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Preface

On behalf of the Organizing Committee, it is our great pleasure to welcome you to
the International Conference on Sustainable Civil Engineering and Architecture
(ICSCEA) 2019 in Ho Chi Minh City. The conference is hosted by Ho Chi Minh
City University of Technology (HCMUT), Vietnam National University Ho Chi
Minh City (VNU-HCM).

The conference aims at a closer collaboration and cooperation between
Vietnamese and worldwide scholars in civil engineering and architecture. The
organizers expect to organize this conference biannually to create innovative space
for scholars in civil engineering and architecture to share, to exchange, to connect,
and to build a better world. As a developing country, Vietnam considers civil
engineering and architecture as the key fields to transform the country quickly to be
a developed and modern country.

The conference program includes 12 plenary and keynote lectures, and more
than 120 contributions to the field of civil engineering and architecture throughout
one and a half days in four sets of five parallel oral sessions. A majority of them
come from universities and research institutes of countries such as Australia,
Belgium, China, Dubai, Japan, Netherlands, Singapore, Korea, Taiwan, Thailand,
USA, Vietnam, and so on. This proceedings of the ICSCEA 2019 contains selected
papers that cover almost all the topics in civil engineering and architecture. We
hope that the papers in this volume of proceedings will trigger new ideas in your
professional work and research.

We would like to thank all authors for their contributions to this conference. We
also would like to thank the staff members of the HCMUT, VNU-HCM for
providing assistance during the preparation stage of this conference. We send our

xi



xii Preface

sincere gratitude to the dedicated reviewers for their time and contribution to
enhance the scientific quality of the manuscripts. Last but not least, we acknowl-
edge the support received from the sponsors. Without all this invaluable help, it is
difficult to imagine the success of this conference.

Ho Chi Minh City, Vietnam J. N. Reddy
Chien Ming Wang

Van Hai Luong

Anh Tuan Le

Editors of the ICSCEA 2019 Proceedings
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Floating Solutions for Challenges Facing )
Humanity L

C. M. Wang and Brydon T. Wang

1 Introduction

In 2003, Nobel Laureate Richard Smalley presented a list of top ten ‘global concerns’
that humanity had to contend with over the next half a century [27]. These global con-
cerns (as set out in descending order of priority) are: energy insecurity and the need
for alternative sources to fossil fuel; water shortages; food scarcity; environmental
threats from climate change and pollution; poverty; terrorism and war; disease, the
education gap, the development of democracy, and over-population [26].

Twelve years later, the United Nations General Assembly adopted resolution
70/1 that set out 17 Sustainable Development Goals or SDGs for brevity [22]. The
goals provided a framework that allowed countries (both developed and develop-
ing nations) to align their efforts to, in essence, solve a similar set of problems to
Smalley’s list of global concerns.

The authors suggest that how we choose to deploy infrastructure and build our
cities will have a significant impact on the way we are able to respond to the global
concerns and meet the SDGs. While the challenge of adopting cheap and abundant
renewable energy sources is given pre-eminent position on the list of global concerns,
this article considers that any infrastructure solution addressing the challenge of
abundant clean energy production (or any of the remaining global concerns) must
also contend with the environmental threat of rising sea levels, particularly in light
of coastal urbanisation. Accordingly, this article positions the environmental threat
of rising sea levels and extreme storm events on the same level of pre-eminence on
the list of global concerns [18].
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However, rather than armouring our coastlines against the increasing threat of
rising sea levels, there is a need to consider the ocean as a means of providing succour
to our emerging needs. Ocean exploration has fuelled advancement in drugs, food
and energy; vastly improving the quality of life on earth. In fact, twenty percent of the
protein we consume comes from seafood, and half of the oxygen we breathe comes
from the oxygen produced by phytoplankton photosynthesis in the sea [23]. This
has given rise to a constellation of different economic and socio-political activities
seeking to sustainably leverage the resources of the ocean while broadly preserving
and enhancing ocean ecosystems. These activities fall under the broad umbrella of
the ‘Blue Economy’ which is defined by the World Bank as the ‘sustainable use
of ocean resources for economic growth, improved livelihoods and jobs, and ocean
ecosystem health’ [30].

