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ABOUT THE 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
Government, as well as to provide a communication channel for
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 sustainable development of the construction industry.

VISION

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

MISSION

To strengthen the sustainability of the construction industry in Hong
Kong by providing a communications platform, striving for continuous
improvement in standards and practice, increasing awareness of
health and safety, as well as improving skills development.
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MESSAGE FROM THE CIC CHAIRMAN

AND EXECUTIVE DIRECTOR

Mr. CHAN Ka-kui, SBS, JP

We are pleased to announce the
publication of this special issue of
our Research Journal “Innovation in
Construction” (iCON). With a focus on
the CIC Construction Innovation Award
2017 (“Award”), this issue continues
to act as a communication platform
between industry stakeholders and
researchers to exchange innovative
knowledge and ideas, thereby
enhancing the overall performance of
the industry.

Embracing the CIC’s vision to drive for
excellence of the industry, the Award is
a significant opportunity for local and
international industry practitioners and
academia to showcase their innovative
creations in construction productivity,
safety and sustainability. It also highlights
Hong Kong’s achievements in promoting
research, innovation and technological
development in the construction
industry to our international audience.

Chairman, CIC

CIC promotes innovation as the
key to the efficient and sustainable
development of the construction
industry. In celebration of excellence
and recognition of outstanding work,
the Award motivates our stakeholders
to innovate and provides a high-profile
platform for innovators to realise their
aspiration to become leaders in the
field.

CIC will spare no effort in promulgating
awardees’ ideas and creating
opportunities for the project teams.
This issue of iCON records the
awardees’ inventions which were
selected from a significant number
of exceptional contributions. We are
delighted to see the active engagement
and participation of industry
stakeholders in this Award, reflecting
our strong passion for innovations and
our determination to strive for the
best. Indeed, it is the support of all the
participants in the Award lays a solid

Ir Albert CHENG

Executive Director, CIC

foundation to produce high-quality
work.

The Award would not have been a
success without the tremendous effort
of the prestigious Judging Panel who are
all leading construction professionals
with different expertise. They have
exercised professional judgement
during the rigorous assessment process
in selecting the winners. We would like
to extend our heartfelt gratitude to all
the judges, particularly Ir Kevin POOLE
and Prof. Christopher LEUNG, who are
the Judging Panel Chair and Vice Chair
respectively. May we also take this
opportunity to thank all participants
for their invaluable contributions,
congratulate the awardees for their
accomplishments, and wish all pioneers
every success.
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MESSAGE FROM THE JUDGING
PANEL CHAIR AND VICE CHAIR

It is our honour to chair the Judging
Panel of the CIC Construction Innovation
Award 2017. The submissions for the
Award this year are excellent and truly
innovative. This special issue of iCON
captures the essence of this event, and
demonstrates the industry’s efforts in
promoting innovation and technology in
Hong Kong. In the process of selection,
the Judging Panel evaluated each
submission meticulously against the
three judging criteria: Benefits to the
industry; Originality; and Applicability.

Ir Kevin POOLE

Panel Chair,
Judging Panel

Not only are all the winning projects
pioneering in their own areas, they
have also demonstrated their functional
significance at the project, industry, and
city levels.

Our heartfelt congratulations go to
all awardees for their commendable
achievements. We also offer our
sincere thanks and appreciation to
members of the Judging Panel and
the Organising Committee for their

INNOYZAYR I\ RINReeINSyiz{C[e3i (0§ RESEARCH JOURNAL 2018

Prof. éhri-stbph_er" LEUNG

contributions in making this event a
success.

With a view to striving for continuous
improvement of the industry, we will
continue to support research and
development, and to promote the
adoption of innovative construction
technologies. We look forward to
witnessing the rippling effects of these
innovations, in taking our industry to
another level.

Vice Chair,
Judging Panel
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CIC CONSTRUCTION
INNOVATION AWARD 2017

|
The CIC Construction Innovation Award aims to spearhead development of new concepts and initiatives to enable continuous
improvement of the construction industry in Hong Kong. It also aims to recognise and promote new technologies and scientific
\ breakthroughs by both local and international academia and industry practitioners.

The Award focuses on innovative ideas in one of the following areas:

: ' CONSTRUCTION
PRODUCTIVITY
Innovative materials, equipment,
systems, technologies, construction
practices, or any initiatives
applicable to different construction

projects in enhancing productivity
and quality.

CONSTRUCTION
SAFETY

Innovative materials, equipment,
technologies, construction
practices, or any initiatives that
could improve safety and health
conditions at construction sites.

@ & CONSTRUCTION
SUSTAINABILITY
Innovative materials, equipment,
systems, technologies, or any
initiatives applicable in the

construction industry that are
beneficial to the built environment.
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Internet-of-Things-based Portable and Agile
Monitoring System for Blind Hoisting in Metro
and Underground Construction

Cheng ZHOU™, Weili FANG"*, Ran WEI"?, Lieyun DING"*, Hanbin LUO"?, Xinggui LIN**

! Dept. of Construction Management, Huazhong University of Science and Technology (HUST), China
2 Hubei Engineering Research Center for Virtual, Safe and Automated Construction (ViSAC), HUST, China

1. INTRODUCTION

Crane-related accidents are a major problem in the construction industry
(Ren and Wu 2014; Chen et al. 2016). Beavers et al. (2006) concluded
that “struck by” is the main cause of crane-related accidents. In most
cases, this scenario occurs mainly due to limitations in the visibility,
skill, and experience of the crane operators. These shortcomings lead to
spatial conflicts between crane parts and the surrounding obstructions.

A study of metro and underground construction incidents concluded
that crane visibility was at least partially responsible for 42.7% of all
accidents. Crane-related accidents are becoming increasingly serious
in large-scale metro and underground construction projects with
increasingly complex environments, sensitive urban infrastructure, and
migrant workers with poor safety awareness in construction sites. Crane
operators often encounter difficulties in safely controlling a crane boom,
which requires the simultaneous control of several raising, lowering,
and hoisting actions to lift or lower an object to areas with poor visibility
using two levers without visual observation. The implementation of
safety monitoring systems is recommended to address the challenges

This study proposes an Internet-of-
Things (loT)-based portable and agile
monitoring system (IPAMS) for blind
hoisting in metro and underground
construction. The Sanyang Road Tunnel
of the Wuhan Yangtze Metro in China
is used as a case study. The major
challenge for crane hoisting is the limited
visibility of crane operators. The IPAMS is
proposed to overcome these challenges
by simulating and monitoring the
hoisting process. 10T technologies, such
as sensor-based location and tracking,
and WiFi self-organization technologies,
are used to avoid an unsafe status of
objects hoisted under complex and
dynamic conditions. Implementation
of the proposed system in the Yangtze
River-Crossing Metro Tunnel construction
site was successful and the target object
was hoisted into the underground
shafts without any collision or injury.
The IPAMS can be applied in a broad
range of construction projects, such as
dams, high-rise buildings, and large-scale
infrastructure projects, to increase the
likelihood of project success in a complex
environment.

Keywords: Crane safety; Blind hoisting; Safety
management; Internet-of-Things (loT)
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presented by such projects, reduce the
likelihood of human errors in metro and
underground construction projects, and
improve safety during crane operations.

In recent years, numerous researchers
have proposed a series of methods to
prevent crane accidents (Cheng and
Teizer 2012; Li et al. 2012; Ren and Wu
2014; Luo et al. 2015; Fang et al. 2016;
Han et al. 2016). These methods have
improved the perception of operators
and potentially enabled real-time
measurement and feedback from other
crane operators. However, current digital
crane monitoring systems are mainly
solving inherent problems of machine
safety by focusing on the monitoring
of mechanical equipment reliability
and data related to the fatigue and
damage to key mechanical parts, such
as hoisting slewing angle and bending
moment. Blind hoisting in underground
projects is mainly concerned with the
safety problem of human-machine-
environment coupling under complex
conditions (Cheng and Teizer 2012). In
addition, safety risk in blind hoisting
changes dynamically during on-site
hoisting operations. Consequently, real-
time perception of the man-machine
loop system must be realized.

To overcome these issues, an IPAMS
has been developed for blind hoisting in
metro and underground construction.
This system provides additional safety
measures in blind hoisting at such
sites, including fast tracking of workers
and objects, accurate positioning
information, and high response speed,
which allow early warning signals to
be sent automatically. The IPAMS can
change operators’ risky behaviours,
reduce human errors during hoisting,
and improve managers’ task organisation
and safety planning through vivid and
quantitative analysis of monitoring data
at dynamic construction sites.

2. RELATED WORK

Considerable efforts have been made
to address the safety problems of blind
hoisting in metro and underground
construction. These include the
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formulation of safety regulations, safety
training programs, and industry safety
practices. For example, when hoisting
with cranes, a competent person and a
qualified employee are required for the
safety inspection and command of the
hoisting operation. To increase the safety
awareness of construction workers,
a number of safety training programs
is required to be taken under safety
regulations. However, this conventional
approach is strongly dependent on
experienced engineers who command
crane motions on the basis of intuition.

A solution that can directly address the
problem of blind spots around cranes
is monitoring by video camera. The
conventional video camera system
displays only the top view of a lifted
object from a video camera attached
to the crane trolley or hung at the
tip of a luffing jib through a wireless
data transmitter. This video system is
ineffective for deep excavation because
the vertical view of a lifted object does
not give the crane operator a good sense
of distance from surrounding objects.

Previous studies related to overcoming
these issues using crane safety
monitoring systems can be classified
into sensor-based and vision-based
methods. For sensor-based methods,
radio frequency identification (RFID)
(Domdouzis et al. 2007; Montaser and
Moselhi 2014), ultra-wideband (Maalek
and Sadeghpour 2013; Li et al. 2016),
and global positioning system (GPS)
(Razavi and Moselhi 2012; Pradhananga
and Teizer 2013) have been applied to
collect location information and establish
a location system to avoid potential
collisions. While such nonvisual sensors
have been successfully applied, they
generally track location and therefore
do not measure the key operational
parameters of crane lifting processes,
such as the hoisting status of cutter
wheels.

With the recent development of
machine learning and computer vision
in image processing, vison-based
methods have become widely used
in construction applications, such
as the recognition of unsafe worker

behavior (Ding et al. 2018; Fang et
al. 2018). Vision-based methods
are effective in terms of providing
alternative views to enhance operator
visibility and situational awareness
(Zhang et al. 2017). Considerable
computational power is required to
achieve real-time hazard warning by
automatically extracting data from
stream videos and then converting the
data to useful information for safety
warning. However, existing image
processing techniques face challenges
in practical applications to anti-collision
scenarios, due to their large errors on
distance computation under complex
backgrounds conditions and delayed
processing.

Metro and underground construction
projects have complex construction
processes, multisource hazard energy
coupling, and numerous tasks requiring
worker collaboration. These factors make
monitoring on-site safety performance
difficult (Shahrokhi and Bernard 2010).
The use of loT technologies to establish
a digital underground construction
site and the application of proactive
safety barrier warnings provides a
new approach to achieve real-time
monitoring and early warnings during
blind hoisting. These technologies are
applied in many manufacturing and
transportation solutions (Piyare and Lee
2013; Perumal et al. 2014; Skibniewski
2014). For instance, a reformed safety
behavior modification approach that
integrates a location-based technology
with Behavior-Based Safety (BBS) was
proposed and tested at a construction
site in Hong Kong, followed by details
of a corresponding online supporting
system, real-time location system (RTLS),
and virtual construction system (Heng
et al. 2016). Similarly, a stochastic state
sequence model that predicts discrete
safety states was proposed through an
RTLS for construction sites; and aimed to
identify the hazardous level of a project
or individual person over a period of
time (Li et al. 2016).

To achieve successful blind hoisting in
metro and underground construction,
this study develops the IPAMS,
which combines wireless location



and tracking sensors, portable high-
definition digital cameras, laser distance
measurement and gyroscope sensors,
and environmental monitoring sensors,
using loT technology. The proposed
system for blind hoisting is a proactive
control system for isolating hoisting
hazard energy and preventing accidents
in metro and underground construction
sites, and is completely different to
manual and experience-based safety
monitoring approaches. The IPAMS can
be applied in many construction projects,
such as dams, high-rise buildings, and
large-scale infrastructure projects, to
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increase the likelihood of project success
in complex environments.

3. PROPOSED
INNOVATIVE IPAMS

3.1 System architecture

The IPAMS architecture is shown in
Figure 1. This system is developed for
collecting, analyzing, and managing
multisource information for automatic
monitoring and providing early warning
of unsafe status in blind hoisting. The
proposed system is comprehensive,

Figure 1: System architecture: sensing, transmission, analytics and control

! Early Warning &
Portable Device

% - ®) Wi-Fi Mesh Gateway @/
l I Wind direcfion & wind speed sensor .- 5 .

INTERNATIONAL
GRAND PRIZE AWARD

proactive, and integrated with loT
technologies to effectively monitor
unsafe conditions and behaviors of
workers on site, thereby leading to a
vision of smart and safe construction
sites.

3.1.1 Data sensing

The main advantages of this system
are portability and agility. Within the
IPAMS, the status of the cutter wheel
environment and appropriate warnings
can be tracked and received in real time
through multiple integrated sensors
and devices (Figure 2), namely, a

Controlling

Analytics

Wi-Fi, Internet, etc.

Transmission

Sensors, Devices, etc.

Sensing

| Portable CCTV Camera | Ultrasonic positioning device | Laser ranging device | 3D gyroscope device

Figure 2: |oT sensors
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portable CCTV camera and ultrasonic
positioning, laser ranging, 3D gyroscope,
and environmental detection devices.
These sensors are carefully selected by
considering the information needed for
analysis, data accuracy, requirements
for sensor installation and sensitivity,
and fulfilling 360° monitoring of blind
hoisting. To ensure an easy installation
of sensors and accuracy of collected
data, various aspects of the system
equipment, such as power dissipation,
accuracy, volume, weight, installation,
protection, deployment, debugging,
operation, and maintenance, are
balanced and optimized numerous
times. The improvements are as follows:

(1) To guarantee easy installation and
flawless operation of the sensors
during lifting, the magnitude of
the magnet behind each sensor is
designed according to its weight.
Furthermore, the sensors are
designed to be waterproof and
dustproof, and are provided with
anti-electromagnetic radiation, due
to the complex work environment
during crane operation of shield
cutter wheels.

(2) To guarantee installation without
interfering the activities of crane
workers, these devices are designed
to be small and light weight. The
device switches are all one-button
mechanisms that does not require
network setups. This system is simple
to operate even for inexperienced
operators who do not have relevant
training in preset parameters or
regulating network operation.

(3) To fulfill self-adaptation and low
power consumption requirements,
each device 1) collects self-adaptive
frequency data and bimodulate
standby plus work in order to
achieve long-lasting continuation
during application processes of the
sensors and 2) adjusts the sensor
frequencies, respectively.

The key parameters of the five above-
mentioned sensors are as follows:

(1) Portable CCTV camera

The portable CCTV camera enables
site managers and crane operators
to observe and monitor hoisting
behavior and thus avoid unsafe
incidents. The resolution of the
portable CCTV camera is 1280x960
pixels, which clearly shows the
situation in the monitored area.

2
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Ultrasonic positioning device

The ultrasonic positioning device
improves the accuracy and efficiency
of adjusting the position of the
hoisted objects, especially for
detecting the change in distance
between moving objects and
existing structures and obstacles.
The ultrasonic positioning device
achieves mutual transformation
between electricity and ultrasound
by the piezoelectric effect.

(3) Laser ranging device

A laser ranging device is designed to
measure the distance between the
bottom of the hoisted object and the
ground in real time. The high speed
and measurement accuracy of this
device allows it to be fully applied
in the innovative system to provide
the correct position of the hoisted
object.

(4) 3D gyroscope device

Of the many sensors that can be
used for 3D gesture measurement,
a gyroscope (ICM-20608-G) sensor
is applied in the proposed system.
This sensor consumes low power,
and has high accuracy with a thinner
packaging compared to other similar
devices.

(5) Environmental detection device

In safety management, the interaction
among workers, equipment, and
environment cannot be ignored.
Obtaining environmental information
in real time through use of an
environmental detection sensor
allows workers to respond proactively
to a potentially unfavorable

" RESEARCH JOURNAL 2018 [N EY/SieN e SEVEIeY

environment. According to the data
needs of this system, several kinds of
environmental detection sensors are
applied.

3.1.2 Data transmission

After collecting all the sensor data in
real time, including location of cutter
wheels and environmental data, the
IPAMS uses a WiFi self-organized
network to transmit the data and
provide early safety warnings. The self-
organized WiFi network comprises
a large number of ubiquitous, tiny
sensor nodes with communication and
computing capabilities and a “smart”
system that can complete assigned
tasks independently according to the
environment and the demand (Zhou
and Ding 2017). If a sensor is broken
or the sensor signal is occluded, the
other sensors can still transmit the
signal to the computer server. With
the WiFi self-organization technology,
the developed system can provide
immediate instructions and warnings for
construction workers.

3.1.3 Data analytics and control

The head of the system is the remote
control layer, which contains data
analytics and control, for data storage
and management, generates early
safety warnings, and provision of
a user interface for managers and
crane operators. To set safety warning
dynamically, the system accurately
calculates the relative position and
trajectory of the cutter head and
determines if the cutter wheel and
shafts are at an unsafe distance. The
warnings are designed as three different
levels of early warnings or alerts. The
green level shows that the cutter wheel
is safe and all monitored data are
normal. The orange level shows that the
distance between cutter wheel and the
shaft reach the cautious level, while the
red level shows that the cutter wheel is
too close to the shaft to be potentially
unsafe. The information stored in the
system is visualized and received in real
time, as shown in Figure 3. Finally, all the
warning information and signals are sent
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to the warning control center. It helps
managers and drivers manually operate
when an object is approaching the shaft.

3.2 Function of IPAMS

The IPAMS is targeted at assisting
construction workers, safety inspectors,
and project managers with the safety
management of blind hoisting with
cranes. This innovative solution has the
following advantages:

(1) 360° monitoring. In general, this
system can provide full identification
and monitoring of the most common
hoisting failures by incorporating a
clear user interface. Several types
of sensors are adopted for data
acquisition and transition in the
proactive control of blind hoisting
monitoring.

Real-time remote interaction. With a
plug-and-play loT-based technology,
the continuous wireless connections
in the proposed system can help
monitor the performance of blind
hoisting as frequently as desired.

(2
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(3) User-defined early warning. Along
with the suggested thresholds for
different warning levels, which are
predefined according to relative
safety regulations and crane
manufacturers’ suggestions for
proactive management of crane
operation by end users, the system
can provide access to the system
such that the threshold of potential
hazards can be redefined.

(4) Portable and agile devices. Portable
loT-based monitoring or warning
devices should be installed and
connected easily and be non-
intrusive to the work at a hoisting
construction sites. All the loT devices
used for monitoring blind hoisting
are assembled into a suitcase,
and each is designed to be easy to
use and install. By considering the
educational and training background
of some construction workers, a
portable and agile system can be
promoted and used quickly and
correctly. Besides, the portable and
agile features of the loT devices
assists safety inspectors and project

Figure 3: User interface of the monitoring system

managers in safety management
without the need for special or
extensive training programs.

(5) Accuracy and reliability. The blind
hoisting poses a considerable
requirement for data accuracy and
high resolution because of the
potential failures caused by the
dynamic hoisting operation process
and construction environment.

4. CASE STUDY OF THE
WUHAN METRO
CONSTRUCTION

The Sanyang Road Tunnel is the first
combined rail-and-road shield tunnel
across the Yangtze River and has a
total length of 2590 m. A slurry shield
machine with a cutter diameter of 15.76
m was utilized to push the tunnel from
Xujia Peng Station to Sanyang Road
Station under the Yangtze River, which
is the sixth largest river in the world and
the third largest in China.

In this project, the blind areas were the
major challenge for successfully hoisting

2
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Figure 4: Layout of sensors on cutter wheel
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Figure 5: User interface of real-time early warning in IPAMS

the cutter wheel down to the shafts up
to 44 m underground. Firstly, the five
afore-mentioned sensors were installed,
and the installation coordinates of
these sensors were confirmed by safety
experts from the construction company,
as shown in Figure 4. Secondly, the
relative position and trajectory of the
cutter head and environmental data
were calculated and stored in the
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system database. Finally, early warning
information (such as collisions with
shafts) was sent to a control center, as
shown in Figure 5. The managers should
then adjusted the operation if necesary
(such as slowing down or stopping)
according to the warning data in order
to avoid any unsafe contact between
machinery and workers.

The IPAMS was implemented in
February and May 2016 and both of
the twin tunnels’ cutter wheels were
successfully hoisted into the shafts 44m
underground without any collision or
injury. On-site installation of the IPAMS
consumed merely several minutes, and
vital safety assurance was provided for
the blind hoisting activity.



