcic.org P cls@hkcic.org
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With its commitment to drive for unity and excellence of the construction industry of Hong Kong, the
Construction Industry Council (CIC) launched the CIC Innovation Award this year to recognise new

technologies and scientific breakthroughs achieved by the academia and construction industry
practitioners.
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Awards Acaderpia_ & Ing:igst/ry Plrictitioners
#1E BiiARER LA
Local it International B

Grand Prize

HK$300,000
Bl K82 HK$300,000 (~US$37,500)

Industry Practitioners

Academia o
B il
ist prize
e HK$150,000 HK$150,000
2nd prize
ey HK$100,000 HK$100,000
Young | tor Award
e HKS50,000 HK$50,000

Details are available on
HIERAE
Eg% igg 88%/ @ (852) 2100 9090 @ innoaward@hkcic.org www.hkcic.org/cicinnovationaward2015
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