In this paper, we present floating solutions in four parts to address the challenges
of energy insecurity, clean water and food shortages, environmental concerns, and to
support resilient communities in addressing social issues of poverty and population
pressures on urban development. The authors note that the floating solutions set out
in this article allow us to support the Blue Economy and meet the following SDGs:

(SDG 7) affordable and clean energy—through the use of floating wind turbines, floating
solar farms, wave energy converters and the exploitation of ocean thermal energy conversion;

(SDG 6) clean water and sanitation—through the use of floating desalination plants that can
be towed and deployed in crucial situations;

(SDG 9) industry, innovation, and infrastructure—through the use of floating structures to
avail offshore fish farming and floating vegetable and dairy farms. Floating structures can
also be used to support the blue economy through installations for tourism and cultural
spaces;

(SDG 13) climate action—through the use of floating structures to access the ocean’s poten-
tial to provide abundant and clean energy, reducing dependency on fossil fuels and biomass
for energy generation;

(SDG 14) life below water—through the use of floating structures and ecological engineering
to reduce the impact of hard marine infrastructure on fragmentation of coastal environments
and disruption to wave patterns, and a move away from the traditional land reclamation
approach that destroys the marine ecology beneath the project footprint;

(SDG 15) life on land— through the potential for floating structures to enable cities to
alleviate land pressures due to coastal urbanisation; and

(SDG 11) sustainable cities and communities—through hybrid floating cities, where cities
expand over adjacent water bodies in an environmentally sensitive way while exploiting the
ocean as a clean and abundant source of energy and site for food and clean water production.
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2 Part 1: Floating Solutions for Harvesting Energy
from Oceans

Smalley [26] notes that access to energy is the single most important factor that
impacts the prosperity of any society. Cheap and abundant clean energy allows us to
deploy technology to help us desalinate water, increase food production, reduce our
impact on the environment from the use of fossil fuels and take steps to reduce our
environmental footprint.

While we have met our energy demands by expanding into the oceans to exploit
offshore oil and gas deposits, the oil crises of the 1970s sparked international research
into offshore wind energy in the 1980s [12]. As the offshore renewable energy indus-
try matures in certain jurisdictions and public desire for solutions to reduce carbon
and greenhouse gas emissions become more urgent, a range of clean energy sources
such as solar energy, wind energy, wave energy and tidal current energy are coming
to the fore.

Presented in this section are floating solutions for harvesting different forms of
energy from our oceans or siting sensitive energy infrastructure in the ocean to
address energy insecurity and provide a means of obtaining clean and abundant
energy without the use of fossil fuels and biomass.

2.1 Floating Wind Turbines

The ocean offers a source of cheap and abundant renewable energy. There is more
wind in the oceans than on land with ‘estimates regarding global potential of wind
energy capacity alone exceeding the IEA’s 2010 estimate of average global electricity
generation’ [21]. Systematic Ocean Energy Resource assessment shows that offshore
wind amount to more than 192,000 TWh/year [20].

This vast amount of wind energy from the ocean may be harvested using float-
ing offshore wind turbines and made readily available to coastal populations. A
significant advantage of offshore applications of wind turbines are that the actual
components that make up the turbines do not have the same transportation con-
straints as their land-based alternatives, which allows floating wind turbines to be
made at a significantly larger scale. Currently, onshore wind turbines range from 2.1
to 5.8 MW whereas offshore wind turbines range from 6.0 to 10.0 MW (Siemens
Gamesa). In a recent demonstration project in Goto Island, Japan, a 2 MW spar
floating wind turbine was designed and installed. It has a hybrid precast concrete
and steel spar of 76 m in length that carries a 56 m tower with a rotor diameter of
80 m (see Fig. 1a). With the success of this project, plans are also underway to build
another 8 larger floating wind turbines to supply electricity for the entire Goto Island.
Similarly, Saitec is building concrete pontoon type floating wind turbines in Spain
(see Fig. 1b) [16].
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Fig. 1 a Floating spar wind turbine, Goto Island. b Saitec wind turbine on concrete pontoon off
the coast of Spain

2.2 Wave Energy Converters

It is estimated that wave energy amounts to 80,000 TWh/year [20]. However, the
technology extant is not at a level of maturity that readily allows the exploitation of
wave energy at scale. At the heart of the operational challenges to harvesting wave
energy is that the components of the converters tend to break down after a period of
time due to the continual movement of their parts under enormous forces.