5. CONCLUSION

To achieve successful blind hoisting
in complex and dynamic working
environments, portable and agile loT
technologies were developed in a smart
and self-organized network architecture.
The benefits offered by the system to
construction safety management were
validated in the Sanyang Road-Yangtze
River tunnel construction site of the
Wuhan Metro Line 7. The key features
and applicability of the IPAMS led to
improved safety and efficiency and
reduced cost to stakeholders and other
participants in the projects. The results
demonstrated the feasibility of the
proposed IPAMS, which can be applied
to monitor blind hoisting in similar
projects by providing guidelines for
safety management.

Although the system was developed
specifically for underground construction
conditions in China, further study is
needed in the following aspects: (1)
future large-scale trials with longer
application periods than those used
in this work will help to realistically
verify the capacity of the system; (2)
positioning algorithm optimization can
be used to enhance on-site positioning
accuracy to a decimeter level; and (3)
compression and storage of the large
amount of monitoring data can be
improved to ensure system stability.
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1. OVERVIEW OF CURRENT APPLICATIONS IN
CONSTRUCTION

The technology of 3D printing possesses practical functions while
fulfilling regulatory standards through specially-developed printing
equipment and “ink”. The “ink” for 3D-printed structures can be
made from construction waste, specially modified cement as the
base material, glass fiber for reinforcement and environment-friendly
additives. The “ink” can be transformed from a liquid to a solid state
at room temperature, and shaped automatically in a timely way. Its
flexibility, light weightand plasticity, while causing zero pollution to
the environment, are well in line with green and safe construction
requirements (Sevenson B. 2015).

2. BENEFITS OF 3D PRINTING IN
CONSTRUCTION APPLICATIONS

The technology of 3D printing has been improved significantly through
more than ten years of industrial practice. Buildings constructed by the

3D printing technology is widely and
rapidly applied in the construction
field and is expected to revolutionize
construction (Frank T. 2014). The
application of 3D printing in construction
can be sub-divided into several broad
categories, including customized
buildings, components for landscaping,
environment and transport. The
technology can greatly reduce labour,
time and material costs, and generate
great social and economic benefits
(Campbell T. 2011). The 3D printing
technology developed by WINSUN has
the potential to revolutionise the current
construction industry, as it integrates
the design and construction process,
construction equipment and materials,
leading to a combination of digitalized,
mechanical and intelligent construction.
AECOM has worked with WINSUN to
apply the technology to environment-
friendly design, using the eco-shoreline
concept as a starting point. This
customized design is intended to create
a new breathing interface, a linkage
among all systems, and an ecologically
and socially resilient community.
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1 BLOCK FOR ANY
SITUATION

technology are more beautiful, durable,
cost-effective, and environment-friendly
as compared with those constructed by
conventional methods. The significant
advantage is that 3D printers can
provide customized final products, for
example printed components which
are suitable for specific site conditions,
and can be easily adjusted based on
design ideas. The technology will help
the construction industry reach a green,
flexible, customized and internet-based
era. The application of this technology
has already achieved great success
internationally (Campbell T. 2011).

3. CHALLENGES
AND THREATS IN
THE CURRENT
ENVIRONMENT

As discussed, 3D printing technology has
a vast potential, and we are exploring
its true value in order to create a new
infrastructure interface. Nowadays, the
urban-centric way in which we live has
become increasingly disconnected from
the natural environment and the world’s
various ecological systems. The degree
of this disconnection is anticipated
to increase over time. Indeed, it is
forecast that two-thirds of the world’s
population will live in urbanized areas
by 2050, while the proportion will
potentially reach 90% in some regions,
such as Africa and Asia (UNDESA report
2014).

Climate change is bringing forth another
new global challenge, impacting all cities

EACH BLOCK IS CUSTOMIZED ON
THE LOCAL NEEDS

worldwide. Sea levels are rising and
extreme climatic conditions and natural
disasters, such as the devastating
Hurricanes Maria (2018) and Sandy
(2012), are becoming more and more
frequent. Such challenges are reshaping
the urban form in coastal areas
worldwide and the negative impact
on coastlines is becoming increasingly
pronounced by the day, particularly
given that around 40% of the world’s
population lives near the coast (Cooper,
J.A.G. & McKenna, J. 2008).

The coastline is representative of the
physical link between human beings and
the natural environment, the urban form
and ecological systems (Tanaka, Y. 2002
& Lewis, J.R. 1964). Typically, man-made
infrastructure separates these various
communities by erecting barriers, thus
creating further disconnection between
them, instead of viewing the linkage as a
benefit (Tanaka, Y. 2002).

As architects and engineers, we wish
to go beyond merely serving up a
short-term solution to this problem.
We want to protect our communities
and at the same time create a long-
term connection, using the coastline
as an opportunity to enhance the
linkage between them. Our aim is
to create a breathing infrastructure,
which takes care of eco-systems and
the local community, improves the
natural habitat, and offers pleasant
and educational personal experiences.
We hope to make the transition
from offering solely hard-engineered
coastline protection to providing more

Figure 1: Wave
dissipation system in
urban area

of a soft-engineered solution (Jackson,
A.C. 2002), as shown in Flgure 1.

According to ‘ecological edge’ theory,
the intertidal zone has the most
developed and diverse ecological
system. We aspire to construct a natural,
dual, land-ocean ecosystem through
creating a new intertidal zone based on
the use of 3D printing technology.

4. 3D PRINTING APPLIED
TO ENVIRONMENT-
CUSTOMIZED DESIGN
FACTORS

In contrast to the mass production of
conventional wave dissipater blocks,
3D printing technology allows complex
customization. It enables the inner
part of the wave dissipation block to
be specifically designed to maximize
complexity and habitat for a diversity of
species in order to enhance marine life
biodiversity and to facilitate grow of a
resilient ecosystem, as shown in Figure
2. All the relevant parameter data
used to create the inner complexity
of the block are collected locally,
based on many factors including water
temperature, tidal system, marine life
biodiversity, animal species, and wave
energy (Miller, J.K., 2016).

5. UNIQUE COASTLINE
ENVIRONMENT

The on-site “fabrication” process is
completed by first surveying the site
with drones, and then designing the
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wave dissipation system according to
the specific littoral environment, so as
to deliver the most suitable product in
practice (Ban, N.C., 2014), as shown in
Figure 3.

6. ON-SITE MATERIAL
USAGE

While traditional shoreline design
discourages people from interacting with
the coastline, and often decreases the
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quantum and diversity of marine life, 3D
printing technology can customize the
design to the targeted species, whilst at
the same time creating opportunities
for people to safely engage in nature
(Chapman, M.G., 2009). 3D printing
is more adaptable and flexible than
conventional production methods
in terms of materials and fabrication
conditions, and allows easy use of
on-site materials, such as local sand,
with consequent reduction of waste
associated with the construction process.

INNOVATION IN CONSTRUCTION

INTERNATIONAL
RUNNER-UP

Figure 2: Designed
around marine life cycle
— customized for local
needs

Figure 3: Set-up
process

The 3D printed wave dissipation system
protects the local community through
minimizing risks, creating awareness
of climate change and developing
economies around coastlines. Ultimately
it creates a connection between human
beings and the natural environment
(Figure 4). This type of new interface
infrastructure helps to establish social
and ecological resilience, and connects
local communities and nature (Goff, M.
2010).
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Implementation
process
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Figure 5: Concept shoreline design

7. OTHER RELATED
INNOVATION
TECHNOLOGY

The incorporation of other smart
technologies with 3D printing gives rise to
the potential for ‘smart’ 3D-printed wave
dissipation system (3D-WDS) blocks. For
example, real-time monitoring sensors
could be attached to 3D-WDS blocks and
directly connected to remote research
centers, creating a world-wide database
of relevant scientific information, and

micro hydro turbines embedded in the
blocks could produce clean energy to
help sustain the monitoring systems,
thus creating an interconnected self-
sustaining global system that can be used
in any circumstances (Figure 5).

8. CONCLUSION

This project has investigated the value of
3D printing technology related to global
issues like climate change, sea level rise
and natural disasters. Application of the
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technology to a wave dissipation system
can help protect our communities while
developing socially resilient ecosystems
harmoniously connected with urban
development (Dyson, K. & Yocom, K.
2015).

We aim to 3D print a resilient future.
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Automated Construction
by Contour Crafting
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Contour Crafting (CC) is a construction-
scale 3D printing technology that aims
at additive fabrication of large-scale
structures directly from computer
models. CC simultaneously uses
computer controlled extrusion and
trowelling to achieve smooth and
accurate free-form surfaces. CC has been
enabled by many unique technologies in
robotics, material delivery, and control
systems that have been created over the
course of the last few years. A general
review of the technology and future plan
for its advancement are provided.

Keywords: Construction automation, 3D
printing, concrete

1. TECHNOLOGY DESCRIPTION

In Contour Crafting (CC), computer control is used to take advantage
of extrusion and the superior surface forming capability of trowelling
to create smooth and accurate, planar and free-form surfaces. CCis a
hybrid method that combines an extrusion process to form the object
surfaces and a filling process (by pouring, or extrusion) to build the
object core. Under support from NSF, NASA, ONR and several industries,
we have conducted extensive experiments over the last few years to
configure the CC process to produce a variety of small and full scale
objects. Small 2.5D and 3D parts with square, convex, and concave
features have been fabricated from a variety of thermoplastic and
ceramic materials. A limited axis but larger machine was later produced
to demonstrate the possibility of fabricating full-scale concrete
structures.

Figure 1-left shows a CC nozzle assembly that can build hollow concrete
walls. Note that the middle nozzle in this assembly reciprocates as the
transporting robot moves the entire nozzle assembly. Such an internal
structure creates a truss system that delivers impressive strength to
the walls created by CC. Figure 1-right demonstrates the high strength
of a 14 cm wide, 10 cm high (four layers) wall structure that has been
flipped 90 degrees. The beam (i.e., wall section) segment length
between the two end supports is about 2.4 meters long. Note that
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Figure 1: Left: CC nozzle assembly for solid and hollow concrete walls — Right:
Demonstration of strength of thin hollow segment

Figure 2: Embedding external objects — top: automated tiling; middle: automated
plumbing; bottom: automated electrical network installation

the concrete used for building the
structure has been reinforced with
composite fibers which have been
mixed with cement and aggregates.
Use of composite and stainless steel
fibers instead of conventional steel
beams (rebar) is expected to become
commonplace in the concrete industry,
as almost all cement companies have
aggressive research programs for use of
fiber-based reinforcement.

Several wall specimens and other
structures have been constructed
using the current CC machine based on

hollow structure design. This design is
expected to be a good initial candidate
for sound barrier walls somewhat
equivalent to the current Concrete
Masonry Unit (CMU) based wall designs
which are widely used in sound barrier
construction.

Once the CC robotic infrastructure is in
place, several robotic manipulators may
be joined to eventually achieve total
automation of building construction.
Given what robotics has achieved in
manufacturing, it should be possible to
achieve the total automation of building

construction. Today many complex
products are accurately produced by
robotic systems in a fully automated
manner. Buildings are relatively simpler
with respect to geometry and required
accuracy. The layer-wise fabrication
paradigm used by CC should now
allow the realization of automation of
total building construction. Following
are some of the aspects of building
construction beyond basic structure
that may be automated by CC.

Automated tiling of floors and walls:
Tiling of floors and walls may be
automated by robotically delivering and
spreading grout and other material for
adhesion of tiles to both surfaces, as
shown in Figure 2-top. Another robotics
arm can then pick the tiles from a stack
and accurately place them over the
area treated with the adhesive material.
Often 60% of the time in manual tiling
could be spent on alignment. With an
accurate robotic infrastructure in place,
alignment will not be an issue at all.

Automated plumbing: The CC process
has the potential to build utility
conduits within walls. This makes
plumbing automation possible. In
this arrangement, after fabrication
of a certain number of wall layers, a
segment of copper (or other material)
pipe may be attached onto the lower
segment already installed inside the
conduit. The robotics system, shown on
the left side of Figure 2-middle, delivers
the new pipe segment and has a heater
element (shown in red) in the form of a
ring. The inside (or outside) rim of each
pipe segment may be pretreated with
a layer of solder. The heater ring heats
the connection area, melts the solder,
and once the alignment is made, bonds
the two pipe segments. Other universal
passive (requiring no active opening
or closing) robotic gripper and heater
mechanism designs used for various
plumbing components are also shown
in the figure. Note that automated
PVC plumbing using adhesives for pipe
connections is also possible.

Automated electrical and communication
line wiring: A modular approach similar
to industrial bus-bars may be used for
automating electrical and communication




line wiring in the course of CC
construction. The modules, as shown
in Figure 2-bottom, have conductive
segments for power and communication
lines, and inter-connect modularly. All
modules may be robotically fed and
connected. A simple gripper at the end
of a robotic manipulator attached to
the CC machine can perform the task of
grabbing the component and connecting
it to the component already placed within
the conduit. The automated construction
system properly positions these modules
behind the corresponding openings
on the walls. The only manual part of
the process is inserting fixtures into the
automatically constructed network.

Automated insulation, finish work
and painting: Insulation as well as
finish work such as plastering of walls
may be achieved by using a hybrid
CC nozzle that concurrently delivers
multiple materials such as concrete,
polyurethane, and plaster. After walls
are constructed, a conventional spray-
painting robotic manipulator driven
by the same CC machine may paint
each room according to desired
specifications. The painting mechanism
may be a simple spray nozzle, or a large
inkjet printer head (such as those used
for printing large billboards). The latter
mechanism makes painting wallpaper
or other desired patterns possible.

Automated imbedding of sensors and
computational devices: In the course
of CC construction, materials such as
smart concrete may be used in certain
segments of the building. Such materials
demonstrate varying resistance under
stress. Discrete sensors may be densely
placed by a robotic arm at pre-specified
locations inside any type of construction
material (e.g., regular concrete). These
sensors can be useful for in-process
feedback for construction process
control, and in completed structures
as a means for inspection and for
creation of smart structures that can
sense numerous variables such as
temperature, humidity, stress, vibration,
presence of people and their attributes
(such as in hospitals to monitor patient
conditions as they move around), etc.

2. APPLICATION AREAS

Applications of the CC technology
may include construction of various
types of buildings including residential,
commercial and government buildings.
Each building type (e.g., single story,
multi-story, high rise, etc.) may be
built by a special implementation of
the CC technology, such as those in
Figure 3 where standard, self-climbing,
and multi-nozzle CC machines are
shown. Another application domain is
infrastructure construction which could
include foundations, slabs, bridges,
pylons, etc. And finally extraterrestrial
construction, that is building on
the Moon and Mars for planetary
exploration, exploitation, habitation and
colonization, is another major field of
use of CC technologies.

As for the extraterrestrial applications, a
revolution is now underway as humanity
transitions from being a single planet
species to a solar system species. This
has been set in motion by the explosion
of technologies over the 40 years since
the early Moon landings of the Apollo
program. Some of the key technology
areas include: rocketry, robotics, additive
manufacturing, chemical processing,
solar power, and artificial intelligence, to
name just a few. Current extraterrestrial
settlement buildup philosophy holds
that, in order to minimize the materials
needed to be flown in at great cost,
strategies that maximize the use of
locally-available resources must be
adopted, but feasible construction
approaches using in-situ materials have
so far been hard to conceive.

Material processing tools and special CC
construction equipment flown as cargo
from Earth are proposed to build required
infrastructure to support future missions
and settlements on the Moon and Mars.
Economically viable and reliable building
systems and tool sets centered around
CC robotic construction technology are
being sought, examined and tested for
extraterrestrial infrastructure buildup. A
series of NASA-supported projects which
focus on a unique approach, weaving the
robotic building construction technology
with designs for assisting rapid buildup
of Lunar and Martian bases with initial
operational capability, have proven
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successful. The projects have aimed to
study new methodologies to construct
certain crucial infrastructure elements in
order to evaluate the merits, limitations
and feasibility of adapting and using
such technologies for extraterrestrial
application.

The complexity of the technologies
and engineering systems required to
transform the solar system will require
the most advanced application of
fabrication and systems engineering
humans have ever known. The
growing list of commercial space
companies whose business plan is to
do this profitably is a good indicator
that the time is now! Construction of
infrastructure elements such as landing
pads, blast walls, roads, hangars,
radiation shields, etc., which have been
proven possible using variations of CC
and novel methods of beneficiation and
processing the constituents of the in-situ
Lunar and Martian materials, will be the
precursor to all other major planetary
expeditions. Our proposed approaches
supported by experiments have so far
won two NASA international competition
grand prizes.

3. ECONOMIC,
ENVIRONMENTAL
AND SOCIAL IMPACTS

With the level of automation afforded
by the CC process, we expect significant
time saving (hours or days vs. months)
compared to conventional methods of
construction. The automation and the
time savings will in turn dramatically
lower the amortized cost of construction.

Efficient, safe and waste-free construction
techniques are needed to reduce the
environmental footprint of construction.
It is a fact that 40% of all materials in the
world are used in construction-related
activities and about 40% of all energy (70%
of all electricity) consumed in the USA is
used for buildings and infrastructures. The
problem of reducing energy and waste
in buildings is massive and multifaceted.
In this respect, we have a tangible
opportunity to reduce costs and save
energy using efficient, high-technology
building techniques.
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The question remains as to which
construction technology is the most
efficient and environmentally safe for use
in the public and private construction
sectors. We believe that CC will position
the company to reduce its construction
costs and environmental profile, using
advanced robotic technology. Using this
technology, construction materials are
extruded in a layered fashion with perfect
precision and near zero waste. CC offers
construction without waste, noise, dust or
harmful emissions — a more sustainable
approach compared to other construction
practices. And since CC is an automated
robotics technology, worker exposure
to hazards will be minimized. With this
technology, worker compensation claims
due to physical and repetitive tasks will
be eliminated. The resulting reduction
in labour injuries and the subsequent
litigations will further decrease the cost of
construction substantially.

We have performed a Life Cycle Analysis
(LCA) to compare CMU- and CC-
constructed structures with respect to CO2
emission and energy use. LCA considers
the life-cycle stages by modelling the
process flows for each technology in order
to identify and quantify the major inputs
and outputs of materials and energy, and
estimate the potential impacts of the
resultant emissions.

The LCA analysis indicated that CC reduces
total CO, emissions by 58% as compared
to CMU. A more pronounced reduction is
shown in the life-cycle embodied energy
of the CC building. The total embodied
energy of a CC building is reduced by more
than 80% over the CMU construction
method. Furthermore, CMU seems
to produce more than FIVE times the
solid waste as compared to CC during
its material manufacturing and on-site
construction phases. In summary, the total
CO, emissions and embedded energy for
the two methods are shown in Figure 4.
A significant portion of the emissions and
energy saving of CC is due to the shorter
construction time, resulting in significant
reduction in labour transportation to and
from construction sites for the duration of
construction.

It is believed that the environmental
benefits of CC technology will become

Figure 3: Top to bottom: Standard, self-climbing, and multi-nozzle CC machines suitable
for construction of varieties of building types

more prominent as market penetration
increases. This technology has the potential
of reducing energy use and emissions
in a significant way, thereby reducing
dependence on fossil fuel sources. In
addition, the large amount of waste
generated by the conventional construction
industry would be less of an issue if CC
technology is implemented to its full
automation potential. The environmental
advantage of CC is a result of less total
material use, less total energy required for

all construction activities, lower material
and energy waste during construction, and
less transportation of material, equipment,
and labour.

Finally, the CC developers are also
cognizant of the social impacts of the
technology, in addition to organizational
and political barriers to its implementation.
In this respect, different actors view this
technology differently as the technology
penetrates into the fabric of our social
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Figure 4: Top: Total CO, emissions; Bottom: Embodied energy for CMU and CC construction

methods

structures. The technology is welcomed
or rejected based on the degree of
compatibility/incompatibility with the
social structures in place. The degree
of compatibility or incompatibility can
be measured along two dimensions of
structural depth and scope. Structural
depth refers to the depth of penetration
into the system structure. Scope is the
impact across structures; this can be a real
impact across a whole society, industry
or community, or it can be a segmental
impact affecting primarily sub-components
of the society (e.g., construction workers
and their families).

4. COMMERCIALIZATION
STRATEGY

Founded by the author and started
in May of 2017, Contour Crafting
Corporation (CC Corp) is an early
stage company with the mission to
commercialize a collection of disruptive

technologies that are destined to
revolutionize construction. CC is the
flagship technology of CC Corp. Over
100 USA and international patents have
been issued, and there are a significant
number of additional in-process patent
applications in the CC Corp’s IP portfolio.
At this point CC Corp technologies are
grouped under two international award
winning technologies: Contour Crafting
(CC) which is the large-scale extrusion-
based 3D printing method described
here, and Selective Separation Shaping
(SSS), which is a large-scale powder-
based 3D printing method. The lead
investor of CC Corp is Doka Venture,
the investment arm of Doka, which
is @ multinational construction
technology company and the leader in
advanced formwork manufacturing and
implementation.

CC Corp’s business plan is to initially
leverage its technologies to support
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building of low-cost and emergency
housing projects in developing
countries. This plan will soon
be extended to construct larger
residential and commercial buildings.
The company’s business strategy
entails Technology Deployment and
Distribution Agreements with a highly
selective number of partners around
the world, who are established building
construction material companies and
builders/developers in specific regions
and/or countries.