Pelamis was one of the first companies to commercialise ocean surface wave
energy conversion. It began in 2004 with a prototype at the European Marine Energy
Centre in Scotland that was followed by the Enersis Aguacadoura Wave Farm in
Portugal. Unfortunately, the Portuguese installation proved to be short-lived, operat-
ing for less than half a year. Following a number of small-scale wave farms around
Europe, Pelamis went into administration in November 2014 [2].

However, new technologies aimed at harvesting wave energy are still being tested.
One such emerging technology is offered by Eco Wave Power where floaters that
rest on the water surface are attached to an existing marine structure, such as a wharf,
pier or breakwater. The technology utilises incoming surface waves through the use
of floaters that pump hydraulic pistons, which in turn generates pressure that drives
a hydraulic motor to create energy. The deployment of the technology along coastal
installations increases accessibility and ease of maintenance. The technology has
been successfully deployed in Gibraltar and in the Jaffa Port in Israel (see Fig. 2a)
https://www.ecowavepower.com/.

Similarly, the Guangzhou Institute of Energy Conversion has developed a new
form of wave energy converter based on energy absorbers mounted on a semi-
submersible floating structure called the Sharp Eagle (see Fig. 2b). The energy
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Fig. 2 a Eco wave power installation at Jaffa Port, Israel. b Sharp Eagle developed by Guangzhou
Institute of Energy Conversion

production system was integrated into the grid at Dawanshan Island in 2015, and
claims to have the highest average wave-to-wire efficiency recorded at 24% http://
english.giec.cas.cn/ns/tn/201707/t20170725_181220.html.

2.3 Floating Solar Farms

Floating solar farms are installations of photovoltaic (PV) systems on floating struc-
tures. This form of siting PV arrays in the ocean is a fast-growing deployment option
with over 100 installations worldwide [14]. One of the key advantages of the deploy-
ment strategy is that these floating solar farms can be located close to urban envi-
ronments without the problem of overshadowing by adjacent buildings. Reservoirs,
lakes, seas and oceans offer abundant space to site these floating solar farms. When
deployed on reservoirs, floating solar farms help to reduce water loss via evaporation
and prevent the growth of algae.

Anexample of such an installation is the Kagoshima Nantsujima mega solar power
plant, a 70 MW floating solar plant in Kagoshima Prefecture of Southern Japan (see
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Fig. 3 a Floating solar plant in Kagoshima. b Floating solar farm in Huainan, China, which has
been deployed over a flooded area that was once a coal mine

Fig. 3a) which started operation in 2013. The floating solar farm is presently the
largest solar power plant in Japan with a capacity to generate enough electricity
for 22,000 average households. Other examples include the floating solar farm at
Yamakura dam, which houses 50,000 solar PV panels over 180,000 m? of the surface
of a reservoir [32]. A large floating solar farm is found in Huainan, China, which
started operation in 2017 (see Fig. 3b). It occupies a flooded area that was once a
coal mine. The farm has the capacity to generate 40 MW of electricity to power
15,000 households. In Europe, London has also installed a 23,000 floating solar PV
farm on a man-made reservoir near Heathrow airport [8]. Singapore has contributed
significantly to the research in floating solar application on fresh water reservoirs by
building the world’s largest 1 MW floating solar testbed on the Tengeh Reservoir
[14].

2.4 Ocean Thermal Energy Conversion (OTEC)

OTEC exploits the temperature differential between the warmer part of an ocean
surface and the cooler waters deeper. Warm surface water with a temperature of
around 25 °C is utilised to vaporise a working fluid that has a low-boiling point
(such as ammonia). The vapour expands and spins a turbine coupled to a generator
to produce electricity. By using risers (or vertical pipelines), cold water of about
4 °C is drawn from an ocean depth of 1 km to cool the ammonia vapour back to its
liquid state for the power cycle. OTEC plants have yet to be built but it is envisaged
that OTEC will be mankind’s solution for its energy needs due to the abundance of
solar energy that has been stored in the surface waters of oceans. Figure 4 shows Dr.
Alfred Yee’s 125 MW OTEC plant.
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Fig. 4 Dr. Alfred Yee’s 125 MW OTEC plant

2.5 Floating Nuclear Power Plants and Oil Storage Facilities

While not directly exploiting the ocean as a source of abundant and clean energy, the
following floating solutions aim at addressing energy insecurity by locating energy
infrastructure in close proximity to an urban population so as to reduce the require-
ment to build expensive electrical transmission infrastructure or to utilise valuable
coastal land resources for energy or oil stockpiles. Such floating structures also
exploit the natural moat of the surrounding ocean space that allows such sensitive
installations to be securely operated despite its proximity to coastal populations.
Russia launched the world’s first floating nuclear power plantin 2018 (see Fig. 5a).
The 70 MW vessel christened the Akademik Lomonosov was towed away from

b

Fig. 5 a Russia’s floating nuclear power plant. b Floating nuclear power plant
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St Petersburg by two boats. It is presently deployed in the Arctic town of Pevek.
A floating nuclear power plant makes economic sense where there is a need to
supply power to highly remote locations. The ability to tow such energy infrastruc-
ture around is ideal as it reduces the need to construct powerlines and transmission
towers to bring power to these remote locations. Currently, Russia and China are
collaborating to develop other floating nuclear power plants (see Fig. 5b).

At present, oil tank farms are typically sited on land. For safety, these flammable
oil tank farms could be floated out. Japan has shown that oil can be safely stored
in the sea. There are large floating oil storage bases in Shirashima and in Kamigoto
[31]. In Shirashima oil storage base, there are 8 large steel floating modules (each
module measuring 397 m x 82 m x 25.1 m) and they can accommodate 5.6 million
kL of crude oil. In the case of the Kamigoto base, there are 5 large steel floating
modules (each module measuring 390 m x 97 m x 27.6 m) with a total storage
capacity of 4.4 million kL (see Fig. 6). These floating oil storage bases were built
over 20 years ago. Similarly, Singapore plans to build a floating hydrocarbon storage
and bunker facility in its coastal waters due to lack of appropriate land space for oil
tank farms. Figure 7 shows the proposed floating hydrocarbon storage and bunker

Fig. 6 Kamigoto floating oil
storage base

Fig. 7 Floating hydrocarbon
storage facility
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facility as designed by researchers from the National University of Singapore and
SINTEF [1, 36, 37].

Offshore storage facilities for the energy industry are also being considered by
Deloitte Tohmatsu with offshore hydrogen storage facilities to be deployed in close
proximity to offshore rigs in order to exploit and harvest the hydrogen by-product
created in these installations [11].

3 Part 2: Floating Solutions to Address Water Shortages
and Food Scarcity

Presented in this section are floating solutions that address water shortages and pro-
vide opportunities to increase offshore aquaculture and agricultural applications to
meet increasing food demands.

3.1 Floating Desalination Plants

As climate change causes havoc with the world’s rainfall distribution, some parts of
the world like California, the Eastern Mediterranean, East Africa, South Africa and
Australia have all experienced severe and in some cases unprecedented droughts in
recent years. The global desalination market has expanded dramatically particularly
in North America and the Middle East [11].

Kokubun noted that despite Southern California experiencing a continuous
drought event that began in the early 1990s and lasting half a decade, it took until 2013
before construction began on a desalination plant at Carlsbad, California. Further,
given concerns of environmental damage caused by drawing from adjacent coastal
sources, land-based desalination plants are increasingly required to adopt expensive
solutions to draw seawater from further out and at the bottom of the sea to avoid
drawing in and killing small marine species in nearby coastal environments. These
desalination plants are also expensive to operate with facilities left dormant after the
particular drought event passes. In 2012, the Sydney Desalination Plant was left in
a ‘water security’ mode after operating for two years, but was recently restarted in
January 2019 (although it will take 8 months to restart the desalination facility).

Floating desalination plants offers a means of addressing water shortages in a
faster, cheaper and more flexible manner. As these facilities can be floated to the
urban centre at need, this flexibility of deployment to meet demand provides sig-
nificant advantage. These facilities can also be located at sites further from coastal
environments to ‘preserve diversification of the shallow sea’ environment [11].