5. CONCLUSIONS

It currently takes six to nine months
to construct an average-sized house
in the United States — and costs too
much. In industrialized countries,
automation of manufacturing generally
results in production costs that are
roughly 25% of those from conventional
manufacturing by manual methods.
Efficient automation of construction
should result in similar cost reductions.
We expect cost reductions to be realized
through a) rapid time-to-market,
which drastically reduces construction
financing costs, b) savings through near
elimination of material waste, and c)
major reduction in manual work-related
expenses. While most manufactured
products can be imported or
outsourced, construction must remain
largely indigenous.

CC is a major innovation that has the
potential to automate the construction
of whole structures and radically reduce
the time and cost of construction.
If CC becomes widely deployed, the
result would be a revolution in the
construction industry that would lead
to affordable construction of high
quality low-income housing; the rapid
construction of emergency shelters
and on-demand housing in response to
disasters; and the timely construction of
arrays of similar new structures.

CC aims at ultimately automating the
construction of substantial parts of
buildings, including exterior walls,
interior wall partitions, openings for
doors and windows, building interfaces
(e.g., anchor attachments), tiling,
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plumbing, electrical, etc. The metrics to
evaluate CC include the performance of
the resulting building, and the reduction
in cost and time of the construction
process as compared to manual
methods.

The performance metric decomposes
into three types: form, fit, and function.
The form metrics determine if the
building conforms to the size, shape
and dimensions specified by the
architectural CAD drawing. The fit
metrics determine if the building parts
constructed by CC are able to physically
interface with non-CC constructed parts,
such as foundation slabs and roofs.
The function metrics determine if the
constructed building is able to meet the
intended functional requirements such
as strength, insulation efficiency, and
endurance. We expect CC to outperform
the alternative construction methods
in all of these areas, as well as to offer
unusually attractive construction cost
savings.

Massive construction of low-income
housing in various parts of the world,
rapid response to large scale disasters
by providing dignified shelters,
and significant positive impact on
environment and energy shortagea are
some of the long term performance
criteria for which statistics will be
available a few years after the public
and commercial introduction of the
technology. According to the UN, the
world has a shortage of 800 million
homes. CC will ultimately be able to
effectively respond to this shortage and
to emergency shelter needs worldwide.
The ideal ultimate long-term outcome
is to revolutionize the construction
industry.
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Use of Innovative Rammed Earth Construction
Technology in Rural Areas of Southwest China -
with Post-earthquake Reconstruction Project in
Guangming Village as a Demonstration
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! School of Architecture, The Chinese University of Hong Kong
? Faculty of Architecture and City Planning, Kunming University of Science and Technology

1. INTRODUCTION

Rammed earth construction has a long history in China, particularly in
rural Yunnan. Mud is the main material used in traditional architecture
because it is inexpensive, accessible and exhibits remarkable thermal
performance. However, local residents stopped implementing traditional
rammed earth building technology because of several reasons. On the
one hand, traditional rammed earth buildings have several limitations,
such as poor seismic performance, limited daylighting and insufficient
ventilation. Moreover, most rural residents viewed earthen buildings as
symbols of poverty and backwardness. On the other hand, high-speed,
top-down rural construction and transformation funded by external
capital limited the time and space for innovation and expansion of local
traditional technology. This study provides a new construction solution
that integrates ‘local labour, local materials, and local technology’ (3L)
through an innovative development of local traditional rammed earth
construction. A demonstration project was implemented to persuade
stakeholders of its viability and to promote the new construction
solution in southwest China.

Rural construction and development
are significant issues in China, which
has more than 40% of its population
living in rural areas. The improvement
of poor rural areas in mountainous
regions has been relatively slow
and unsustainable. Most rural areas
should create their own development
model instead of following urban/
modernization models. Meanwhile,
the government also encourages
autonomous, diverse, endogenous, and
sustainable rural development. The
crucial support that poor rural areas of
China require is not only funding but
also innovative ideas and systematic
strategies. This study explores the
research and implementation of a post-
earthquake reconstruction project in
Yunnan, China to demonstrate the use
of “high-science and low-technology”
strategies with the “local materials,
local labor, and local technology”
principle of rural construction, and to
encourage sustainable and endogenous
development in the poor rural areas of
southwest China.

Keywords: high-science and low-technology,
local materials, local labor, local technology,
rural endogenous development
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2. CHALLENGES OF
POST-EARTHQUAKE
RECONSTRUCTION
IN GUANGMING
VILLAGE

Guangming Village is in Ludian County,
Yunnan Province, China. A total of 90%
of the local houses in this village are
rammed earth structures. Guangming
Village was hit by a shallow earthquake
with a magnitude of 6.1 on 3 August
2014. After the earthquake, villagers
lost their confidence in the local
traditional rammed earth buildings,
90% of which were damaged during
the earthquake (Figure 1). Therefore,
most villagers preferred to build
brick—concrete houses during the
reconstruction period. However, the
prices of building materials rapidly
increased and became unaffordable
for most of the local villagers because
of the increase in reconstruction needs
and poor traffic conditions after the
earthquake. Consequently, most of
the local conventionally reconstructed
buildings were built without any passive
design, insulation and decoration.

The quality of these buildings and their
indoor environments was poor (Figure
2). Furthermore, the villagers had to
seek financial assistance to complete
the reconstruction. The debt incurred
after the disaster was an economic and
psychological burden to the villagers. A
considerable number of the residents
attempted to find jobs in urban areas
for increased income. Consequently, the
elderly and children were left behind in
the village.

In Ludian County, most of the traditional
rammed earth residences in rural areas
are considered a testament to poverty
rather than historical heritage. Many
rural earthen buildings were built
by manual labour at least 50 years
ago. These structures are dangerous
because of their poor construction
quality and disrepair. For villages that
can obtain external capital for tourism
development, the rural landscape is
commonly disconnected from local
materials, technology and labour.
Therefore, rural residents and the local
government are still looking for a good
low-cost solution that can improve the
safety and comfort of the vernacular
architecture without destroying its
historical and cultural values.

To provide a suitable and sustainable
solution for local reconstruction, we
innovated the local house-building
technology using local materials and
labour. However, several challenges
remained regarding the local traditional
rammed earth buildings:

e Anti-seismic performance of
traditional rammed earth buildings
built by wood rammers and manual
labour was poor and urgently
needed to be improved.

e Most villagers considered traditional
earthen buildings as a symbol of
poverty and backwardness.

e Local traditional artisans and crafts
were gone. New knowledge and
technology needed to be studied
to innovate the rammed earth
buildings.

Figure 1: Local
traditional rammed
earth building destroyed
by earthquake

The re-empowerment of the local
residents needed a long-term
relationship and mutual trust to be
established with the research team.

3. INNOVATIVE
RECONSTRUCTION
STRATEGIES IN
GUANGMING
VILLAGE

“High-science and low
technology” strategy of
reconstruction

3.1

To ensure systematic and sustainable
rural reconstruction work with
innovative ideas, scientific research is
essential to understand the context,
identify the problem, and find a proper
solution.

A prototype house was built to
demonstrate a comprehensive and
systematic construction system and
the resulting substantially high building
quality. This house was built for an
aged couple who lived in a tent after
the earthquake. A passive design with
recycled local materials gathered
from the ruins ensured a comfortable
indoor environment and low energy
consumption. The design was
integrated with semi-outdoor spaces to
provide a comfortable and artistic living
environment for the couple (Figure 3).
The semi-outdoor atrium with a skylight
and cross ventilation was bright and
had natural ventilation. Double-glazed
windows and insulated roofs were used
to improve the thermal performance
of the building. A steel roof structure
and aluminium alloy windows were
used to increase building quality and
airtightness.

After a survey and study of the weak
points of the local traditional rammed
earth buildings, several innovations
were made to improve the seismic
performance. Appropriately-sized
concrete foundations formed with a
correct cement mortar was selected to
enhance the integrity of the foundation
of the house. The soil at the site was
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examined in the laboratory of the
Kunming University of Science and
Technology (KMUST) and mixed with
sand, straw, and a small amount of
cement (<3%) to prevent cracking
and to make the walls solid. Concrete
ring beams were added to the walls
to improve structural integrity and to
prevent vertical cracking. Aluminum
alloy formwork and an electric
rammer was used to make the walls
substantially compact and smooth. A
shaking table test on a single-layered
rammed earth house pilot project
was conducted at KMUST to verify the
improved technology we used in the
reconstruction project.

To empower the local residents and
encourage endogenous development,
the proposed innovative technology
should be simple and easily
disseminated within the community.
The use of outside materials and
labour should be limited to reduce
construction cost and improve the local

Master
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}Teilel

Atrium

N

Shop Kitchen
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Gound floor plan

Figure 2: Local
conventional
reconstruction

market. Therefore, the 3L principle was
considered suitable for the conditions of
the poor rural areas in southwest China.
Instead of promoting the benefits
of imported brick and concrete, we
determined whether the shortfalls of
traditional rammed earth technology
and the fragility of village life could be
addressed in situ. The implementation
of this strategy was a simple step in
rebuilding the lives of the people. With
this simple strategy and empowerment
of the local residents, the performance
of the rammed earth buildings was
improved, thereby protecting the
lifestyle of the village.

3.2. Implementation of
demonstration project in
Guangming village

Facing the aforementioned challenges of
reconstruction, external financial capital
could not improve local development
efficiently and sustainably, because
the potential to improve the self-

LOCAL GRAND
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organising ability of the local residents
was limited. Studies have shown that
besides financial capital support,
the empowerment of local residents
and promotion of local endogenous
development are other significant
strategies for the development of
poor rural areas (Wan & Ng 2016). A
systematic and strategic bottom-up
implementation method needed to be
developed in these regions.

This bottom-up implementation
meant applying the 3L principle. The
residents were empowered through
the demonstration project with
craftsman training and co-construction.
Furthermore, the project was based on
the principle of volunteerism. Villagers
could join or opt out according to
their view of the demonstration and
the resources they could obtain. They
were not required to join. We not only
created the design as architects but also
worked with the villagers throughout
the process as partners. Through this
long-term cooperation and learning-by-
doing process, we established mutual
trust with the villagers and convinced
them that our innovative, anti-seismic
rammed earth building was a good
solution.

This project was organised by the One
University One Village (1U1V) rural
programme of The Chinese University
of Hong Kong (CUHK), which was
donated by the Chan Cheung Mun
Chung Charitable Fund. The 1U1V team

—
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Figure 4: Entrance and courtyard of prototype house

conducted investigation, research,
building design, on-site construction
supervision, and coordination. The
programme provided construction
materials and tools to the villagers.
Furthermore, the project was supported
by KMUST and the University of
Cambridge in terms of building structure,
seismic performance improvement,
and testing. The Construction Bureau
of Zhaotong City supported the project
through local coordination, and the local
residents handled the construction with
guidance from the 1U1V team.
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4. PROJECT OUTCOME

A contemporary design was used to
address the physical and social needs
of the villagers. The building shape and
facade were simple and tidy (Figure 4).
The indoor environment was spacious,
bright, clean and well ventilated (Figures
5 & 6). Accordingly, the villagers
could not connect this modern living
environment to backwardness anymore
and were willing to participate in the
testing and training. The residents easily
felt and understood the benefits of the
innovative system after completion of
the demonstration project.

4.1. Environmental
friendliness

Natural resources and recycled materials
from seismically-ruined buildings were
the major construction materials used
in the project. This choice reduced the
environmental impact and solved the
disposal problem of the seismic ruins.
The use of industrial materials was
carefully controlled so as to minimise
the embodied energy of the prototype
house. Proper passive design guaranteed
low operating energy consumption.



4.2. Cost efficiency

Use of naturally-resourced and recycled
materials from seismic ruinshelped to
minimize construction costs. The cost
of the prototype house is only 60%-70%
of that of a local conventional brick-
concrete building in the same region.
The operation cost of the project
was also small because of proper
passive design. With the affordable
reconstruction system and well-trained
villagers who were equipped with
knowledge of this new technology
and framework, such houses can be
easily improved and maintained in the
future. The residents can also utilise this
technology as their livelihood.
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Figure 5: Atrium of prototype house

4.3. Seismic performance
improvement

The shaking table test results showed
that the seismic performance of the
innovative rammed earth building
significantly improved and could meet
fortification intensity 8 of the national
seismic code, which is higher than the
local requirement (Engineering seismic
institute in Yunnan Province 2015).

4.4. Thermal performance
improvement

In comparison with local building
materials for conventional reconstruction,
earth materials have outstanding
thermal performance that provides
a cooling effect to houses in summer
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and warmth in winter. Double-glazed
windows and insulated roofs were
used to further improve the thermal
performance of the prototype building.
Figures 7 & 8 illustrate the enhanced
thermal performance of the prototype
house.

4.5. Protection of local
traditional construction
method and lifestyle

The project changed the attitude of
the villagers towards rammed earth
buildings. Our innovative technologies
ensured the safety of new rammed
earth houses by improving and
enhancing the traditional technology
with simple materials and tools.
Villagers became interested in switching
back from their brick-concrete houses
because the project protected their
local traditional construction method
and lifestyle. The success of this project
showed the villagers that the newly-
energised local construction industry
could not only provide potential
employment opportunities but also
allow the ?architecturally-influenced
design of these buildings to include
social spaces, passive ventilation,
private gardens and an aesthetically
pleasing finish.

4.6. Awards and media
coverage

This project has been widely reported
by media from Hong Kong and Mainland
China, thereby attracting considerable

Figure 6: Multi
functional space of
prototype house
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attention. The project also won several
local and international awards in 2017,
such as the Architectural Review House
Award, World Architecture Festival
Building of the Year, Silver Award of the
Design for Asia, and the Local Grand
Prize of the CIC Construction Innovation
Award.
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5. CONCLUSIONS

This project innovated traditional
rammed earth building technology and
provided a safe, economical, simple
and sustainable reconstruction strategy
that the villagers could afford, own and
disseminate. The design of the project
attempted to integrate with the large
context of the rural areas in southwest
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Figure 7: Thermal
performance in the
Summer time

21 Augest 2016

—— brick-concrete house nearby (ground floor indoor)

performance in the

| ' Figure 8: Thermal
Winter time

1 March 2017

—— brick-concrete house nearby (ground floor indoor)

China by providing an endogenous
and sustainable solution. We believe
that fixed long-term support can help
in the substantial understanding of
the situation and needs of a village,
thereby allowing a strong relationship
to be established with local residents
and systematic and efficient long-term
support to be provided.
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Several similar new rural construction
projects have been launched in the
provinces of Yunnan and Sichuan. Books
and guidelines will be published to
systematically document the innovative
rammed earth method and provide
references for national reconstruction
policies and seismic standards for
buildings made of earth materials in the

Li WAN

Dr Li WAN is a postdoctoral fellow in the School of
Architecture of The Chinese University of Hong Kong. She
specializes in sustainable building design and assessment
system in poor rural areas of China. She is also the co-
founder and project convener of “One University One

future. The team has also been invited A Village” initiative. Their rural projects have been honored
to formulate the seismic standards for by numerous international awards such as the UNESCO
local earth buildings in Yunnan Province. Asia Pacific Awards for Cultural Heritage Conservation,
Moreover, a terra centre is under the Terra Award, the AR House Award, and World
construction at KMUST to support the Architecture Festival Building of the Year Award.

research and testing of earth architecture
in southwest China. In this centre,
considerable craftsman training, research
and international academic exchange will Xinan CHI

be conducted. Mr. Xinan CHI is a PhD student in the School of
Architecture of The Chinese University of Hong Kong. His
study is mainly focusing on anti-seismic rammed earth
ACKNOWLEDGMENTS building technology and rural sustainable development
The authors are grateful to the Chan in China. He is also the Project Coordinator of “One
Cheung Mun Chung Charitable Fund University One Village” initiative who work closely with
rural residents and local craftsmen in rural China.

for their financial support for the ‘One
University One Village’ projects. The
authors also express their gratitude
to Dr Emily So from the University of
Cambridge for her effort and assistance.

Edward NG

Prof. Edward NG is an architect and Yao Ling Sun
Professor of Architecture in the School of Architecture of
The Chinese University of Hong Kong. He specializes in
Green Building, Environmental and Sustainable Design,
and Urban Climatology for City Planning. In early 2014,
noting the cultural and socio-economical needs of remote

REFERENCES

Engineering seismic institute in Yunnan
Province (2015). Report of shaking

table test: New rammed-earth building. villagers in Southwest China, Professor NG established
Retrieved from Kunming University of the “One University One Village” initiative to continue his
Science and Technology. humanitarian work with his students. He believes that

knowledge creates the future, and it is the responsibility

W L. & Ng, E., (2016). A i h
an, L. & Ng, E., (2016). Assessing the of academia to chart this future.

sustainability of the built environment
in mountainous rural villages in
southwest China. Mountain Research
and Development 36(1), 4-14. Wenfeng BAI

Prof. Wenfeng BAI is a professor of the Faculty of
Architecture and City Planning, Kunming University of
Science and Technology. He specializes in green building
and structure design. He is the director of Institute of
Green Vernacular in Kunming and engineer partner of
“One University One Village” initiative.

NS SVEe RESEARCH JOURNAL 2018 %




YOUNG INNOVATOR
AWARD




A Revolutionary Design for
VVentilation in the Built Environment -
Air Induction Unit

Tony LAM', Camby SE*, Ricky LI*, Alvin LO"
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1. INTRODUCTION

The Air Induction Unit (AlU) is an innovative ventilating device designed
to enhance thermal comfort by inducing a large volume of gentle air
movement in semi-outdoor spaces, as an alternative to other means
of mechanical ventilation such as traditional wall-mounted fans. The
AlU is designed to simulate a natural breeze so as to enhance thermal
comfort. It is bladeless, with no moving parts, and its streamlined
design can be seamlessly integrated into the building and architectural
design. The superior energy efficiency and quiet operation of the
AlU provides a technological breakthrough in sustainable building
applications. This paper will discuss the design development of the AlU,
its working principle and its benefits over existing technologies. As well,
an application in a completed project and other potential applications
will be highlighted to demonstrate the universality and potential that
the AIU encompasses.

' Arup

Building, energy, comfort and the
environment are key issues for mankind.
In hot and humid regions like Hong Kong
and Singapore, mechanical ventilation
is a common strategy to remove heat
and moisture from non-air-conditioned
spaces. Given the intensive development
of green building technology over the
past two decades, people nowadays
expect the design of comfortable built
environment with energy-efficient
measures. The Air Induction Unit (AlU),
a ventilating device, has therefore been
invented to enhance thermal comfort
of a space by inducing a large volume
of air moving gently. Additionally, the
AlIU enhances the quality of the built
environment due to its streamlined
design and quiet operation. The design
of the AlU also simplifies maintenance
requirements and its performance
effectiveness reduces overall building
energy use which consequently
reduces the negative impact to the
environment. This paper elaborates
the development of the AIU, describes
its working principles, identifies
potential applications and evaluates its
performance against traditional wall-
mounted fans.

Keywords: Air Induction Unit; Energy
efficiency; Mechanical ventilation; Built
environment
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Vertical Connectors

Horizontal Diffuser

2. DESIGN DEVELOPMENT
OF THE AlU

2.1. Design origin

Existing mechanical ventilation
technology and products, such as wall-
mounted oscillating fans, appear to be
insufficient to fulfil various end-users’
needs and building design requirements
in semi-outdoor spaces. These
conventional solutions can only provide
localized, high-speed, low-volume
airflow with short flow distances and
low energy efficiency, and they are
usually difficult to clean and maintain.
As a result, the AU has been developed
with the aim of addressing the above
shortcomings of existing technologies.

Top discharge
slot

Bottom
discharge slot

2.2. Key components of the
AlU

The AIU consists of two major
components: the horizontal diffuser and
the vertical connectors. The horizontal
diffuser comprises a specially-designed
chamber with two discharge slots, which
conditions the air flow discharging from
the AIU. The vertical connectors function
as the ceiling mounts and the air inlet
ductwork connected to the upstream
fan. The outlook appearance of the AlU
is illustrated in Figure 1.

2.3. Aerodynamic principles

The AlU is targeted to solve ventilation
problems by providing a gentle wind

Figure 1: Outlook
appearance of AlU

similar to natural breezes with higher
efficiency than conventional products.
Aerodynamic principles were utilized in
the design of the AlIU. The unique design
of the AIU produces a high-speed air
jet via the two slots fitted on the top
and bottom of the unit. This high-speed
primary flow accelerates the surrounding
air to induce a much larger volume but
slower secondary flow, resulting in a
unidirectional laminar air flow with a
gentle speed to serve the occupancy
zone.

Such a ventilation model minimizes
local recirculation and unnecessary
turbulence, and is therefore more
effective in removing heat, odour or
pollutants in a large occupied area, in

Figure 2: Working
principle of the AlU

<—— High-speed primary flow

s |nduced secondary flow
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comparison with a conventional mixed
flow ventilation system like ceiling fans
and wall-mounted fans. The shape of
the AlU is optimized to control pressure
differentials along the horizontal diffuser,
ensuring uniform air flow is discharged
across its entire length. Furthermore,
the AIU is configured to adjust the angle
of the serving airflow for optimum
ventilation of the occupancy height.