Bowarege has developed the world’s first self-contained desalination plants
mounted on barges. Each barge has the capacity to produce 25,000 m? a day of desali-
nated potable water from primary seawater. Barges are fitted with reverse osmosis
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Fig. 8 Floating desalination plant at Jeddah

desalination plants, on-board power generators, laboratories, control rooms and staff
accommodation. Since operations began in 2008, the floating desalination plants have
provided emergency water supply to several Saudi Arabian cities. First moored at
Shuaibah, south of Jeddah, delivering water to Makkah and Jeddah (see Fig. 8). They
moved to Shuqaiq in 2009 until the Shuqaiq Independent Water and Power Project
came online a year later, and since 2011 they have been at the Yanbu-Madinah desali-
nation plants complex on the Red Sea to serve the industrial city of Yanbu and the
city of Madinah. Cyprus and Thailand have similarly deployed floating desalination
plants.

3.2 Floating Fish Farms

Despite the potential opportunity for using floating desalination plants as a means of
clean water production, the existing state of play is that ‘available water resources
appear insufficient for agriculture to meet the food demands’ of future populations
[6]. This water shortage is exacerbated by forecast changes to the composition of
diets with a shift to more meat (which consumes 10 times more water to produce per
calorie) and a further ten per cent increase in calorie consumption. Coupled with the
higher incidence of droughts and floods, the prospect of water shortages translates
to greater food insecurity.

Fish is known to be the cheapest protein source that can be farmed to feed billions
of people that will be added to the world. Fish has an excellent food conversion ratio
of 1.2:1, i.e. we can expect 1.2 kg of protein from the fish by feeding it with 1 kg
of protein [15]. The reason for this significant food conversion ratio is the fact that
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a b

Fig. 9 a Norwegian’s Ocean Farm 1. b Chinese’s Shenlan 1

the fish is cold-blooded and the buoyancy force of its environment helps the fish to
overcome gravity, allowing its bones to stay relatively small. Given the decline of
yield in global fisheries, many countries with coastlines are now farming fish for
food and for export, with aquaculture contributing to 39% of food production [6].

Duarte et al. [6] noted that fish farming in nearshore environment relies on the use
of public coastal space. Accordingly, nearshore fish farms end up in direct ‘compe-
tition with other societal demands’. This leads to increased community opposition
and in conflict with other usages such as shipping, fishing, tourism, conservation
and recreation. Further, given the limited space available to nearshore fish farms, the
farmed fish tend to be kept in crowded conditions that impact the coastal environment
due to pollution caused by uneaten fish feed and fish faeces.

Conservative estimates by Duarte et al. [6] observed that an ocean shelf area of 26
million km? could support a distributed offshore fish farms production industry that
would yield of 3 x 10'° to 6 x 10'° metric tonnes in fish products. The study, reported
in 2009, observed that only 0.04% of shelf area was currently used for offshore fish
farming. Accordingly, fish farm operators worldwide are planning to move offshore
for more sea space and generally better water quality, which are needed to increase
the production of healthy fish [33]. Figure 9a, b show huge offshore fish cages
designed by the Norwegians and by the Chinese, respectively. These fish cages can
accommodate more than 1 million salmon, and are 10 times larger than conventional
open net cages in nearshore farming.

3.3 Floating Vegetable and Dairy Farms

In order to reduce transportation and energy costs in bringing food to coastal cities
or cities with water bodies, floating vegetable and dairy farms have been proposed.
The Barcelona-based Forward Thinking Architecture proposed a 2-tier floating farm
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com/

Fig. 11 Floating dairy farm in Rotterdam. Photo courtesy of Soon Heng Lim

with the first tier devoted to fish farming, the second tier for hydroponics vegetables
and the roof covered with PV panels for power as shown in Fig. 10.

The first floating dairy farm in the world has been built in Rotterdam (see Fig. 11).
The cows on this dairy farm produce milk which will be processed into various dairy
products at the site on the water. Worldwide the idea of a floating farm is accepted
as being animal friendly, economically sound and as a sustainable alternative to
traditional agriculture. With this scalable and duplicable pilot, Rotterdam is testing
the real possibilities for floating farms in cities.

4 Part 3: Floating Solutions to Address Environmental
Concerns

4.1 Floating Solutions for Clean and Safer Water
Environment

Smith-Godfrey [28] observed that the ‘inherently fluid nature’ of the ocean makes it
challenging to isolate marine industries and other economic activities from impacting
marine ecosystems. Burt et al. [4] note that the primacy of coastal cities in the global
economy has led to considerable costs to the environment.


http://smartfloatingfarms.com/

Floating Solutions for Challenges Facing Humanity 15

Fig. 12 Boyan Slat’s long floating screens

The oceans have been used as rubbish dumpsites. In the Pacific Ocean, there is a
garbage patch called the Pacific Trash vortex discovered in 1985. The garbage patch
(a soupy mix of plastics and microplastics), now the size of Texas, is trapped by the
ocean currents. In 2017, a 22-year old Boyan Slat proposed using a 2000 ft long
floating plastic boom, attached to a geotextile skirt that extended about 10 ft beneath
the water surface to concentrate the plastic garbage like an artificial coastline (see
Fig. 12). The screens capture plastic trash as small as 1 cm and as large as discarded
fishing nets. At regular intervals, a ship would transport the trash back to land where
it would be recycled. By 2040, Slat promised that he could clear 90% of the trash.
The removal of plastic garbage in the oceans is essential as it has been recently
discovered that microplastics are found in the fish that we eat.

Rivers and coastal waters may potentially be cleaned by Vincent Callebaut’s
proposal of a whale-shaped floating garden that is designed to drift through the water
bodies while cleaning the water by using a bio-filtration system (see Fig. 13) [17].

4.2 Floating Solutions for Protecting Fragile Shorelines,
Beaches and Ports from Large Waves and Winds

Sustained coastal urbanization patterns have led to the alteration of coastal habitats to
accommodate residential and commercial infrastructure. Land reclamation practices
cause the complete destruction of the marine ecology below its urban footprint. This
is exacerbated by the growing need to protect coastal development from the threat of
sea level rises and the intensification and increased incidences of tropical storms. This
has led to the prolific use of marine infrastructure such as breakwaters, seawalls, and
pilings to protect the coastal urban fabric. However, these marine structures fragment
the undersea environment and lead to significant loss of habitat [3].
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Fig. 13 Vincent Callebaut’s whale shaped floating garden

Engineering practices in respect of coastal urban development have shifted in
response to growing awareness of the need to restore fragile shoreline environments.
This has led to the development of ‘soft engineering’ practices that deploy the ‘wave
attenuating and flood control properties of natural ecosystems such as marshlands,
mangroves, and oyster reefs in order to reverse the impact of hard infrastructure
changing coastal hydrodynamics and wave environments, particularly in intertidal
and shallow subtidal habitats [3].

Instead of solid breakwaters breaking up littoral flows, large-scale floating break-
waters now provide a solution to shield all coastal assets from being destroyed by
strong waves while ensuring that fragmentation of the undersea habitat is minimised
[5]. By having a windbreak structure on the floating breakwaters, destructive wind
speeds may also be reduced to manageable wind speeds. Wang et al. [35] in the Uni-
versity of Queensland have developed a floating forest (inspired by the mangrove
forest) as part of a component of a mega floating breakwater and wind-break struc-
ture to protect fragile beaches, ports and marinas from extreme storms (see Fig. 14).

Fig. 14 Floating forest
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This continues a new approach towards ‘ecological engineering’ that aims to inte-
grate ‘theoretical and applied ecology ... into the design of artificial, engineered
structures in order to enhance both the environmental and human-use benefits of
constructed habitats’ [4].

S Part 4: Floating Solutions to Support Resilient
Communities

5.1 Hybrid Floating Cities: Architecture and Urban Design
in Support of the Blue Economy

Our crucial relationship with the ocean is highlighted by the significance of coastal
cities where ‘80% of global trade transits through port cities and nearly two-thirds of
the petroleum that powers the global growth engine ... are transported via maritime
networks’. This attraction to the ocean has driven coastal urbanisation such that close
to 50% of global population, and two thirds of mega-cities worldwide are squeezed
into the tenth of available global landmass that comprise our coasts [4].

Floating structures anchored onto the shoreline of coastal cities allow the cre-
ation of hybrid floating cities, where cities expand over their adjacent water bod-
ies in an environmentally sensitive way while exploiting the ocean as a clean and
abundant source of energy and site of food and clean water production. In such a
manner, architecture and urban design can be harnessed to support and grow the Blue
Economy.