The design has been focused on
providing control of the air flow and
distribution pattern to enhance comfort
to occupants within the served area,
and avoid discomfort such as gusts (i.e.
excessively high wind speed) and dead
spots (i.e. air stagnation). The working
principle of the AlU is shown in Figure 2.

3. DESIGN OPTIMIZATION
BY NUMERICAL
MODELLING

Resources and in-house expertise
from mechanical, building services,
structural, facade, fluid dynamics and
product design were gathered to come
up with an energy-efficient solution for
ventilating a large semi-outdoor area.
Extensive engineering investigations
and Computational Fluid Dynamic
(CFD) analyses were conducted during
the development process, based on
parametric studies to optimize the
resultant air flow and performance
efficiency of the AlU.

With the help of computational
analyses, the shape and internal
arrangement of the AIU was fine-
tuned to supply uniform air flow
across its entire length. An example of
streamline plots of the air flow pattern
created by the AIU is shown in Figure 3.
Moreover, research was also conducted
to ensure the feasibility of fabrication
and installation, enabling the AIU to
be adapted to the local context of
Hong Kong. Detailed installation and
operation requirements were further
investigated with respect to the site
constraints.

YOUNG
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Air Induction Unit (AlU) —____

Figure 3: Air flow
created by AlU from CFD
analysis

4. CASE STUDY

The performance of the AlU was further demonstrated with a case study. In this study,
the air flow pattern, energy savings and lifecycle costs of the AlU and traditional wall-
mounted fan were compared for a semi-open space with a serving area of 10m wide
by 15m long. In this serving space, it was assumed that 2 units of AlU and 12 units of
wall-mounted fans are required respectively. The configuration of the space under
study is shown in Figure 4.

4.1. Mathematical modelling

4.1.1 Software

The CFD package, Star CCM+ v6.04, was used to solve the steady incompressible
fluid flow in this semi-outdoor space. The fluid flow is described by steady Favre-
averaged transport equations for mass and momentum in a three-dimensional form
using Cartesian coordinates and are given in Equations (1) and (2). Rhie and Chow
SIMPLE is used to solve the momentum equations; while a hybrid model is used for
all other equations. The eddy-viscosity concept is employed for the representation
of the turbulent diffusivities in the governing equations due to turbulence.
Realizable k- modelling method proposed by Shih et al. (1994) was applied and
the equations are shown in Equations (3) through (6). This technique provides an
accurate representation of the levels of turbulence that can be expected in an urban
environment. Detailed information can be found in CD-adapco (2011). The thermal
effect was not taken into account, so the problem is an iso-thermal one. As well, a
convergence criterion of 1.0E” was set in the model.

Mass

] (1)
6—xj (Puj) = Sm

Momentum

P ap (2)
a(pujui - TU) = —E'f Si
i i

where X, U, p, p,Ti, Sm and s; are Cartesian coordinate, absolute fluid velocity
component in direction x;, piezometric pressure, density, stress tensor
components, mass source and momentum source components respectively
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Turbulent kinetic energy 4.1.3 Boundary conditions

9 uy ok (3) All lateral sides are set as pressure
6_ [pu}.k (iu + ) 3 ;,gt(P) pE outlets with a gauge pressure difference
Xj O/ OXi () of OPa (green patches as shown in
Figure 5). The top and bottom sides, as

where P = §; )
i 3 well as the 6 columns, are set as walls

.. . with a no-slip condition.
D|55|pat|on rate

(ps) +o [pu} (# LB ) ae] 4.2. Air flow pattern
Tk axf (5) The air distribution for the AlU and the
e 2 ou; ou; g2 ou; wall-mounted fans were demonstrated
Cer % [,utp 3 (#t ax; Pk) 6x1] Cez I + Cs4pfa_xi by the CFD analyses. Figure 6 shows the
comparative contour plots of velocity at
where Ce;, Ce and Ce are coefficients with the values of 1.44, 1.92 and -0.33 1.5m above floor level. It shows that the
respectively AlU is able to create a continuous, large-
volume air flow at a gentle and uniform
Turbulence viscosity air speed to the designated area; while
) the wall-mounted fans create various
u, = pC, — IF)callzed hlgh speed zones which would
£ likely cause discomfort to occupants.
1 (6)
C,u = Uk Th . .
Ap + Ag e AlU gives a much more uniform
airflow over large areas due to the
where Ap and As is 4.04 and @cos(1/3 cos™' (V6W)), respectively k is 0.419 characteristics of the air dlstrlbutlo'n
pattern and the thermal comfort is
enhanced by maintaining a uniform
4.1.2 Computational domain and grid size velocity of 1 to 1.5 m/sec. The difference
As shown in Figure 4, the computational domain is formed by two 5m-wide by is exemplified as the wall-mounted fans
15m-long (i.e. symmetrical by mid-plane) spaces. Therefore, only half of it was create various localized dead spots and

modelled by CFD techniques for simplification. As such, the domain size of the CFD high-speed spots simultaneously, where
model for both design schemes was 15m(L) x 5m(W) x 4m(H). ANSYS ICEM v14.0 was  air velocity is either unperceivable or
used to generate the mesh for such a domain with an unstructured tetrahedral mesh. uncomfortably high at up to 2 m/sec or
The model contained more than 500,000 cells, with a much finer grid applied to the more.

AlU, particularly at the two discharge slots.

Industrial Fan

L = av
—
’k Coverage by AlU Coverage by Industrial Fan

15m 15m

i il i L - - -
' Figure 4: Set up for the
case study comparing
* 2 AlU and traditional wall-
1om M o m 10m H ! ' .\ . mounted oscillating fan

"
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4.3. Energy efficiency

In addition to the even distribution of velocity, the AlU also outperforms the
traditional wall-mounted fans in terms of energy efficiency. The energy saving
achieved by the AlU can be estimated through simple mathematics. In the same case
study as presented in this section, two AlU units were connected to a single supply
fan, which is assumed to have a rated power of 750W, whereas the wall-mounted
fan is assumed to have a rated power of 180W each. Although the rated power of a
single wall-mounted fan is much lower than the upstream supply fan of the AlU, the
number of fans required to serve the same area is higher, which leads to a significant
difference in total energy consumption.

Table 1: Total power of industrial fans and AIU for a serving area of 10m wide by 15m long

_ Number of fan units | Power per fan unit Total power

Industrial fans 180W 2,160W
AlU 1 750W 750W

The comparative energy consumption of the traditional wall-mounted fans and the
AlU in the case study is summarized in Table 1. Considering the energy consumption
of each device and the corresponding required number of units, the AlU system
consumed 65% less energy than the wall-mounted fan system. With the flexible
design of the AIU system, one single fan can be connected to several AlU units,
meaning that the energy saving concept is exponentially related to the served
area. Hence, the larger the serving area, the higher the energy saving which can be
achieved.

4.4. Lifecycle cost

The relative costs and benefit of the AU was analyzed for a 50-year lifecycle by
comparing the AlU with traditional wall-mounted fans. Various costs were considered
such as capital, installation, operating, maintenance and replacement costs
throughout the 50-year period. The result of the lifecycle analysis demonstrates that
the AIU has a lifecycle payback of less than 4 years as compared to the wall-mounted
fans. The details of the lifecycle cost analysis are shown in Figure 7.

YOUNG
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Figure 5: Computational
Domain and Boundary
Conditions (Figure not
to scale)

5. KEY BENEFITS

Based on the previous analysis, the AlU
has served as a better alternative to
conventional industrial fans in several
aspects, including energy saving, safety
and maintenance, noise attenuation,
and enhanced human comfort. Each
of these benefits will be re-capped or
discussed in this section.

5.1. Energy efficiency

With less provision of supply fans, the
AlU can save more than 65% of energy
consumption as compared to the wall-
mounted fans. It is expected that the
savings could be even greater when
more AlUs are connected to the supply
fan for serving a larger area than the
one considered in the case study.

5.2. Safety and maintenance

The AIU has no mechanical parts
exposed to its service environment. As
a result, hazards and safety risks are
significantly reduced during operation.
Moreover, the AlU is designed for easy
maintenance due to its relatively longer
lifecycle. Maintenance is mainly limited
to regular replacement of the upstream
fan and filtration media. As well, the
high-speed primary flow would clean
the dust accumulated inside the AIU
during operation. Therefore, occasional

Y STIE Y SVeel RESEARCH JOURNAL 2018



RESEARCH JOURNAL 2018

9 000000 040000

Velocity: Magnitude in/s)
0 80000 1. 2060 L8000 20000

Velocity: Magninzde im/s)
0 80000 L2000 16000 20000

Figure 6: CFD analyses of air distribution by AlU (top) and wall-mounted fans (bottom)

short operation during non-operational
seasons (such as winter) would be
enough to keep the AIU internally dust-
free.

5.3. Noise attenuation

Noise is generated from movement
of the mechanical parts in most wall-
mounted fans. For the AlU system,
the highly-efficient supply fan can be
installed away from the service area,
with airflow supplied to it through air
ducts. Therefore, no mechanical noise
will be generated at the location of the
AlU, and the noise generated by the
upstream supply fan can be attenuated
by appropriate acoustic treatments.

5.4. Enhanced thermal
comfort

Other than the technical aspects, thermal
comfort was another key concern

during the invention and optimization
process. Long exposure to localized high-
speed wind always leads to discomfort.
Therefore, the AIU aims at introducing
gentle and natural breeze-like air flow
to provide a comfortable semi-outdoor
environment.

The gentle air movement induced by
the AIU to indoor spaces is in alignment
with the environmentally friendly
campaign. In the research conducted
by Cheng and Ng (2005) regarding
the thermal comfort, an increase in
air movement by 0.5 m/sec would
increase user acceptance of indoor air
temperature by around 1.5°C. With a
higher air temperature tolerance in the
served space, the temperature of chilled
water supplied from the chiller could
be increased. As a result, the electricity
consumption of the entire cooling
system could be reduced, which lowers
carbon emissions.

INNOVATION IN CONSTRUCTION

6. APPLICATION OF THE
AlU

The design of the AIU was originally
conceived as an engineering-driven
solution for ventilating a semi-
outdoor dining area at The Green
Atrium, a sustainability centre in
a residential development in Yuen
Long, Hong Kong. The sustainability
centre aims to educate the public
about a holistic, sustainable living
style through numerous features and
installations. The AIU is an innovative
design developed at The Green Atrium,
aiming to fulfil the design requirements
of the client and the project team,
which include being energy efficient,
aesthetically appealing by integrating
the architectural design, reducing noise
nuisance, minimizing maintenance
needs, and enhancing thermal comfort
of the semi-open restaurant sitting area.
Hence, sustainability and occupants’
comfort were the key drivers of the
design. The exterior view of The Green
Atrium is shown in Figure 8.

The AIU in The Green Atrium was
installed at the 1/F semi-open
restaurant sitting area with dimensions
of approximately 20m by 5m. There
is a total of 5 units of AU installed in
the serving area, each with a length of
around 3.5m. The AlUs are connected
to supply fans mounted within the
ceiling void by air ducts. Due to the high
headroom and shallow floor depth, the
serving angle of each AIU was adjusted
to facilitate the air flow towards the
occupancy zone. The Green Atrium was
completed in 2016 and is currently in
operation. The AIU installation at The
Green Atrium is shown in Figure 9.

7. OTHER POTENTIAL
APPLICATIONS

The AIU introduces a revolutionary
mechanical ventilation device for semi-
open and non-air-conditioned spaces. It
is able to provide a uniform and linear
air flow. The AlU is especially effective
for applications that have a large serving




Device

Industrial wall fans
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AlUs connected to fan

specification

Size Standalone fan ~610mm 100x3500x500mm

(%) (HxWxD)

Rated power (W) 180 750 (for remote fan)

Unit price (HKD) $3,000 $20,000

Installation cost (HKD) $200 $2,000

Additional components (HKD) IN/A Remote fan and ductwork

_ 25,000 Figure 7: Lifecycle cost

Solution . No. of units required 12 2 (with one remote fan) analysis of AlU and
ESRRRsO Annual elgct:icity _ 6,307 2,190 existing technologies.
14mx9.5m consumption (KWh)
(133m?) Installation cost (HKD) $38,400 $49,000
semi-outdoor  Annual operational cost (HKD) $6,938 $2.409
by Annual maintenance cost (HKD) $1,000 $2,450

Replacement cost (HKD) $28,400 $5,000

Replacement frequency (years) 5 20

Comfort (1-5, 5 = best) 2 5

Specific energy (W/m?) 16.2 5.6

Noise (dB) 69 TBC - Low
Life cycle cost (HKD, 50 years) $819,300 $301,950
Life cycle payback vs. AlU installation 4 years

area, limited head room or where
require effective heat and contaminant
removal. The potential applications
include mass transit platforms,
pedestrian walkways, air curtains and
covered carparks. These potential
applications are illustrated in Figure 10.

8. CONCLUSIONS

There is a strong need to promote
sustainability with less energy
consumption, especially in the construction
industry. Mechanical ventilation consumes
much less energy than air-conditioning
systems; however, the aesthetics of
available conventional mechanical
ventilation devices and the difficulty of
integrating them into the architectural
design are often the determining factors
that rule out this means of air ventilation.
The AlU is a brand-new concept for
mechanical ventilation that aims to
mimic natural breeze-like air ventilation.
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Figure 8: The Green Atrium at Yuen Long (Source: New World Development Company
Limited)
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Through the installation of AlU and
its associated ductwork and system,
potential energy savings and enhanced
thermal comfort can be achieved. The
success of the AIU installation in the
building project as described in this paper
should encourage wider adoption of this
technology in Hong Kong, eventually
leading to a change in lifestyle with less
reliance on air-conditioning systems for
human comfort. Ultimately, cities will
benefit from innovative products like the
AlU for a greener and more sustainable
environment.
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Figure 9: AlU installation
at The Green Atrium

Figure 10: Potential
applications of AlU:
mass transit platform
(top left), pedestrian
walkway (top right),
air curtain of a shop
(bottom left), carpark
garage (bottom right).
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Hybrid Outrigger System with
Structural Fuse for Tall Buildings
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1. INTRODUCTION

With rapid urbanisation and a continuous growth in the world’s
population, buildings are becoming ever taller. This is particularly the
case in Asia, where many cities are experiencing massive urban growth.

To ensure the structural safety of tall buildings, outriggers are
commonly used in the structure — these are rigid horizontal structures
designed to improve building overturning stiffness and strength by
connecting the building core or spine to distant columns, similar to a
skier using his arms and shoulders to hold onto the ski-poles. Outriggers
are typically used to provide stability in an earthquake and during high
winds. The Cheung Kong Centre (290m), 2IFC (420m)and the ICC (484m)
in Hong Kong, as well as Taipei 101 (509m) and the Guangzhou CTF
Tower (520m) are typical well- known examples of buildings using the
outrigger system.

In general, traditional outrigger systems are designed using a steel
truss to achieve huge stiffness. There are good reasons for using steel
— it is strong and light, and allows access for services to pass through,
as normally the outriggers are installed in the mechanical floors of
tall buildings. However, the design and construction of a complete

! Arup

The research team set out to develop a
new hybrid outrigger system suitable for
use in high-rise buildings in moderately
seismically active regions. The hybrid
system uses concrete walls (adjacent
to cores), steel diagonals and structural
fuses (suitable for dissipating seismic
energy during an earthquake). To develop
the hybrid system, the team studied
force patterns, deformation and failure
sequences. Finite element analyses were
carried out on the separate elements
and on the outrigger system working as
a whole. Three suites of experiments
were designed by our engineers and
conducted with the help of the China
Academy of Building Research (CABR) to
ensure the reliability of our study and to
refine the design. The patented hybrid
outrigger system was successfully applied
in the design and construction of the two
highest towers (each 350 meters high) in
the Raffles City Chongging development
in China, where its use saved about 10%
of steel consumption in the construction
as compared with a traditional outrigger
system, resulting in significant cost and
time savings.

Keywords: Hybrid outrigger; structural fuse;
Raffles City Chonggqing
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traditional outrigger system is not that
simple, and it is often expensive due to
the large amount of steel used, causing
a significant increase in the total project
cost.

In a typical traditional steel truss
outrigger, one end is connected to the
reinforced concrete core-tube, and the
other is linked to reinforced concrete or
steel-reinforced columns. In particular,
the connection joint at the corner of the
core-tube is usually structurally complex
and difficult to build, requiring much
time for welding on site.

The construction process is also very
complicated — when steel outriggers are
used in mechanical floors, construction
of the core needs to be stopped
to allow the steel installation to be
carried out before construction of
the tower could continue. Very often,
steel outriggers will be a critical path
to the superstructures construction
programme.

Meanwhile, since a traditional outrigger
adopts a steel truss system constructed
entirely of steel components, which
generally comprise large, thick plates,
the consumption of steel is huge for
the whole outrigger system. This
significantly increases the proportion
of steel in the entire building’s
consumption, and hence the entire
project cost.

In contrast, the use of concrete for
constructing the outriggers is relatively
cheaper as compared to steel. Concrete
provides the required stiffness, but it

during an earthquake; besides, a
concrete outrigger structure fails to
provide room for the necessary utilities/
services and passage for people.

2. OPTIMISING THE
OUTRIGGER SYSTEM

In 2014, the project team developed a
new hybrid outrigger system incorporating
a structural fuse to address the challenges
and overcome the shortcomings of
traditional steel outrigger truss systems
(Arup, 2014). It was designed for high-
rise buildings in moderately seismically
active regions. By adopting the structural
fuse component, this innovative design
optimised the traditional system and
improved the mechanical performance in
the following aspects:

e Dissipated the seismic energy in
the case of intense seismic shaking
thereby protecting other components
of the outrigger system and ensuring
the safety of the whole tower.

Steel
bracing

Concrete

outrigger wall

Fuse

shear dissipation
component key
element

¢ Simplified the design and construction
of connection joints, especially the
connection joint at the corner of the
core-tube.

e Saved steel materials used in the
outrigger system and reduced
the costs of the whole project,
without compromising the original
mechanical performance.

2.1. The innovation — hybrid
outrigger system with a
structural fuse

The new hybrid outrigger system mainly
comprises the following parts, as shown
in Figure 1:

e Concrete outrigger wall: use the
embedded steel or rebar bracing to
improve the wall’s shear capacity

¢ Thickened ring beam: to protect
the core wall and enable more
convenient outrigger rebar anchoring

is too brittle to withstand the forces Figure 1: The new hybrid outrigger system

Traditional steel outrigger systems
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Figure 2: Traditional outriggers (OPT1 to OPT4) compared to the new hybrid outrigger system (OPT5)
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o Steel outrigger truss: to connect
with embedded steel in the concrete
outrigger wall

o Eccentrically-braced frame (EBF) link:
during seismic events, the EBF link
between the mega column and steel
truss acts as a “structural fuse” by
yielding at controlled demand levels
and limiting damage to the outrigger
wall (through its shear deformation
and energy dissipation of the ground
motion input)

Four traditional options of steel outrigger
systems (OPT1-OPT4) and the new hybrid
steel diagonal and concrete wall outrigger
(OPT5) were compared, as shown in
Figure 2. Four parameters were selected
for sensitivity analysis and comparison
of results between the five options.
The four parameters were efficiency,
steel consumption, size of individual
component, and rebar consumption.
Based on the results, we made the
following preliminary conclusions:

e The new hybrid outrigger system
could achieve the maximum system
efficiency as compared to the
traditional steel outrigger;

e The new hybrid outrigger system
could achieve the minimum size
of steel components and steel
consumption as compared to the
traditional steel outrigger;

e Compared to the traditional steel
outrigger, the rebar consumption
would be slightly increased for the
proposed system.

Therefore, the new hybrid steel diagonal
and concrete wall outrigger (OPT5) proved
to be a reasonable form of outrigger
system.

2.2. Application in Raffles City
Chongqing

The new hybrid outrigger system was
successfully applied in the design
and construction of the two highest
towers (each 350m) at the Raffles City
Chongging (RCCQ) development in China
(Arup, 2014). The structural system of
the north tower at RCCQ is shown in
Figure 3.

Chongqing is located inland, with
relatively low wind load and moderate
seismicity. Situated at the confluence of
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the Jialing and Yangtze rivers, the RCCQ
mega-sculpture is an eight-tower, mixed-
use development made up of curved,
slender buildings which mimic the
billowing sails of ancient ships.

Of the two tallest towers in this
development, one is used for luxury
residences with a typical storey height
of 3.8m. The 350m main structure
comprises 72 stories above the podium.
It spans a total length of 38m from the
west to the east. The north face of the
tower resembles the shape of a sail. In
a north-south direction, the length of
the structure varies from 32m to 45m at
different elevations.