In his germinal work on ‘Making a City’, John Montgomery noted two decades
ago that the ‘sprawl, strip or edge city, more often than not planned around the
automobile ... is no longer considered sustainable (economically and socially as
well as environmentally)’. Despite these observations, the compression of the urban
form against shorelines naturally produces linear urban development that characterise
strip or edge cities. By expanding over the adjacent water body, linear urban forms
can be gradually reshaped to be made denser and more compact.

However, the idea of using floating solutions to shape and supplement coastal
urban forms is not novel. The Japanese Metabolists and Archigram and Buckminster
Fuller in the West provided sophisticated proposals that aimed to grow our cities into
the adjacent ocean space, connecting floating communities back to the mainland via
bridges [34].

This section surveys floating solutions, built and unbuilt, that offer key potential
solutions for cities to utilise floating structures to create vibrant and new spaces
for activity, bringing together disparate parts of the city through new floating
infrastructure to permit greater densification of the existing urban environment.

First, given the intimate connection a floating structure offers to the water, there
is a clear advantage offered by such installations to the tourism industry and for cul-
tural activities. Montgomery notes the critical ingredient of ‘activity’ (described as
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Fig. 15 Christo’s floating walkway on Lake Iseo, Italy

‘natural animation’ or the ‘city transaction base’) to the success of urbanity. Where a
city does not possess these spaces to ‘facilitate exchange of information, friendship,
material goods, culture, knowledge, insight, skills and also the exchange of emo-
tional, psychological and spiritual support’ ... the urban form of the city ‘becomes
progressively more lifeless, dull and inert’. Consequently, cities have also been using
floating structures as a means of programming places for ‘activity’ into the city with-
out subsuming existing parts of the urban fabric, and instead, utilising public ocean
space.

In the summer of 2016, artist Christo deployed a 3 km long floating walkway in
Lake Iseo, Italy. Comprising 220,000 high-density polyethylene cubes, the floating
walkway was 16 m wide and was covered in 100,000 m? of shimmering yellow fabric
(Fig. 15). Visitors who were attracted by the installation remarked that the experience
had offered them the opportunity to feel like they were walking on water or the back
of a whale.

This idea was duplicated as a scenic floating wooden 500 m walkway in Shiziguan,
Hubei (see Fig. 16), and the world’s longest boardwalk on the Hongshui River in
China (see Fig. 17). Both floating solutions assisted in supporting the tourism industry
in contributing significantly to the local economies.

But beyond the economic potential offered by such tourism installations, floating
solutions can contribute to the vibrancy of the urban fabric of cities, contributing
to the well-being of residents. In Singapore, floating wetlands were built to bring
vibrancy onto the Punggol Waterway. Each floating wetland comprises hexagonal
shaped HDPE modules with a hole in the middle of each module for water plants to be
housed (see Fig. 18). But beyond the spaces for play and for activating the city, since
the deployment of the wetlands project, the water quality in Punggol Waterway has
improved and many pond animals are thriving on the wetlands. Additional floating
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Fig. 16 Floating walkway in Hubei

Fig. 18 Floating hexagonal shaped HDPE modules and floating wetlands on Punggol waterway

wetlands were recently constructed in Singapore’s Pulau Ubin to provide additional
habitats for herons.

In Seoul, three floating islands were constructed to bring vibrancy to the Han River
(see Fig. 19). The islands can accommodate 6200 people. The 20,400 m?> complex
houses 3 cultural centres, featuring performances, water sports and aquatic events.
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Fig. 19 Seoul floating Islands

Since its opening, millions of people have visited the islands and it is now a very
popular tourist and local cultural activity spot.

In Europe, Paris has activated its public river spaces by creating a floating commu-
nity centre (Fig. 20a) and a separate floating urban art centre (Fig. 20b). These floating
solutions create new and attractive public space and to provide the preconditions for
successful urban places [19, 24].