The other tower is designed for use as
office space at the low tier (typical storey
height of 4.3m) and as a hotel at the
high tier (typical storey height of 3.6m).
The 350m main structure consists of
70 stories above the podium. It spans a
total length of 38m from the west to the
east. The north face of the tower also
resembles the shape of a sail, with length
varying between 32m to 45m at different
elevations.

.

System Core Wall

Mega column with
belt truss

Hybrid outrigger
system

Second frame

S

Figure 3: Structural system of the north tower
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Figure 4: Performance objectives of each structural component

3. STRUCTURAL
ANALYSES OF
THE NEW HYBRID
OUTRIGGER SYSTEM

Chongqging has a low seismic
precautionary criterion, so the
requirement for ductility and strength
is less than in an area with high seismic
precautionary intensity. This new hybrid
outrigger system was considered most
suitable for application in areas of low to
moderate seisimicity (Zhu et al., 2015).

We adopted different structural
analysis methods and software to
check the structural performance of
different components under Level 1,
Level 2 and Level 3 seismic events, to
ensure the system is able to maintain
the basic operation. We also adopted
the objectives and procedures of
performance-based seismic design,
and each component in the new
hybrid system had different ductility
requirements and performance
objectives (MOHURD, 2011). Figure
4 shows the performance objectives
of each structural component. The
structural performance varies from fuse
to the reinforced concrete core wall as
follows (Arup, 2014):

e The fuse is designed to be elastic
under wind load and frequent
earthquakes (Level 1), and able
to dissipate energy at the yield
stage under Level 2 and Level 3
earthquakes.

e The steel diagonal has a higher
performance objective than the fuse
and is non-yielding under a Level 2
earthquake.

¢ The concrete wall outrigger has a higher performance objective than the fuse and
the steel diagonal, and should be elastic under a Level 2 earthquake.

¢ The concrete core wall has the highest performance objective and is non-yielding
under Level 1, Level 2 and Level 3 earthquakes.

Generally speaking, the whole outrigger system is an important structure in protecting
the core wall as an effective entity (MOHURD, 2010).

3.1. Elastic analyses of concrete outrigger wall

3.1.1 Sensitivity analyses of outrigger wall thickness

Contrast analyses of the thickness of the outrigger wall from 400 mm to 1,200 mm
and the sensitivity of the structure’s period and maximum storey drift under wind
loading are indicated in Table 1.

Table 1: Contrast analyses of different thickness of concrete wall

Wall thickness (mm) Period (s) Wind-DriftX Wind-DriftY
1,200 7.58 1/844 1/541
1,000 7.59 1/840 1/539
800 7.60 1/837 1/536
400 7.66 1/822 1/525

From these results:

e For a range of outrigger wall thickness from 400 mm to 1,200 mm, the structure’s
period is between 7.66s to 7.58s, a variation of <1%.

e The maximum storey drift under wind-Y loading variation is 3%.
e The maximum storey drift under wind-X loading variation is 2.7%

Thus, the thickness of outrigger wall is not sensitive to the overall structural
performance.

3.1.2 Calculation of the outrigger wall’s shear stud

Considering that the axial force of steel outrigger can be transferred to the embedded
steel in the outrigger wall, this tension force needs to be transferred through all
the sections’ shear studs to the concrete first, and then from the concrete to the
reinforcement.

While this analysis adopts an approximate elastic design method, assessment of the
anchoring performance of the embedded steel in the outrigger wall under intense
seismic shaking requires both an elastic-plastic FEA analysis and to be consistent with
experimental results.
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An estimate of the shear stud diameter based on the severe seismic design condition
is given by:

1
S ==

]/RE

(1.2S5 + 1.3Sgne)

See: Gravity Loading Action; Senx: Horizontal Earthquake Action; Yre: 0.85
Constant Parameter; Units: KN(Force)

From the results of our analysis, the diameter of the shear stud is 19mm. Based on
the Chinese Code for design of steel structures (GB 50017-2003) (MOC & AQSIQ,
2003) 11.3.1, the design value of strength for one shear stud is:

N§ = 043A\E.f. < 0.7A5vf

As: Area of shear stud; E.: Elastic Modulus of Concrete; f.: Compression strength
of concrete; f: Tension strength of shear stud; Y: 0.85 Constant Parameter; Units:
KN(Force)

From this formula, the design value of strength for one shear stud is 71KN, assuming
that, to calculate the anchoring length of the embedded steel through the section
adjacent to the core-wall, the shear stud can transfer the tension force to the
surrounding concrete in 50% of the embedded steel.

Based on the above assumption, an anchoring length of approximately 3 meters can
meet the requirement of the shear stud force transfer in the concrete.

3.1.3 Stress analysis of the outrigger wall

Since wind load is the main control of the design loading condition, stress analysis of
the outrigger wall is mainly based on the wind loading.

Based on the load design combination, we cannot directly obtain the maximum
tension stress. The software only calculates normal stress and shear stress in two
orthogonal directions, so we need to apply the Mohr equation to calculate the
maximum tension stress:

_S11+ 82

max — 2

S11— S5 2
+55,°
( 2 ) .
S12:X in-plane Maximum Principle Stress; Szz2: Y in-plane Maximum Principle
Stress; Siz:in-plane Maximum Shear Stress; Units: MPa (Stress)

The analytical results show that the maximum principal tensile stress is largest in the
two lower zones of the outrigger wall. The stress declines in the higher tier (Arup,
2014).

According to the Mohr equation, the maximum principal tensile stress in the lower
tier is 4.7MPa.

As can be seen from the results of the stress analysis, there is local stress
concentration in the outrigger wall near the core area. The average maximum
principal tensile stress exceeds the C60 concrete tensile strength with standard value
of 2.85MPa (Arup, 2014).
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To solve this problem, we took the
following measures:

e The outrigger wall is disconnected
from the adjacent floor slab with
movement joint, so the outrigger
wall is decoupled from the floor slab
which is subjected to high plane
stress.

e A 650mm-deep ring-beam is set
around the perimeter core wall
to protect the core wall and to
facilitate fixing of the outrigger’s
heavily reinforeced rebar for better
anchoring.

e On the premise of the analysis, the
embedded steel in the outrigger
wall is extended to the thickened
ringbeam and thereby enhances the
reinforcement ratio in the outrigger
wall.

From the results of further analyses
based on these measures, according
to the Mohr equation, the maximum
principal tensile stress in the lowtier is
reduced to 2.0MPa.

3.1.4 Reinforcement estimation for
the outrigger wall

To achieve the reasonable
reinforcement ratio of outrigger wall,
structure engineer test several load
combination to envelope the controlled
load case.

Based on the analytical results, key
aspects of the estimated reinforcement
for the outrigger wall are as follows:

e The reinforcement ratio is between
1.6% to 2.5%.

e To avoid the reinforcement
arrangement overcrossing in the
outrigger wall and to facilitate the
simple construction, therefore,
thickening flange and thickening
web to reduce the reinforcement
ratio of 2% (MOC, 2011).

e The high tier’s outrigger wall
reinforcement can be reduced
by considering the construction-
sequencing simulation analysis
results.
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3.2. Elastic analyses of the

structural fuse - ]‘l L
The structural fuse between the mega p— =40 J( 060: _J'L_rEE____
column and steel truss is used in the ’{1'- —'E“W-*IP"=-“'=)‘=“-*'-"-'H'-‘-‘_"]'L:_Ej;_?_- o
severe intensity seismic condition, so :m{ :rx:»’
as to achieve the aim of protecting the i i
core and tower (Arup, 2014). L }'EE

_____ | i | |
According to some overseas m, j:}:
experiments and research, the effect ik ! H
of link length on the failure mode and | | ‘: EE
deformation capacity is summarised in e 118
the following notes: S | (LR
e ex< 1.6Mp/v ; — short or shear link
(developing only shear yielding)

. Mp Mp P
1.6 /Vp <e<22.6 /Vp,
intermediate link (developing both
shear and flexural yielding)

° e> 2.6Mp/vp; - long link (developing
only flexural yielding)
Mp: Plastic Moment Capacity of
Link; V,: Plastic Shear Capacity of
Link; e: Eccentric distant

e For the short or shear link, relatively
uniform shear yielding occurs in the
web along the entire link length,
thus producing a large deformation
capacity.

e For the long link, where flexural
buckling occurs primarily in the form
of local buckling of the flange, the
deformation capacity is very limited,
as the link web does not yield along
its length or contribute any plastic
deformation.

e For the intermediate link, both shear
and flexural buckling occurs in the
flanges and web shear buckling in
the end panels.

3.3. Experiments with scaled
models

To verify the hybrid outrigger system, it
was necessary to use prototype physical
experiments to test the reliability of
the calculation and analysis. Therefore,
three experiments were designed:

e Hybrid outrigger system (SRC mega
column + fuse + steel diagonal +
concrete wall outrigger + concrete
core wall): a static loading and

Figure 6: The experiment model of outrigger wall system

low period repetitive experiment
(Experiment 1);

e Steel diagonal + concrete wall
outrigger: astatic loading and
low period repetitive experiment
(Experiment 2);

e Fuse: a low period repetitive
experiment (Experiment 3).

Experiment 1 was designed to test the
whole system performance throughout
the entire process, including capacity,
deformation, concrete crack, yield
sequence of elements, etc. At present,
the rebar assembly and concrete
pouring for this experiment are
completed.

Experiment 2 was designed to assess
the force path in the steel and concrete
elements, and to test the anchor
performance of the steel element inside
the outrigger concrete wall.

Experiment 3 was designed to test
shear capacity and lag properties of the
fuse. Different fuse dimensions were
fabricated and tested to achieve the
best design objective. This experiment
was completed, and the resulting
capacity and stiffness of the fuse were
quite close to the design values. Under
a rare extreme earthquake condition,
the hysteretic performance was also
promising.
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Figure 7: Typical steel/rebar

4. ACHIEVEMENT AND
OUTCOME

4.1. Summary of materials,
cost and time savings

At the RCCQ development in China,
the hybrid outrigger design has saved
about 10% of steel consumption as
compared with traditional outrigger
systems, resulting in significant cost and
time savings. This innovative design
has also simplified construction of the
steel connection joints, which are often
very complex and bulky in traditional
systems.

4.2. Patent and awards

The new hybrid outrigger system was
patented in China in 2014. In 2016 it was
awarded an Honorable Distinction in
China Innovation Award at the inaugural
CITAB-CTBUH China Tall Building
Awards, for its integration of various
structural solutions that yield exceptional
performance under considerable
seismic loads. It was also included in the
technical guides titled Outrigger Design

for High-Rise Buildings published by
the Council on Tall Buildings and Urban
Habitat (Choi, H., Ho, G., Joseph, L. &
Mathias, N., 2012).

4.3. Benefits and impact on
the construction industry

4.3.1 Further implementation in tall
building projects

The new hybrid outrigger system has
been proved to be highly promising.
It was rigorously tested at the China
Academy of Building Research in Beijing,
and eventually approved by the Expert
Review Panel in China for application
in the RCCQ project. By incorporating
the new outrigger system in two of the
RCCQ towers, substantial cost savings
were made through efficiencies in
steel tonnage and acceleration of the
construction schedule. Due to its proven
cost-saving and time-saving outcomes, it
is anticipated that this hybrid outrigger
system will continue to spark enthusiasm
and be implemented in many other
high-rise building projects in China and
elsewhere.

The hybrid outrigger system is
particularly suitable for:

e Towers with a great slenderness
ratio which require a very strong
horizontal outrigger system for lateral
stability.

e Tall building projects located in a
moderate seismic zones and where
the wind loading is the controlling
case for tower design. (Under Level 1
seismic and normal wind loads, the
fuse will remain fully elastic; while
under Level 2 and Level 3 seismic
events, the fuse shear dissipation
component will yield and deform and
dissipate energy. This damping effect
protects the outrigger wall and thus
the whole building structure).

e All towers which need an outrigger
system to provide the stiffness
and where significant savings in
steel consumption and project
construction costs are desired.

4.3.2 Simplifying steel connection
joints

The new hybrid outrigger system also
simplifies the steel connection joints as
compared to conventional outriggers,
where the connection joint at the corner
of the core-tube is usually structurally
complex, bulky and difficult to build,
and requires much time for welding on
site, and moreover, the joint connecting
the steel truss and the concrete core-
tube is always an abrupt change of high
stress transition zone area between the
two component. In contrast, the new
system uses a reinforced concrete wall
to replace the steel outrigger at the core-
tube corner. This simplifies the steel
connection joint, especially at the corner,
and also provide a transition zone of
stress transfer via outrigger wall outside
the core-tube, protecting the core-tube.

4.3.3 Release more refuge zone

The new hybrid outrigger system has
achieved a higher rigidity and structural
performance as compared to the
conventional steel outrigger based on the
same outriggersize. In other words, to
achieve the same structural performance
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of tower structures, structural engineers
can use this innovation to reduce the
outrigger size, and release more of the
refuge zone for architectural design, thus
achieving further cost savings.

4.3.4 Inspiring broader design
exploration and sustainable
solutions

The majority of conventional outrigger
systems were designed with a steel truss
or replaced by concrete walls. Arup
were the first to combine the steel and
concrete structures and introduce the
concept of “structural fuse” into the
outrigger system. This innovation creates
the possibility of subsequent exploration
and development of other new forms of
outriggers in future.

5. CONCLUSIONS

A new hybrid outrigger system has been
developed for high-rise buildings in
moderately seismically active regions.
The hybrid system uses concrete walls
(adjacent to cores), steel diagonals and
structural fuses (suitable to dissipate
seismic energy during an earthquake).
Comprehensive studies and reviews

were conducted to ensure the reliability,
and optimize the design. The new
system was successfully applied in the
design and construction of Raffles City
Chongging, China, and saved about 10%
of steel consumption as compared with a
traditional outrigger system, resulting in
significant overall project cost and time
savings.
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New Machines to Enhance Productivity
of Bridge Construction

James Edward LAWTON (Ted LAWTON)®

1. BACKGROUND

1.1. The Tuen Mun - Chek Lap Kok Link Project

The construction of numerous bridges in marine and land conditions
is required for the HK$8.66 billion Tuen Mun — Chek Lap Kok Link (TM-
CLKL) project which, once completed, will connect Mainland China with
Hong Kong through its newly constructed Boundary Crossing Facilities
(BCF).

The project involves design and construction of a dual two-lane sea
viaduct approximately 1.6km long, and construction of nine approach
viaducts. The construction of these viaducts is expedited by the use of
concrete segments which are precast off-site and the methods used to
erect these segments on-site require specialised erection machines and
expertise.

Facing challenges from marine and land conditions, the presence of
sensitive infrastructure, acute curvatures and gradients, as well as
gradient change, the project team found traditional bridge erection
machinery was not always suitable.

C
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! Gammon Construction Limited

Gammon has developed a new range
of machines to benefit the erection
of segmental bridges, in terms of cost
efficiency, productivity and sustainability.
These machines feature the K-Frame with
its signature ‘K’ shape and exoskeleton
structure, enabling multifunction
capability with a high lifting power to
self-weight ratio of more than 2 to 1.

These machines were invented and
implemented in Hong Kong and is
assembled from a common- parts library
of interchangeable modules, enabling
the erection of virtually all types of
segmental bridge, irrespective of
curvature. This has been applied at the
Tuen Mun-Chek Lap Kok Link project and
is currently erecting spans up to 200m
long with segments weighing up to 240
tonnes, relieving the need for traditional
machines, notably launching gantries.

“Innovation is at the core of Gammon
culture. We shall hold onto the spirit to
further enhance productivity and safety
in the industry, as well as to lower the
construction cost”, said Thomas Ho, Chief
Executive of Gammon.

Keywords: Segmental bridge construction,
new machines, design for manufacturing and
assembly, multi-function, K-Frame Family,
common parts library, safety




Gammon’s in-house engineering
consultancy Lambeth was tasked
to find a solution, which led to the
development of the K-Frame, a multi-
function deck erection machine.

1.2. Multifunction capability of
the K-Frame for enhanced
productivity

The K-Frame’s signature shape permits
rotation of a concrete segment within
its recess. This results in benefits of
reduced lifting radius, and an efficient
and compact structure capable of
lifting the 200-tonne segments, with a
self-weight of the K-Frame of only 100
tonnes.

Importantly, segments may also
be passed through the K-Frame
exoskeleton structure, which includes
seven interlaced portal frames.
Combined with the use of a single
strand jack to enable segment rotation
and hydraulic control of all actuators,
a seamless multi-function capability is
enabled, consisting of:

1. Lifting frame

2. Rear-fed lifting frame
3. Straddle carrier

4. Off-loading gantry

The above elements are illustrated in
Figure 1.

All the four functions can be used
readily on one bridge span when the
requirements for a type of function
change as the span progresses. Trials
indicated that straddle carrying a
segment with the K-Frame could reach
speeds of up to 70 metres/hour when
required.

K-FRAME
MULTI-FUNCTION

1. LIFTING FRAME a’

TRANSPORTER
e ! i

2. REAR FED LIFTING FRAME

GOLDHOFER
 REEE S SRR

3. STRADDLE CARRIER

TRADDLE CARRIER CRANE
- '

T

|
'
|
DELIVERY |
BARGE .

SEAWALL

Figure 1: K-Frame Multi-Function
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As the project progressed, this innovation was then further developed to create the ‘K-frame Family’ (Figure 2) of machines from a
common parts library providing more functions, capable of delivering and erecting segments throughout the entire range of bridge
spans on the TM-CLKL project (Figures 3, 4 and 5) . It is proposed that this new approach adopts more re-use of equipment in a
more sustainable manner for subsequent projects.

SEGMENT TRANSPORTER

STROLLER
SWL 200 TONS

K - FRAME
LIFTING FRAME
REAR-FED LIFTING FRAME
OFF-LOADING GANTRY - END DELIVERY
STRADDLE CARRIER
SWL 210 TONS

TRAVELLING LIFTING BEAM

OFF-LOADING GANTRY - TWIN DECK
SWL 240 TONS

TRAVELLING LIFTING BEAM
LIFTING BEAM - TWIN DECK
SWL 240 TONS

TRAVELLING LIFTING BEAM
LIFTING BEAM
SWL 240 TONS

TRAVELLING HANGER BEAM TRAVELLING HANGER BEAM
HANGER FRAME TWIN LIFTING FRAME
SWL 230 TONS SWL 210 TONS

TRAVELLING HANGER BEAM
LIFTING FRAME
BWL 210 TONS

Figure 2: The K-Frame Family
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Figure 3: Overview

of deck erection
commencing at piers as
balanced cantilevers

Figure 4: Deck
segments delivered by
barge under K-Frames
commencing 200m
spans

Figure 5: Balanced
cantilever bridge deck
construction, working
outwards from a
central pier
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2. RESEARCH
METHODOLOGY AND
DATA

The primary requirement was to
engineer the most cost-effective and
productive method of constructing
four 200m-long spans over a sensitive
construction area on the TM-CLKL
project.

Firstly, a need analysis was carried out
and identified that:

1. The K-Frame was the best
‘engineering solution’ for construction
activities in this sensitive area;

2. If it could be multi-functional and
applied to other spans on the
project, it would become more
financially feasible and lead to great
productivity as the enabling of more
work fronts ensures programme
surety;

3. The capability to tender competitively
for future works was needed. The
K-Frame innovation helps provide
a competitive advantage using
in-house expertise, rather than
depending on a few outside specialist
subcontractors who also share their
expertise with competitors.

Market research was then carried out
which confirmed the feasibility and
productivity benefits of the K-Frame, as
illustrated in Table 1.

Table 1: lllustrative comparison between types of machines for segmental, balanced cantilever, deck erection

Segment Delivery Options

Machine
Type

From......
No sequential

Haul gf':’?;':( a?rt):gy A R major Normal Short Short m&“a’dl':" Pms%:raeTyme Cost per

road Marine Back erected Tight Steep Gradient Long High Low self welght of bridge and ion  Speedof mob L ﬂ: 'I!';Ie Delays  work

under pier barge span bridge curves gradient changes spans deck deck of machine ooy dl afi 5 risk and erection dgmob ti:n ery e r:; s mmgpped by front

deck = d:cl: rTnmm on deck support machine consequence time e ad«:ll(tufon:tl,s HKD

aoutmel constraints VOO
CRANE 200T . ) .
Capacity v v/ v/ v 4 v/ Nil Nil J/ 2days v v Hire
LIFTING FRAME 4 v v 4 v v v / 1l0ton v v lweek v/ v v 5M
REAR-FED LIFTING 150 to 200
FRAME 4 v v v v v v v /Y o v 1 week 4 4 14M
TRAVELLING No
LIFTING FRAME / 7| v / / / Head 1010200 v 1 week v v/ 14M
(Under-slung R ton
oom
seg.)
Major " ) Fafstest )
LAUNCHING . . Highestrisk& for  Longest G 1 wor
GANTRY 4 / 4 4 4 Not Suitable 7 | ¢ | LeviEm strengthenlng consequence straight 8 weeks Longest Sequential front ALY
required a
ecks

K-FRAME v v v 4 v 4 v v/ vV v/ 100ton v v lweek v/ 4 v 3M
OFF-LOADING GANTRY
Traditional 150 ton Major 8 weeks ™
K-Frame 100 ton v 1 week 3m

A concept design was then created,
using 3D modelling to quickly present
the design and gain approval, without
waiting for 2D CAD drawings.

3. ADVANTAGES
OVER ALTERNATE
APPROACHES

e  Multi-functional: The multi-function
capability of the K-Frame challenges
the need for traditional ‘monster’-
style launching gantries.

o Cost-effective: Notably, four work
fronts may be provided by K-Frames
for the same cost as one work front
provided by a launching gantry. It
also costs no more than a normal
lifting frame, less than a rear-fed

lifting frame, underslung travelling
lifting frame and offloading gantry,
and much less than a launching
gantry.

e Programme Surety: Compared with
a launching gantry, work fronts do
not have to be sequential but may
be numerous, and increased to suit
programme acceleration.

e Suitable for all geometrical
constraints: Notably, the underslung
travelling lifting frame cannot be used
over an MTR line or expressway, as
there is insufficient headroom under
the deck. The length-to-span ratio
makes the launching gantry difficult
and slow to operate when spans
become curved, and it is incapable of
constructing 200m spans in a feasible
manner.

e Bridge loading: The K-Frame
imposes no greater vertical load on
the bridge deck than an ordinary
lifting frame, whereas a launching
gantry typically requires the bridge
and foundations be designed for its
1400 tonne weight, plus significant
extra lateral wind loading as it
presents a large ‘sail area’. Ref.
Tables 1 and 2

e Reduced risk: A launching gantry
has many more moving parts
representing more risk to safety and
production rates than other types
of machine, in terms of breakdowns
and accidents.

¢ Improved logistics: Delivery time for
the K-Frame is approximately four
months opposed to one year for a
launching gantry.
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Table 2: A Comparison of ratios of lifting capacity to self-weight

Erection machines in

use on site

Travelling Hanger
Beam Lifting frame

K-Frame
Multi-function

Traditional
Lifting Frame

Traditional Launching
Gantry

Inputs
« Design sketches and

Lifting method S Lifting

oY s | oo,

Yes N/A 80t 210t 2.6

Yes N/A 100t 210t 2.1

N/A Yes 100t 120t 1.2

N/A Yes 1450t 900t 0.6
K-Frame

geometry constraints
+  Segment specification
* Dorman Long’s {supply
chain) BIM model
+  Member sizes 1
| = _Frame dimensions 1

v

Parame‘tgir. BIM Model

*  Spatial checking
*  Mass checking

Figure 6: K-Frame BIM workflow

Figure 7: Kinematic envelope: rotation of a segment within the K shape is shown in red
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K-Frame
Analysis Model

INNOVATION IN CONSTRUCTION

Outputs

*  BIM model for the
production of fabrication
drawings (Pristine)

* BIM model to supply

— chain for hydraulicram

manufacture

* Frame mass reports

+  (lash reports/clash free
certification

+ General arrangement
drawings

* Pictorial method
statements

Wireframe model
of clash free frame

4. APPLICATION / FIELD
TRIAL

The use of a central BIM model to
manage the design and fabrication of
the new machines as shown in Figures
6 and 7 resulted in virtually clash-free
assembly and commissioning when they
arrived on site from the fabricator. This
was an achievement, not only due to
the complexity of their articulation, but
also because the hydraulic components
were not available until the machines
arrived on site.

Contrasting colours as shown in Figure
7 highlight components with relative
movement during modelling. The
approach was then adopted on the
actual machine to enhance safety.

The days of producing a prototype
construction equipment for extensive
development and alterations before
final commissioning should now be a
thing of the past.
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Bio-Inspired Anti-Vibration Exoskeleton for
Manipulating Demolition Tools

Prof. Xingjian JING'

! Department of Mechanical Engineering, The Hong Kong Polytechnic University

R N ey

Long-term exposure to high-level
vibration can lead to considerable pain
and time off work, and even result
in permanent disability. Targeted at
manipulating heavy duty jackhammers,
this study has led to development of an
innovative, anti-vibration exoskeleton
technology which is passive, portable,
cost-efficient and crucially suppresses
significant vibration during the drilling
and hitting process. The exoskeleton
mimics the limb structure of animals
and fully employs the nonlinear benefits
of the bio-inspired X-shaped structure,
which consequently significantly reduces
vibration transmission without sacrificing
loading capacity. Theoretical modeling,
simulation and experimental results
demonstrate the effectiveness and
efficiency of this innovative technology.

1. INTRODUCTION Keywords: Nonlinear dynamics; Vibration
control; Exoskeleton; Demolition tools;
Vibration-related syndrome in human bodies includes damage to X-shaped structures

sensory nerves, muscles and joints in the hands and arms. Installation
of vibration isolators is a common method for vibration control. With
the development of vibration control theory in the past decade, results
increasingly indicate that traditional linear isolators are very limited in
meeting the increasing demands for high vibration control performance.
Meanwhile nonlinear vibration control has been attracting ever greater
attention in the analysis and design of various vibration control or
isolation systems (Liu et al. 2015, Jing & Lang 2015, Jing 2014, Jing &
Lang 2009), in extensive engineering practices ranging from vehicle
suspension and high-precision machines, to space launches or on-orbit
vibration control, etc.

As early as the 1970s, Ruzicka & Derby (1971) discussed the attenuation
of forces in linear and nonlinear systems, Dange and Gore (1978)
analyzed the nonlinear isolator by the computer simulation method, and
Hundal & P S Parnes (1979) studied dynamic responses of the isolator
in the same system under basal vibration conditions to prove that the
vibration isolation effect of the nonlinear system was significant. Later,
many research results have been developed for analysis and design of
nonlinear vibration control systems (Nayfeh et al. 1997). In recent years,
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more attention was paid to employing
nonlinear benefits in vibration control
systems, including several recent review
papers by Liu et al. (2015) and Jing &
Lang (2015), which serving as good
summaries of recent advances in this
active area. Recent progress indicates
that good passive vibration control
is possible in cases where nonlinear
dynamics can be fully employed
through a feasible structural design. Sun
et al. (2014), Sun & Jing (2016), Wu et
al. (2015), and Wu & Jing (2016) present
a bio-inspired X-shaped structural
approach which naturally combines
the benefits of nonlinear dynamics and
feasible structural design in a purely
passive manner, and achieves excellent
vibration control performance.

Construction workers manipulating
heavy-duty jackhammers or road
breakers receive excessive vibration
to their hands and arms, eventually
leading to serious vibration-related
syndrome. It is known that the most
harmful vibration is in the frequency
range between 6 Hz and 20 Hz (Su et
al. 2011, ISO 5349-1986). However,
traditional springs or dampers cannot
solve the problem due to: (1) the
worker needs to press and hold down
the machine tightly in order for high
demolition efficiency, and (2) adding
more compression to traditional springs
or materials leads to dramatically
increased stiffness and consequently
serious reduction in vibration
suppression. Therefore, products
with different active vibration control
methods have been developed, but at
much increased cost of manufacturing
and maintenance, and limited reduction
of practical vibration levels.

To solve this troublesome problem,
an innovative passive anti-vibration
exoskeleton has been developed in this
study based on a bio-inspired X-shaped
structure referred to as a bio-inspired
anti-vibration exoskeleton (BIAVE)
(Figures 1 and 2). The BIAVE is designed
to be light-weight, foldable and
adjustable in size and stiffness, and thus
adaptable to different jackhammers.
Vibration in jackhammers is significantly
reduced due to the beneficial non-
linear stiffness provided by the BIAVE.
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Moreover, when an operator presses
down on the BIAVE handles, a greater
downward forces added to the
jackhammer which increases demolition
efficiency and decreases the dynamic
stiffness between the jackhammer and
the handles. These advantages solve the
challenging issues mentioned above.

2. THE BIO-INSPIRED
ANTI-VIBRATION
EXOSKELETON (BIAVE)

Natural things always have some special
structures such as animal leg/limb
skeletons, trees and flower formation,
etc. Inspired by a bird leg/limb skeleton
(Figure 1), the bio-inspired X-shaped
structure has been studied by several
authors, e.g. Sun et al. (2014), Sun
& ling (2016), Wu et al. (2015), Wu
& Jing (2016). Actually, many natural
structures including trees, flowers, and

bones share very similar structures to
the X-shape or near variants.

The X-shaped structure is readily
foldable and flexible, and easily
manufactured and implemented
in practice. Most importantly, the
nonlinear dynamic behavior of the
X-shaped structure and its different
variants (different asymmetric cases) are
shown to be very beneficial for vibration
control in a purely passive manner (Wu
et al. 2015). These facts have motivated
the studies described in this paper.

To solve the long-lasting vibration
control issue in demolition tools, the
bio-inspired structure is designed to be
a flexible assistive tool that can be easily
installed in different demolition tools
such as jackhammers, road breakers or
chisels, etc., as shown in Figure 2.

Figure 2: The novel BIAVE fitted a breaker for demolition



During manipulation of a breaker, the
operator usually holds the handles
tightly for controlled demolition, therby
generating excessive vibrations in
breakers weighing up to 50kg or even
higher. Using a BIAVE, the operator can
hold the new handles more freely and
with much smaller harmful vibrations
transmitted to the hands and arms, thus
significantly reducing potential damage
to operators and extending their daily
working hours.

3. MODELLING OF THE
BIAVE

The X-shaped structure used in the
BIAVE is shown in Figure 3, where there
are 4 layers, one of which has a rod-
length twice as long as the others, such
that springs are more easily installed
within this layer as shown. In the
modelling, the breaker is considered
as a rigid body M; and the two parallel
X-shaped structures are simplified
into one without losing generality. The
vibration is modelled to be exerted
vertically upwards at the bottom of
M,. The upper mass Mj is assumed to
act as the added vertical push-down
force from the operators’ hands. The
rod weight of the X-shaped structure
can also be considered equivalent to
the upper mass Mj. The spring used is
a traditional linear one with stiffness
K. The simplified model in Figure 3a
was also used in FEM analysis later,
where L; = length of the small rods,
and L, = length of the large ones, and
6 = assembly angle with respect to the
horizontal (see also Figure 3b). The air
damping effect is denoted by D with the
corresponding damping coefficient c.

Details of the mathematical modelling
of the dynamic equation are given by
Jing et al. (2017). The displacement
transmissibility, T, is defined as the
ratio between the vibration amplitude
of the top mass M; over the vibration
amplitude of the lower mass M.
This is then used for evaluating
vibration isolation performance at
different frequencies. Displacement
transmissibility and natural frequency
are commonly used to reflect the
vibration isolation effect with different
structural parameters.
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Figure 3: (a) The simplified model of
the prototyped BIAVE, (b) Modeling
of the 4-layer BIAVE

8000 . :
.......... K=10
- - -K=50
6000 | ——K=100
400t S eeeea- .
w s
2000 | L ]
0 rsas — I n
0 0.05 0.1 0.15

Relative Displacement (m)

Figure 4: Static stiffness of the BIAVE in compression

4. STATIC STIFFNESS

The structural parameters of the system
can be designed for different vibration
isolation performance. To have more
understanding, the static stiffness of
the BIAVE is developed with different
stiffness K, as shown in Figure 4. It
can be seen clearly from Figure 4 that
the stiffness of the BIAVE decreases
with an increase in suppression of the
structure (i.e., the relative displacement
between M1 and M is increased). This
shows that when more downward
force is applied to the BIAVE handles,
the working position of the BIAVE is
lower, leading to more compression
in the X-shaped structure and thus a
decreasing dynamic stiffness which is
very beneficial for vibration control. It is
also noted that more downward force
results in higher demolition efficiency
in practice. This again demonstrates
the unique nonlinear advantages of
the BIAVE as compared with all other
traditional systems.

5. PARAMETRIC
INFLUENCE

Understanding of the parametric
influence on vibration suppression
is important. Several structural
parameters affect the vibration isolation
significantly, including spring stiffness
K, damping coefficient, assembly angle,
rod length, rod length ratio, and so on.
For example, the influence of different
rod length ratios are shown in Figure
5, with the same L; = 100mm and
different ratio of L; / L,. Considering
that the first two resonant frequencies
are critical to vibration suppression
in the frequency range 6-20 Hz, a
summary of parameter influence on the
vibration suppression performance of
the BIAVE is given in Table 1.

With these results, the BIAVE structure
can be well designed with several
properly-tuned structural parameters,
to achieve good vibration suppression
performance at low natural frequencies,




while maintaining a high loading 40
capacity and large displacement

motion without the stability problem. g 0
Overall, there are redundant structural >
parameters which can be employed ;Eﬂ "
to tune the vibration suppression £
performance of the BIAVE, thus E 0
achieving good flexibility in practical § 0
applications. Optimization of the £
structural parameters can be done for g -20

even better performance with a more 30
compact structure.

0.1 1 10 100

6. EXPERIMENTS - R=1S R=1

A prototype of the BIAVE was tested
both in the laboratory and on-site
environments for validation (see Figure 5: Acceleration transmissibility with different rod length ratioR=L,/ L,
Figure 6). The prototype BIAVE has

the refined parameters as discussed
before, i.e. L, = 100mm, L, = 200mm, Table 1: A summary of parametric influence on vibration suppression

R=0.5 — -+ R=0.25
Frequency (Hz)

M, = 15kg, M, = 20kg, 0 = /6, K = Tansisbit
100N/mm, D = 0.1, and the rod material in 6-20 Hz Y
is aluminum alloy. Once the breaker m

A2 = = =

is in operation, the BIAVE handle is M; P
pushed down to the desired position, Stiffness K 1 M N - _
which is equivalent to the mass My,
A | (| -
with an assembly angle 6 = /6. The ssembyange;)’I‘ p G T T
; Lengthratio (L, /L,) _
mass My is e?<actly the rT\ass of the with fixed L, e ! i M ¢ b
breaker used in the experiments. The
prototype BIAVE is about one meter Layer number T A v 12/ % A2
tall and has two 4-layer X-shaped Damping effect 1 = \ = N T
structures in parallel (Figure 2). Both of Materials from steel, to " " " " v
these structures have 1 large layer and aluminum, to magnesium

3 smaller layers, each constructed with
corresponding rotating joints. The mass
of the connecting rods is around 0.3kg
per 100mm. The downward force used
to make the X-shaped structure work
at the desired assembly angle is 15kN,
which follows the parameter settings
used in the theoretical calculation and
FEM analysis. The electric breaker is
20kg, and its impact frequency is 1800
times/min, i.e., 30Hz.

Once the breaker is working, hitting on
a concrete or rubber surface generates
a single-frequency vertical excitation
to the BIAVE system, which has a
main frequency of around 30Hz on
rubber or 20Hz on concrete. Vibration
acceleration signals on the breaker and

Figure 6: Experimental BIAVE prototype: (a) Laboratory experiment; (b) On-site
on the BIAVE handle can be measured experiment.

for further analysis, and are referred to
as Z-down and Z-up respectively in the
following discussion.
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To evaluate the vibration level, the Table 2: Frequency-weighted acceleration of the BIAVE in laboratory testing

ISO5349 standard calculation for hands Vibration on | T,=Vibration }
and arms vibration is adopted (see Vibration on the breaker -Down| the BIAVE | up/Vibration C‘glr?ali(tlir;gn
Figure 7, Su et al. 2011, 1SO 5349-1986). handle — Up down
Based on this calculation, the measured A N 0.332898 3 springs full
data from several experimental loading
laboratory tests using the breaker to 4 springs no
13.85208 5.13896 0.370988 z
hit rubber materials are summarized in loading
Table 2. Only Z-direction  15.46943 6.111534 0.395072 4 springs full
loading
The following points can be drawn from 13.87586 4.306374 0.310350 5 springs no
. ’ . . loading
Table 2:
5 springs full
16.61955 5.460997 0.328589 loading

(i) Vibration on the breakers is about
14 m/s’, while on the handles it is
only about 5 m/s’. The vibration
reduction is very significant, up to

]

70%, and the suppressed vibration <~ 30
level means that operators can E 200
continuously work up to 5 or 8 hours E 100
with the BIAVE but only about 30 2 o
minutes without it (Su et al. 2011). E— o0
(i) When a greater pushing force is -300; L L o L = ' i z L
applied, vibration of the breaker Time (s)

is much higher, indicating more

powerful demolition, but the

vibration level on the BIAVE handles %1
remains at a reasonable healthy %w“
level, without obvious increase in §w"
the reduced vibration rate. This is a =
very beneficial feature of the BIAVE. E 107

3|
10 -

10
Frequency (Hz)

(iii) Adding more springs provides a
greater downward pushing force
at the same compression level, .
but the corresponding vibration
levels on the handles are increased,
although not uniformly due to the
inconsistent hitting surface during
the testing.

Amplitude (m/s?)

Figure 7 shows sometime and frequency Tirr:: ©)
responses in these tests. It can be seen

that the main excitation comes from the 0’
vibration frequency of the breaker, with
an obvious vibration peak around 30Hz.
The vibration suppression between
6Hz and 20Hz is very good in each
test. An overall complicated nonlinear
dynamic response can be seen, as 10°L, :
with the previous analysis, including 1 Frequency (Hz)
f:tzer:n';a P 20":];’“;;’;':: : E‘: AAAAAAAAAA;AAEA;;AA;EA;AAEEIIAAAAAAAAAAAAE
sub-harmonic response is quite strong
(around 15Hz) and can be seen both on

L

. 8

=3

Amplitude (m/s?)

=

10°

Figure 7: Time and frequency responses in typical laboratory testing (Z1 is the vibration
on the breaker and Z2 is the vibration on the BIAVE handle)

‘J/—\.‘(i-)
G
N SIENINCRNSEVEIR RESEARCH JOURNAL 2018 L @



the breaker and the BIAVE handles due
to the coupling dynamics, but obvious
suppression is still maintained.

On-site testing was also conducted
and compared with a similar breaker
without BIAVE protection. The results
are summarized in Figure 8. It can be
seen that (1) vibration on the breaker
is even stronger with the BIAVE than
without it (improved up to 75% in terms
of overall vibration energy, or 30% for
the weighted vibration), which is very
helpful for improvement of demolition
efficiency; (2) with the BIAVE, the
vibration can be suppressed significantly
to a much healthier level according to
the ISO hand-arm vibration standard.
The conclusions are very consistent with
those obtained before.

Figure 8 also shows one typical test
result, where “traditional Z” refers to
the vibration on the traditional breaker
without the BIAVE, while “BIAVE down,
up and hand” refer to the vibration on
the breaker body, BIAVE handle and
operator hand with the BIAVE structure,
respectively. The vibration suppression
performance of the BIAVE is very
significant, both in terms of overall
vibration energy and the vibration
within the sensitive frequency range
6-20Hz.

7. CONCLUSION

By employing nonlinear benefits, a
novel bio-inspired vibration suppression
system, referred to as the Bio-Inspired
Anti-Vibration Exoskeleton (BIAVE), has
been systematically developed with a
purely passive structural design. With
mathematical modelling, FEM analysis
and experimental validation, it is shown
that the BIAVE is very effective for
vibration suppression, up to 70% or
above, and can significantly reduce the
vibration transmitted from heavy-duty
breakers to operator handles. It also
improves the demolition efficiency (up
to 30% in terms of weighted vibration
energy). This innovative technology
successfully solves the long-standing
issue of excessive vibration in operating
portable construction tools.
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Figure 8: Acceleration signals from the BIAVE and traditional breaker
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1. INTRODUCTION

In Hong Kong, it is common construction practice that all public utilities
such as water supply pipes, sewage pipes, drainage pipes and gas
supply pipes are designed to be mounted on the fagades of buildings.
Specifically, the main gas supply pipes (also known as risers) are
installed vertically along the exterior fagades of housing estates and
then branch out horizontally into individual homes. Over the years due
to the harshness of outdoor environment, these galvanized iron (G.1.)
pipes may be corroded. Since the public utilities are densely packed
together, in the event of even minor seepage from the sewage pipes,
any nearby G.I. pipes will be greatly affected.

Rusting degrades the useful properties of these G.I. pipes, including
strength, appearance and permeability to gases. Prolonged corrosion
will ultimately lead to gas leakage, which may cause damage to lives
and properties. The conventional method of repairing these affected
pipes is to replace them with new pipe sections. House occupants must
receive a notice before the work is carried out as their gas supply will
be affected, causing inconvenience. In practice, a 3-meter section of the
gas pipe is usually replaced, even though, typically only a 30-cm portion
is corroded, leading to a 90% wastage. There are also occupational risks
to the frontline workers as they have to work at height using scaffolding.

NS SVEe RESEARCH JOURNAL 2018 %

Utility piping on the fagades of buildings
in Hong Kong are susceptible to
environmental harshness. Specifically,
galvanized iron pipes that carry gas
supply may be corroded and ultimately
lead to gas leakage. The conventional
repair method is to replace these
affected pipes manually, which may
cause inconvenience to customers,
material wastage, and workers’ safety
concerns. The work described here
proposes a different approach by
developing a robotic solution in a
preventive maintenance manner. The
entire robotic system consists of a
service robot working at height and
a remote user ground station. This
teleoperation setup enables the robot
to perform specific tasks on the pipe
section in mid-air while the user controls
the robot action and monitors the robot
status remotely. The robot is designed
to remove rust from pipe surfaces and
apply an anti-rust compound. These tasks
are being semi-automated in the service
robot system. This paper briefly presents
the work process and the major robotic
modules. Results from field deployment
tests have validated the effectiveness of
the concept.

Keywords: service robot; teleoperation; high-
rise environment; exterior pipe
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Service robots have been used
for inspection of utilities such as
power plants (Caprari et al., 2012),
power transmission lines (Pouliot &
Montambault, 2012), marine vessels
(Eich et al., 2014) and live natural gas
mains (Schempf et al., 2010); and also
for maintenance tasks, such as window
cleaning for building facades (Moon et
al., 2015), cleaning of large-diameter
sewers (Walter et al., 2012), and repair
of hydropower turbine blades (Hazel
et al., 2012). For several decades much
research into wall-climbing robots has
been reported which focuses on the
methods to adhere and locomote on
building structures (Chu et al., 2010).

There are also technologies that aim
at putting robots to work at both in-
pipe and out-pipe locations (Rollinson
& Choset, 2016). For practical reasons,
however, service robots that work in
a high-rise environment may need to
use a wire rope for climbing, obstacle
avoidance, and to increase their payload
capacity for carrying work tools (Seo et
al., 2013).

This paper presents the development
of a prototype service robot to repair
rusted pipes. The robot operates semi-
autonomously in mid-air with different
functions: the rusted pipe section is
polished, and then coated with layers
of anti-rust compound for long-term
protection. Using the robot can shorten
the time for repair work, minimize
disturbance to housing occupants, and
avoid frontline workers having to work
at height. We also briefly presents
the functional modules designed to
perform the repair work on exterior
pipes, and describe the head-tracking
visual sub-system that helps the remote
teleoperation process.

2. DESIGN OF ROBOTIC
SYSTEM

The service robot system consists of the
robot operating at a high-rise situation
and a remote ground station. This tele-
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operation setup enables the robot to
perform service tasks on pipe sections in
mid-air while the user controls the robot
action and monitors the robot status
remotely. The work environment of the
robot is semi-structured. It includes
variation of pipeline configuration,
minimum clearance between pipeline
and building exterior wall, typical
distance between the remote ground
station and the robot, and minimum
operating time for a service session.
These factors formed the basis of design
input during the development phase of
the service robot system.

2.1 Work process of a service
session

In order to repair one pipe section,
the service robot is equipped with
two functional modules as shown in
Figure 1. The wire-rope overhang cable
is fastened to support the top of the
robot body, which is then hoisted to
the desired pipe repair section. First,
the robot stabilizes its relative position
and orientation against the pipe using
the gripper arm. This action is semi-
automated with the help of a scanning
laser range finder, camera, inertial
measurement unit, and gripper force

Overhang
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feedback control. Then, the robot
performs the polishing and painting
tasks in sequence using the work tool
arm. It makes physical contact with
the pipe surface and travels along the
pipe circumference on a programmable
trajectory path. This action is semi-
automated with the help of the camera
and feedback control. When the repair
is completed, the robot releases the
gripper and retracts both arms. Then
the next cycle continues.

2.2 Teleoperation control
system

The described work process is carried
out in a teleoperated manner using
wireless communication between the
robot and the remote ground station.
During operation, the robot body may
slightly swing (pan and tilt) during
hoisting and extension of the gripper
arm, due to wind loading and shifting of
its center of mass. Thus real-time visual
information about the surroundings,
especially around the targeted pipe
section, is required. This enables the
user to have flexibility to fine-tune
positions of the gripper arm and work
tool arm for good alignment against
the pipe section and also to inspect the

Figure 1: Functional modules of the robot to perform repair work on one pipe section.
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work outcome. This visual sub-system S . bot
is integrated into the overall control ervice robo
system as shown in Figure 2. Function

module @
In this setup, the robot control is
coordinated using Robot Operating
System (ROS) middleware that runs on Main micro- Function
personal computers (PC) installed at Robot PC “—r controller “— module
both the robot and the remote station.

At the remote side, a graphical user
interface (GUI) is linked with the ROS
and provides the user with information
on the robot status and issues action
commands. The GUI also reads sensor
data from the joystick and helmet (more
details in Section 2.4). Together, these
data are exchanged with the Robot Control
PC using wi-fi communication. At the data
robot side, the main microcontroller
is interfaced with the Robot PC to
perform low-level control by exchanging
electronic signals with the described
functional modules and gimbal. These
functional modules contain actuators
and sensors, such as stepper motors, Remote PC
dc motors, limit switches, current and
force sensors, etc., that perform the
work process. They are briefly described
in the next two sections.

»| Gimbal

Camera

Sensor

data E

A 4

Screen

________-______________________+

‘._______-_______ oot ot o o o o,

F S

Helmet

rFs

Joystick

Remote ground station

2.3 Work tool arm function Figure 2: Diagram of control system for teleoperation. Dotted arrows denote wireless
module communication, colored box denotes the visual sub-system.

This robot arm is equipped with the
primary function module to conduct
polishing and painting processes, by
removing rust and applying a protective
coating on outer pipe surfaces. It
consists of two mirrored symmetrical
left and right tooling sides as shown
in Figure 3. Each side has a polish
and paint tool. Process design using a
two-side arrangement improves the
work time and efficiency. The work
tool is able to make contact with the
pipe circumference using X-Y linear
positioning, plus a bi-direction slider to
provide mirrored positioning.

The work tool is depicted in Figure 4.
A variety of light-weight and miniature
polish options were evaluated. It is Figure 3: Work tool function module. Red circles denote the polishing tool, green circles
required to have a polishing agent that denote the painting tool.
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does not generate sparks and limits
the temperature rise. This is because
the targeted surface is a live gas pipe.
Polishing bristles made of polymer
with a 1-inch diameter were selected
and can be driven by a brushless DC
motor at high speed. The mechanical
power required to remove rust was
experimentally optimized using the
feedback control mechanism. For the
painting agent, a variety of suitably-
sized and disposable roller brush
options were evaluated. It is required to
achieve satisfactory absorption of the
anti-rust compound, and to be capable
of performing multiple rounds of
painting operations. A sponge material
roller brush was selected. It is fixed on
an aluminum tube and able to rotate
while squeezing paint onto the pipe
surface. The outcome is evaluated using
a wet-film thickness gauge to measure
the coating thickness.

2.4 Head-tracking visual sub-
system

The visual sub-system has a head-
tracking feature consisting of two
components: helmet and gimbal, as
shown in Figure 5. The head-tracking
gimbal contains two servo motors
and is placed on the robot. The head-
tracking helmet holds an inertial
measurement unit (IMU) and an
auxiliary microcontroller. This IMU is an
absolute orientation sensor that uses
a sensor fusion algorithm to integrate
measurements from the accelerometer,
gyroscope and magnetometer and
then return three-angle orientation
data. The helmet orientation data is
provided to the Remote PC. Using wi-
fi communication at the high-level
control, the Robot PC receives the data
and sends it to the main microcontroller.
From here, the orientation data is
converted into a pulse width modulated
(PWM) signal to command the rotation
of the mentioned two servo motors on
the gimbal. One servo determines the
pan angle of the camera view based on
the head movement from left to right,
while the other servo determines the
tilt angle of the camera view based on
the head movement from up to down.

Figure 4: Photograph of evaluated work tool. (a) polish bristle. (b) paint roller and the

tube fitting.
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Figure 5: Control diagram of head-tracking visual sub-system.
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3. FIELD DEPLOYMENT
RESULTS

The robot prototype was deployed in a
field test to perform actual repair tasks
on sections of gas pipes. These tests
were conducted in a housing estate in
the Wong Tai Sin district, where the
site location and the test environment
are considered to be very close to the
conditions where actual deployment of
the robot will be feasible in the future.

3.1 Hoisting of the robot

The lifting equipment is set on the
building rooftop to hoist the robot
using wire-cables, as shown in Figure
6. It consists of one main wire-cable
that winds up to electrical winches,
and is supported by a steel crane
structure clamped onto the building.
Two auxiliary wire-cables go through
the sides of the robot body frame and
are weighted at ground level, to prevent
self-turning of the robot in mid-air. In
Figure 6, the robot is being brought
to the pipe section by operating the
electrical winch that pulls-in or lets-out
the main wire-cable.

3.2 Removing rust and
coating with an anti-rust
compound

The bristles are aligned with the pipe
tangent using camera visuals as shown
in Figure 7 (a). This is done by adjusting
the position of the work tool arm and
also the bi-direction slider. During the
automatic polishing process, both the
left and right polishing motor current
are independently feedback to adjust
the bristle position. This feedback
mechanism ensures optimum contact
force by the bristles for effective rust
removal. After satisfactory preparation
to remove surface rust, the paint
rollers are then refilled with an anti-
rust compound and brought to align
with the pipe tangent using camera
visuals. Figure 7(b) shows the painting
process. The tool makes contact with
the pipe surface in a circular trajectory
path and coats the pipe with a sufficient

SECOND PRIZE OF
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Figure 6: Photograph of the lifting equipment.

thickness of paint. The path parameter
is adjustable to ensure that the sponge
material is squeezed to evenly disperse
the paint onto the pipe surface. When
the repair work of one pipe section is
deemed complete after satisfactory
painting, the robot is then hoisted to
the next position for the subsequent
repair cycle.

4. CONCLUSION

Conventional work methods to replace
corroded pipes has been replaced by a
new approach using a semi-automated
robotic process. This approach has
eliminated the use of a scaffold platform;
instead it uses hoisting equipment to
position the robot at the target pipe
section. The teleoperated robotic system
is then able to carry out the designed
work process for preventive maintenance
of exterior pipes. The remote user is able
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Figure 7: (a) Image of the polishing work. (b) Image of the painting work. Inset: outcome
at the back of pipe.

to monitor the status of the robot and its
environment, identify the problematic
pipe section, and then issue commands
to automatically secure relative positions
of the robot and the pipe, remove rust
by a polishing process, and apply an anti-
rust compound by a painting process.
This concept has been validated with
a working robot prototype deployed
in several field tests. The process saves
the time for setup and reduces material
wastage as compared to conventional
methods. The developed robotic system
and process has the potential to be used
in the design of relevant high-rise utilities
repair work. It is proposed that future
work should include the optimization
of the robot sub-systems for weight
reduction, and fine-tuning of the control
parameters for the best repair outcome.
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1. INTRODUCTION

1.1 Background to the HKDWT

Hong Kong is frequented by tropical cyclones and experiences an
average annual rainfall of 2,400 mm. In the past two decades, global
climate change has resulted in extreme rainfall intensity — hourly
rainfalls of over 140 mm were recorded. In times of heavy rainfall, the
mid-levels and downstream areas of northern Hong Kong Island are
prone to flooding. Torrents of mud-laden and highly-aerated storm
flows can overshoot stream channels into roads and cause hazardous
traffic conditions.

The protection of urban infrastructure from flooding is of foremost
importance for the sustainable development of Hong Kong.
Substantially upgrading the existing drainage systems in densely
populated and commercial districts using traditional pipe installation
methods is extremely difficult due to site constraints such as
congested underground utilities. The traditional methods for drainage
improvement cause traffic disruptions and inconvenience to the public
and commercial activities.

In the early 2000s, akin to the “sponge city” concept, the Drainage
Services Department (DSD) proposed an innovative “upstream

® Black and Veatch Hong Kong Ltd.
* Black and Veatch Ltd. (UK)

Over the past decades, rapid
urbanization and global climate change
have resulted in significant increase in
flood risks in urban areas of Hong Kong.
In the early 2000s, the Drainage Services
Department proposed an innovative
“upstream interception” scheme, namely
The Hong Kong West Drainage Tunnel
(HKWDT) to improve the flood protection
standard for areas around Causeway Bay,
Admiralty, Central and Sheung Wan.

The engineering challenge was how to
effectively intercept and transfer the
supercritical (high speed) flow from the
steep natural watercourses located in the
densely-populated Mid-Levels district
to the drainage tunnel located some
100 m below ground. The breakthrough
was the development of a compact
bottom rack and vortex intake system to
stably decelerate the supercritical flow,
with efficient energy dissipation, for
smooth conveyance of flow from higher
elevations to the deep drainage tunnel
and discharge to the sea.

Since commissioning of the HKWDT in
2012, the vortex intake system has been
put to the test on many severe rainfall
occasions, and has successfully protected
the downhill urban areas of Hong Kong
Island from flooding. This system has set
a global standard for reference and has
been adopted in many critical hydraulic
infrastructure designs internationally.

Keywords: Urban storm water management;
vortex intake; supercritical flow
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interception” scheme that would
greatly enhance flood protection of
the urban areas. The Hong Kong Island
West Drainage Tunnel (HKWDT) was
proposed to intercept storm water
runoff through intakes located on the
main drainage paths for direct discharge
to the sea, thus diverting the runoff
away from the downbhill urban areas
and effectively alleviating flood risks
(DSD 2003). The design consists of a
10.5 km long drainage tunnel (maximum
diameter 7.25 m) that extends from Tai
Hang on the east to Cyberport on the
west, connected by a series of vertical
drop shafts to the drainage path intakes.
As a result of the HKWDT, about 30
percent of the storm water in northern
Hong Kong Island is now collected
via 34 storm water intakes located in
the densely populated hillside in the
midst of residential blocks including
some premium properties. The project
provides a safe conduit to convey storm
water through the tunnel to an outfall
structure at Cyberport.

1.2 Engineering challenges

The 34 storm water intakes are located
on steep hillslope watercourses (average

slope of 40 %) with supercritical flow
regimes characterized by velocities in
the order of 10 m/s and Froude numbers
of F = 3 - 8. Each intake intercepts
and transfers storm water runoff to
the main tunnel through a vertical
drop shaft. The system is intended to
convey a 1 in 200-year return period
rainstorm event, with an intake design
flow of up to 18 m’/s. Central to the
success of the HKWDT is an innovative
vortex intake system for diversion of
the high velocity supercritical flows
stably and smoothly to the drop shaft
in a helical flow, thus leaving a core of
air in the middle of the drop shaft and
preventing negative pressure build-up
in the tunnel. The design of a compact
intake structure adjacent to the densely
populated residential areas was the
most challenging aspect of the project.

Figure 1 shows the conceptual design of
the intake structure - a primary feature
of the urban flood control scheme. A
bottom rack intake was proposed to
screen off large sediment debris, rock
and vegetation. The intercepted flow
passes the bottom racks into a bottom
rack chamber, which is connected
to a vortex drop shaft through a link

channel. The change in flow direction is
required because of site constraints. A
vortex drop transfers the flow vertically
from an open channel to a lower level
in the form of a swirling annular jet. A
stable swirling flow with an adequate
central air core (for continuous release
of entrained air within the drop shaft)
results in good energy dissipation.

Bottom rack intakes are used for
hydropower, water supply and
irrigation, mainly in areas with steep
terrain and gravel river beds. Previous
studies were mainly concerned with a
subcritical-approaching flow through
the rack openings into the below-
ground empty space (Brunnela et al.
2003). For the HKWDT project, further
investigation was required to examine
the hydraulics of the complex aerated
bottom rack chamber for supercritical
underflow through the rack openings,
which is critical to the present design.
In addition, studies on supercritical
vortex inlets are rare and no general
design guidelines are available for such
hydraulic structures involving complex
three-dimensional turbulent two-
phase (air-water) flows. This was also
the first time such intakes were used

Approach Channel

Supercritical
Inflow

Bottom Rack

Aerated Flow

Cross-sectional view between L‘ and LW
Bottom Rack

erate
Flow

Cross-sectional view between L and L,

Underflow

Bottom Rack

Aerated
Flow

Bottom Rack
Chamber

Side View

Figure 1: Bottom rack intake for supercritical flow diversion into spiral vortex inlet
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(a) Warped invert spiral intake

for urban drainage. The design of the
integrated bottom rack — vortex inlet
structure is even more challenging —
as the intake must ensure: (i) efficient
flow interception by the bottom rack,
with stable supercritical flow in the
bottom rack chamber and into the link
channel; and (ii) stable supercritical
flow with minimum shockwave height
in the vortex inlet, and a minimum air
core area to drop shaft area ratio of 25
percent.

The HKWDT vortex intake design was
developed through a combination
of theory, heuristic reasoning and
physical model experiments. Extensive
experiments were performed in an
undistorted Froude scale model at
two model scales (1:24.5 and 1:9.5)
for the: (i) bottom rack intake; (ii)
spiral or tangential vortex inlet; and
(iii) an integrated bottom rack — vortex
intake. The flow in the bottom rack
chamber and link channel, and shock
wave height and air core ratio in the

(a) Unstable flow observed for Design B1

(b) Flat invert spiral intake

vortex inlet were studied. The physical
modelling study was supplemented
by fundamental research into the
hydraulics of vortex intakes. This paper
presents the key elements of the design
of the intake structure.

2. DESIGN OF BOTTOM
RACK — VORTEX
INTAKE SYSTEM

2.1 Flow interception by
bottom rack

The bottom rack structure includes the
approach channel, the longitudinal rack
bars (aligned parallel to the flow), the
underlying bottom rack chamber, and
the adjoining orifice and link channel.
The objective is to arrive at a design that
ensures smooth and stable diversion of
discharges ranging from the base flow to
the maximum 200-year flood discharge.
Figure 1 shows a schematic diagram of
the bottom rack intake for supercritical
flow diversion into the spiral vortex

(c) Tangential vortex intake

Figure 2: Vortex intake
designs for supercritical
flow

inlet. The slope of the approach channel
is standardised to be 1:2.5. The bottom
rack is made of parallel bars oriented
along the watercourse axis at a slope of
1:5, with a void ratio (ratio of opening
area to total rack area) of around 0.4.
The channel bottom beneath the rack
follows a curved boundary (resembling
a free jet trajectory) at the entrance to
the bottom rack chamber; the flow is
diverted by 90 degrees to the vortex
intake structure via the link-channel (see
also Figure 4).

The complex flow in the bottom rack
chamber was studied for six designs
(with different bottom rack slopes and
lengths), for flows in the range of 1 to
18 m®/s. While circular bars (12.1 mm
diameter bars with 22.6 mm centre-
to-centre separation) were adopted
for the baseline design, different cross-
sectional shapes were also tested:
including circular, diamond, | beam
and trapezoidal bars. Detailed flow
characteristics such as wetted rack

Figure 3: Unstable
flows for improper
designs. (a) Unstable
flows for bottom rack
with splashing and
overflow downstream;
and (b) Unstable
standing wave and
vortices

(b} Shock wave of V3 design (high flow)
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length were obtained from digital
image analysis of photographic and
video observations. Point velocity
measurements were made with
electromagnetic current meters. Details
of the experimental investigations on
different designs can be found in Lee et
al. (2005a and b).

With a well-designed bottom rack, the
upstream flow penetrates between the
bars to form an underflow that runs
along the bed of the channel (Figure 1).
The free surface profile crosses the axis

of the rack bar at a longitudinal distance
of x = L; from the beginning of the
rack. Beyond x = L;, due to the forward
momentum, the fluid still clings onto
the rack bar, and a small part of the
discharge runs along the rack bars. A
partly aerated forward flow is carried in
the region between the underflow and
the rack. The wetted length L,, refers to
the distance at which the top of the rack
bars is no longer wetted. Beyond x = L,,,
the fluid still clings to the lower side of
the rack bar, and the flow is increasingly
aerated. The wetted length L; is the

distance where the flow attached to the
rack bars eventually stops. The complex
bottom rack flow behaviour depends on
(i) the length and slope of the approach
channel; (ii) the slope, length and
arrangement of the bottom rack bars;
and (iii) the length and slope of the
channel bed, the volume and geometry
of the rack chamber.

For many designs the flow in the bottom
rack chamber is highly fluctuating and
unsteady, characterised by a large
unstable rolling plume (‘roller’) that

Flow
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B |
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| 345
|
— 23
22 23
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(a) Spiral intake with
90° flow diversion

21.8

Fllaw

1L
Bottom
rack
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(b) Tangential intake with
90° flow diversion

9.7 bottom rack

6.0

(c) Tangential intake with
inline flow diversion

bottom rack
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:""“": / a0 w
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Figure 4: Integrated vortex intake designs for supercritical flow diversion (prototype dimensions shown in m)
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impinges on and rises higher than the
downstream wall of the rack chamber;
the flow that overtops the wall passes
straight downstream without entering
the intake (Figure 3a). Based on these
observations, the channel bed inside
the chamber was modified to a curved
shape that resembles the nappe of
a free jet, with enlargement of the
chamber at the downstream end. In the
final designs (Figures 4a, 4b and 5), the
intercepted flow follows the bottom
slope and curved surface stably into the
chamber. The bottom part of this flow
hits the far end of the chamber and is
re-directed towards the inside of the
chamber. The momentum of the top
part of the bottom rack flow is partly
offset by this opposing jet stream from
the downstream end of the enlarged
chamber; the combined flow is stably
re-directed onto the link channel.
Additional details on the experimental
and 3D numerical modelling aspects
of the supercritical bottom rack can be
found in Chan et al. (2018a).

2.2 Spiral vortex intake

Figure 2 shows three types of vortex
inlets: spiral with warped invert (Figure
2a), spiral with flat invert (Figure 2b),
and tangential slot intake (Figure 2c).
Under the action of the centrifugal
force, most of the flow is concentrated
towards the inner surface of the outer
wall, and piles up against that surface as

a coherent stream, creating a standing
wave (shock wave). The objective was
to ensure stable supercritical flow with
minimum shockwave height and a
minimum air core area to drop shaft
area ratio of 25 %, thereby avoiding
flow back up or blockage at junctions.

The complex three-dimensional air-
water flow in a large number of spiral
vortex inlets — with varying bottom
slope, flat or warped invert, inflow
channel length, guide wall and spiral
geometry — were studied for nominal
inflows of 5-18 m?/s. The experiments
were first carried out for individual
model designs with a uniform approach
channel flow. After the individual vortex
inlet model testing, integrated bottom
intake — vortex inlet models were tested
(Lee et al. 2005a and b, 2006).

Experiments showed that for spiral flat
inverts, the inlet flow could become
subcritical due to the backwater effect
induced by the vortex structure; a
highly unstable flow with a fluctuating
air core can result under certain inflow
conditions (Figure 3b). In view of the
unstable condition, the optimum spiral
vortex inlet with a warped invert was
developed (Figure 4a). The curvature
of the spiral intake structure is
characterized by two semi-circles with
the first half 180° of diameter 5.75 m
and the second 180° of radius 3.45 m.
The semi-circular inner guide wall plays

Figure 5: Bottom rack
intake for supercritical
flow diversion (final
design); observed flow
atQ=53.91L/s.

an important role in determining the
flow characteristics.

2.3 Tangential slot intake

The tangential vortex intake (Figure
4b or c) is a compact-size alternative
to the spiral vortex intake. Unlike the
spiral vortex inlet, the inflow is led into
the drop shaft in a steep sloping and
tapering (laterally converging) tangential
inlet. The inflow impinges onto the inner
surface of the drop shaft as a tangential
jet with angular momentum, and a
vortex flow is established without the
need for a complex spiral arrangement.
This intake is suited for small discharges.
As a significant advance over previous
studies (Jain 1984; Jain and Ettema
1987), a general design theory was
developed (Yu and Lee 2009). For the
first time, the theory provides a basis
for the design of a “stable” tangential
vortex intake without the need for
unguided, trial-and-error physical model
testing.

2.4 Final integrated design

A physical model study was carried
out to understand the hydraulics of
supercritical vortex intakes and to
develop the optimum storm water
diversion intake design. Based on the
individual intake design tests, warped-
and flat-invert spiral vortex intakes and
tangential vortex intakes with 90° and
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Figure 8: a) Side view of stable tangential vortex intake (left); b) validation of theoretical design criterion (Q, = critical discharge; Q; =

free drainage discharge) (right).

Figure 9: Air core of the tangential vortex intake.

inline inlets were selected and studied
in integrated models of the interception
and vortex inlet structures.

The comprehensive experimental study
showed that the spiral intake with a
warped invert performed best in terms
of the minimum shock wave height
and maximum air core area ratio. The
tangential vortex intake was found to be
a compact-size alternative to the spiral
intake, especially for low flows. As a
result, these two types of vortex intakes
with proven performance were adopted
in the HKWDT. Figure 5 and Figure 6
show the observed flow in a 1:9.5 model
of the final design for the warped-
invert spiral intake. The significant air-

entrainment in the large-scale stable
roller in the bottom rack chamber can
be clearly seen (Figure 5), along with the
standing wave and air core in the spiral
vortex inlet with warped invert (Figure
6).

Figure 7 shows the key performance
indicators for the different designs. The
maximum shockwave height of each
design increases almost linearly with
the flow (Figure 7a). The shock wave
height of the warped-invert spiral intake
is lower than that of the flat invert
spiral intake by approximately 0.4 m on
average. The air core area of the spiral
warped intake is the largest almost for
the entire flow range (Figure 7b). The

air core area ratio of the tangential
intake with inline inlet is comparable to
that of the warped-invert spiral intake.
The flat invert spiral intake yields the
smallest air core area. The results of the
1:24.5 scale model agree very well with
those of the larger 1:9.5 scale model —
showing that the results are free from
“scale effect”.

Figure 8a shows the observed flow
for a stable tangential intake. The
optimal design can be expressed in
terms of a free draining discharge Qs
and a critical discharge Q. that can be
defined in terms of the intake geometry
(Figure 8b; Yu and Lee 2009). Figure 9
shows the swirling flow with a stable
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air core in such an intake. This Hong
Kong-developed design method has
since been used internationally by
the industry; examples of where this
guidance has been applied include the
design of the Thames Tideway Tunnel
in London, the Toronto — Don River and
Central Water Front, and the Singapore
Deep Tunnel Sewer System (Plant
and Crawford 2016). Further details
of the measured velocity field and
computational fluid dynamics modelling
can be found in Chan et al. (2018b).

3. CONCLUSION

An innovative design of a supercritical
vortex intake system for interception
and diversion of fast-moving turbulent
two-phase flows is presented. The
design consists of: (i) a unique integrated
bottom rack - spiral vortex intake design
for supercritical flow diversion; and (ii)
the spiral vortex intake with warped
invert in storm water management. This
design produces smaller shockwave
heights than spiral vortex intakes with
flat invert (the only previous reported
design). A new theory for the design
of tangential vortex intakes was also
developed.

Since the commissioning of the HKWDT
in 2012, the vortex intake system has
been put to the test during many
severe rainstorms, and has successfully
protected the downhill urban areas
of Hong Kong Island from flooding.
This project was developed through
the long-term collaboration among
academia, industry and Government,
with a common goal to benefit the
community. This system has set a new
global standard for reference and has
been adopted in many critical hydraulic
infrastructure designs internationally.
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1. INTRODUCTION

To address the needs of a sustainable and eco-friendly society, it
is commonly considered that the next generation of construction
materials should be lightweight, highly fire resistant, and have good
thermal and acoustic properties. Lightweight cellular concrete possesses
many of the attributes to fit those requirements. However, conventional
cellular concrete is produced either by mixing a pre-formed foam, by
adding mix-foaming agents (such as surfactants) into the cement and
water slurry, or by adding expansion agents (such as aluminium powder
or hydrogen peroxide) to the mix during the mixing process. At the
construction site, foam is generated from the surfactant by using a foam
generator, and the foam is then added to the slurry in a ready-mix truck.
Generated foam may merge together and pre-formed foam can easily
collapse during prolonged mixing due to transportation. The production
of foamed concrete is therefore limited to the construction site.

On the other hand, it is difficult to control the size and distribution of air
voids generated by expansion agents during the mixing process. More
importantly, it is not possible to add coarse aggregates into foamed
concrete since the foam in the cement slurry is likely to rupture when
mixed with aggregates. These limitations have hindered the structural
applications of foamed concrete in the construction industry, and
restricted its use in non-structural low-value applications, such as void
filling.

? Hip Hing Construction Company Limited

Lightweight cellular concrete possesses
many attributes of new-generation
materials, and are highly fire resistant
with good thermal and acoustic
properties. However, the limitations
of existing lightweight concrete have
hindered its structural applications in
the construction industry. Production of
current lightweight concrete is difficult
to scale up as the foam in cement
slurry collapses during prolonged
transportation, and does not mix with
aggregates without settlement. In
response, Hip Hing and NAMI have
developed an innovative capsule
technology that enables the production
of high-performance lightweight cellular
concrete on an industrial scale. Hip
Hing - NAMI’s capsule is dissolvable
in alkaline-in-nature concrete after
a pre-determined period for cell-
structure formation. The capsules can
be mixed well with aggregates without
settlement. Water is encapsulated
inside the capsules to promote internal
post-curing of concrete for enhanced
cement hydration reaction, with fewer
thermal cracks and increased durability.
Separate tiny capsules enable closed
cell microstructure and thus enhance
the mechanical properties of cellular
concrete. Hip Hing - NAMI’s novel
cellular-structure forming approach
using capsule technology realizes high-
performance, lightweight cellular
concrete for green buildings with
superior environmentally-sustainable
properties to address the increasing
global demand for the next generation of
concrete.

Keywords: Alkaline sensitive; Capsule
technology, Cellular concrete, High
performance, Sustainability
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To overcome these hurdles, our capsule
technology offers a revolutionary
approach to the production of
lightweight cellular concrete. The
capsules are compatible with other
concrete ingredients and can be mixed
with cementitious materials, water
and aggregates in a conventional
rotary mixer to distribute them
uniformly and form a stable cellular
structure. This process is targeted to
be easily integrated into a concrete
production plant. Moreover, the
pore size and distribution of capsules
can be customized to meet specific
requirements. The adjustable shell
thickness of the capsule provides
flexibility with regard to various
applications of capsule-enabled cellular
concrete. Separate tiny capsules are
strong enough to resist pressure when
being mixed with aggregates and enable
closed cells to form in the cementitious
matrix for enhancing and optimizing the
mechanical properties and durability
of concrete. Furthermore, individual
and stable air voids formed by capsules
enable superior thermal and acoustic
performance.

2. USE OF ALKALINE-
SENSITIVE MATERIALS

Considering the hydration process of
concrete which forms a highly alkaline
environment (pH 12~13), alkalinity can
be treated as a triggering mechanism
for capsule rupture in concrete. The
water inside the capsules can then
be released to provide internal post-
curing of the cellular concrete. The shell
material of capsules is alkaline-sensitive.
Once the morphological change of the
polymer shell is large enough to induce
rupture, the water inside the capsules is
completely released within a controlled
period of time. Polymers have been

Polymer just after being added
to an alkaline solution

ﬁ%_,

A swollen gel in alkaline solution

identified as a capsule shell material
and their dissolution process is shown
in Figure 1. When a polymer is added
into a given solvent, its chain segment
starts to absorb solvent molecules,
resulting in an increase of volume and a
loosened structure over a relatively long
period. If polymer-polymer interactions
are relatively stronger than polymer-
solvent interactions, the process stops at
this first stage, producing a swollen gel
as a result. On the contrary, if polymer-
solvent interactions are relatively
stronger, the process continues until all
segments are solvated.

Polymers with acidic functional groups
can be generally dissolved in an alkaline
solution. Acidic groups accept protons
at low pH and ionize at high pH,
which changes the precipitation and
dissolution behaviour of a polymer chain
network. Among the common types are
carboxylic acid (Felber et al., 2012; Dong
et al., 2007), sulfonic acid (Gabaston et
al., 1999), phosphoric acid (Bingol et al.,
2008), and boronic acid.

It is noted that polymers derived
from weak acids only have a low pKa
value, which may lead to dissolution
in a neutral or even mildly acidic
environment. Capsules have been
designed to be stable over several hours
and then release water under alkaline-in-
nature concrete, the shell material thus
should also have a certain capability to
resist alkalinity. Therefore, hydrophobic
monomers, such as acrylate and styrene,
are introduced to cross-link with acidic
monomers during polymerization. Such
polymerized products are also named as
hydrophobically modified alkali-soluble
emulsion (HASE) polymers (Evonik
Industries, 2016; Zhu et al., 2017) as
shown in Figure 2.

®

@

Besides the abovementioned polymers
which can be totally dissolved, there are
numerous polymers which only swell
in water, such as acrylate-containing
polymers (Zuo et al., 2014; Evonik
Industries, 2016; Zhu et al., 2017). By
using such alkaline swollen polymers,
the release of water depends on
swelling and fracturing of the polymer
shell. The swelling property of these
polymers in water and alkali solution has
been studied and the degree of polymer
swelling in the alkali solution is expected
to be faster. The encapsulated water
would then be completely released from
the capsules after their rupture within a
controlled time.

3. CHARACTERIZATION
OF RESULTING
CAPSULES

3.1. Methodology

In view of different swelling/dissolution
properties of the polymers, several
capsule fabrication methods, such
as single emulsion, double emulsion,
spray drying and encapsulation, have
been investigated and described in
the feasibility report (Zhu et al., 2017).
Through the parametric study, the most
suitable method has been identified.
One of these fabrication processes,
single emulsion, is briefly introduced
here (Mana et al., 2007; Manokruang
and Manias, 2009). The HASE polymers
were dissolved in a methanol-water
solution and a 0.1 wt% methylene-blue
dye was added to visualize the release
rate of encapsulated water. Then,
the mixture was slowly emulsified in
mineral oil at a stirring rate of 600 rpm
and at room temperature until all the
methanol evaporated. Capsules were
then retrieved, washed and dried in
a fume hood. The key factors, such as

Figure 1: Dissolution
process of polymer
molecules in an
alkaline solution

Solvated polymer dispersed in

alkaline solution
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Poly (methacrylic
acid-co-methyl methacrylate)

polymer dosage and stirring rate, were
investigated. In the parametric study,
one factor was varied at a time while
all other factors were maintained at
the designated baseline level. Three
polymer dosages, namely 1, 3 and 5 wt%
(to methanol-water mixture), and four
agitation rates, namely 150, 300, 600
and 900 rpm, were tested.

The morphology of the resulting
capsules was observed using an optical
microscope and a scanning electron
microscope (SEM). The capsule size was
evaluated by measuring at least 150
individual capsules in the micrographs.
The thermal stability and water content
of the capsules were characterized with

Poly (methacrylic
acid-co-ethyl acrylate)

a thermogravimetric analyzer. The water
release behavior of the capsules in an
alkaline environment was evaluated by
dispersing 0.2 wt% capsules in NaOH
solution (pH 12 and 13). A small amount
of the outside solution was then taken
out and the concentration of methylene-
blue was measured by using a UV-Vis
spectrometer. The amount of water
released from capsules can be reflected
by the concentration of methylene-blue
in the outside solution.

3.2. Effect of polymer dosage

Capsules were fabricated via an oil-in-
oil encapsulation method. The effects
of polymer dosage and agitation rate on
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Figure 2: HASE
polymers

Poly (methacrylic
acid-co-styrene)

the properties of capsules were studied.
It was found that polymer dosage has
a significant effect on the size of the
produced capsules. Figure 3 shows that
the average size of capsules formed by
1%, 3% and 5% HASE polymers were
7.3 um, 9.6 um and 45 um respectively.
This indicates that lowering the polymer
dosage from 5% to 3% in the inner oil
phase resulted in a dramatic reduction
in capsule size and size distribution.
When the polymer dosage was further
reduced from 3% to 1%, the difference
in the capsule size was less apparent.
This is likely to be due to the viscosity
of the inner oil phase, which increases
with an increasing polymer dosage.
Lower viscosity at a lower polymer

(a) 1 % HASE
3128

(b) 3 % HASE
m

c) 5 % HASE

Figure 3a: Optical micrographs of capsules fabricated with different HASE dosages (of methanol-water mixture by weight): (a) 1%, (b)

3% and (c) 5% (agitation rate, 600 rpm)
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Figure 3b: Alkaline resistance capabilities of capsules fabricated with different HASE dosages (of methanol-water mixture by weight):
(a) 1%, (b) 3% and (c) 5% (agitation rate, 600 rpm)
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dosage would facilitate the breakup
of methanol/water droplets during
emulsification and the capsules would
be comparatively smaller. A compact
membrane was formed at a lower
polymer dosage since the methanol was
evaporated more easily and no pores
were left on the shell.

The alkaline resistance capability of the
capsules was then evaluated. When the
pH level of the solution is increased from
7 to 13, the capsules start to dissolve
and the encapsulated water and dye is
released. As a result, the dye intensity
in the outside solution can reflect the
alkaline resistance. The dye intensity
is taken to be the ratio of released dye
to capsule by weight. For 1% HASE, the
released dye was approximately 15mg/g
initially, increased to 45mg/g at 7 hours,
and became steady at 7-20 hours.
Dosages of 3% HASE and 5% HASE gave
similar behaviour, except that the total
amount of released dye was less than
30mg/g. This is because less water was
encapsulated in capsules fabricated
using a higher level of polymer. The
pH level had less influence on the

concentration of released dye for 1%
and 3% HASE, whilst the released dye
at pH 12 was significantly less than that
at pH 13 since 5% HASE had a thicker
shell to resist the alkaline concrete
environment.

3.3. Effect of agitation rate

The size of capsules could be controlled
by adjusting the stirring rate during the
emulsification process. Figure 4 shows
the optical micrographs of capsules using
different agitation rates of 150 rpm, 300
rpm, 600 rpm and 900 rpm. The average
sizes of the resulting capsules were
169 um, 119 um, 68 um and 71 um,
respectively. The diameter of capsules
decreased with an increasing stirring
rate, likely due to the strong shear force
induced at a high stirring rate.

Figure 5 shows SEM images of a single
capsule at a specific agitation rate. The
capsules were of a similar size and very
fine pores were found on the shell. More
pores were induced when the agitation
rate was set at 900rpm. Nevertheless,
water released from the capsules was

(d) 900 rpm

Scale bar: 200 pm

not significantly affected. From this
comparison, the suitable agitation rate is
between 300 rpm and 600 rpm.

4. LIGHTWEIGHT
CONCRETE WITH
CAPSULES

Lightweight cellular concrete blocks
were prepared using the resulting
capsules, and compared with normal
concrete blocks. The cellular concrete
was composed of cementitious
materials, water, aggregate, capsules
and chemical admixtures. Its
preparation process was similar to
that of normal concrete, except that
capsules were mixed with other dry
materials before water was added.
Blocks were produced, in which the
volume fraction of the capsules in the
cellular concrete was around 25%, and
its wet density (right after demoulding)
was measured to be around 1735kg/m?,
in comparison with the normal concrete
density of around 2300 kg/m?, as shown
in Figure 6. Moreover, cellular concrete
of various densities can be produced by

Figure 4: Optical
micrographs of
capsules fabricated
using different agitation
rates: (a) 150 rpm,

(b) 300 rpm, (c) 600
rpm and (d) 900 rpm
(HASE/methanol-water
mixture, 7% in weight)




SECOND PRIZE OF
CONSTRUCTION
SUSTAINABILITY

(a) 150 rpm (b) 300 rpm

Figure 5: SEM images

% 650 ighwas,  SED PCAow 15KV of capsules fabricated

g with different agitation
rates: (a) 150 rpm,

(b) 300 rpm, (c) 600
rpm and (d) 900 rpm
(HASE/methanol-water
mixture, 7% in weight)

introducing varying amounts of capsules
and fine-tuning the cementitious matrix.

Figure 7 shows the concrete blocks
sliced to observe their structure.
Compared to the normal concrete, the
concrete with capsules had a number
of evenly-distributed pores on the
fractured surface. Such a phenomenon
demonstrates that the capsules could
survive during the mixing process and
dissolve in an alkaline environment to
form a cellular structure.

5. CONCLUSION (a) Normal concrete (b) Cellular concrete with capsules

The cellular-structured forming : S -
approach using capsules is a game- Figure 6: Normal concrete and cellular concrete blocks
changing technology that can be used
to enhance stability and resistance to
rupture during prolonged transportation
and mixing with aggregates. The
capsule technology can also address
the challenges of making cellular
concrete that incorporates stable and
discontinuous pores. This paper has
described the selection of alkaline-
sensitive polymers, fabrication of
capsules, followed by characterization
of capsules under high pH levels. The
capsules have a diameter in the range
of 10-200 um, which are compatible to

Micropores formed by
water core-HASE shell capsules

Figure 7: Micrographs of fractured surfaces of (a) normal concrete and (b) cellular concrete.
Capsule fabrication: HASE/methanol-water mixture, 7 % in weight; agitation rate, 600 rom
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mixing with concrete slurries. Research
has revealed that the capsules could
survive after mixing with aggregates
during the concrete production phase.
The encapsulated water was gradually
released in alkaline solutions of pH
12~13 within one day, demonstrating
the versatility of lightweight cellular
concrete. The resulting concrete has a
density that was around 25% less than
concrete of normal weight.

The capsules are compatible with other
concrete ingredients and can be stored
in either dry powder or slurry form
in a silo that is linked to conventional
batching facilities. This process can
be easily integrated into a concrete
production plant.

The patented technology enables
capsules which are strong enough
to resist pressure during mixing
with aggregates. They also form
discontinuous cells in the cementitious
matrix that can improve compressive
strength and provide good thermal
insulation and water tightness.
Moreover, this technology paves the way
to enable the use of lightweight cellular
concrete in structural elements, such
as floor slabs, staircases and facades,
etc., and provides a distinctive building
material with superior mechanical
properties and better insulation which
meet the demands for creating a
sustainable smart city as advocated by
the HKSAR Government. Moreover,
the Government is now exploring

Modular Integrated Construction
(MIC) to enhance constructability
and productivity. We believe that our
high-performance lightweight cellular
concrete will be one of the appropriate
materials for the MIC system in view of
its performance and durability.
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