Similarly, the Dutch have built a floating pavilion in Rijnhaven (see Fig. 21)
comprising 3 interlinked spheres, the largest of which has a radius of 12 m and the

Fig. 20 a Floating community center in Paris. b Floating urban art centre in Paris
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Fig. 21 Floating pavilion in Rotterdam, The Netherlands

floor space of the pavilion island is 46 m x 24 m. The floating pavilion currently
serves as an exhibition and events venue.

Other projects that may drive activity and place making in the city are oriented on
creating novelty—addressing Sherman’s [25] indicator of a successful urban place
of a surprising feature in a city ‘to keep citizens awake, provide topics of conversa-
tion, [and to] prevent ennui’. In Sorenga, Oslo, a floating beach was built next to a
hip condominium complex (see Fig. 22). The additional commercial benefit of the
novelty was the resultant increase in property prices of the adjacent properties.

In the same vein, floating restaurants and floating hotels serve as places of surprise
in cities. Their novelty create excitement for customers and city occupants. Examples
of such floating solutions are seen in Fig. 23, showing the famous Jumbo restaurant
in Hong Kong, and Fig. 24, showing the Le Off Paris Seine floating hotel.

Singapore has the world’s largest floating performance stage which is sited on
the Marina Bay (see Fig. 25). It is a steel platform and measures 120 m x 83 m X
1.2 m. A more detailed description of this floating platform is provided by Koh and
Lim [10]. The National Day Parade and festival celebrations are held annually on
this floating platform.

5.2 Floating Solutions for Infrastructure

Urban communities separated by deep rivers, lakes, fjords and straits may be joined
by using floating bridges, roads and railways to generate greater economic activities
and human interaction. These floating structures can be kilometres long as they
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Fig. 23 Jumbo restaurant in
Hong Kong
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Fig. 25 Floating performance stage at Marina Bay, Singapore

exploit the free-of-charge buoyancy force of the water to carry the massive dead
loads and traffic loads. Examples of these large floating bridges are the 2020 m long
Lacey V Murrow Memorial Bridge over Washington Lake (see Fig. 26a), the 2350 m
Evergreen Point Floating Bridge in Seattle over 61 m water depth atop 61 m soft silt
(see Fig. 26b), the 1246 m long Nordhordland bridge at Salhus over a fjord depth
of 500 m (see Fig. 26c), the 845 m long Bergsoysund Bridge near Kristiansund
over a fjord depth of 320 m (see Fig. 26d) and the 410 m Yumemai Floating Steel
Arch Bridge in Osaka (see Fig. 26e). More ambitious plans are underway to build
submerged floating road tunnels with either pontoon or tension-leg supports to cross
the wide and deep fjords in Norway along the E-39 highway.

Where a marine site is characterised by a large tidal variation, floating piers have
been built so that the required freeboard can be maintained at any time. South Korea
has built two very large floating cruise ship piers in Incheon Golden harbor that
has a tidal variation of 10 m [9]. One floating pier is made of steel whilst the other
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Fig. 26 a Lacey V. Murrow Bridge. b Evergreen point floating bridge. ¢ Nordhordland bridge.
d Bergsoysund Bridge. e Yumemai floating steel arch bridge in Osaka

made from prestressed concrete (see Fig. 27). In Japan’s Ujina port, there are a few
floating piers which have been in operation for a few decades. Alaska has a floating
prestressed concrete terminal dock. It is envisaged that many floating ports will be
built in the near future as ships get larger (longer and heavier) and longer wharves
and deeper water depth are needed for berthing.

The Japanese successfully demonstrated the feasibility of a floating airport by
carrying out tests on a 1 km long floating runway from 1995 to 2000 [29] as part of
the investigation into a second runway for Kansai International Airport (see Fig. 28).
The project underscored the urban design strategy of locating sensitive infrastructure
(much like the oil storage and hydrogen storage facilities identified above) in the
ocean securely away from but still in close proximity to urban centres. Subsequent
research in this area has also produced investigations into the feasibility of a super-
scale floating airport comprising multiple floating modules [36, 37].
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Fig. 27 Floating piers in Incheon Golden harbor. Photo courtesy of Kwanghoe Jung

Fig.28 Mega-float—a 1 km long floating airplane runway test model in Tokyo Bay. Photo courtesy
of M. Fujikubo

5.3 Floating Solutions for Land Scarce Coastal Mega-Cities

The phenomenon of coastal urbanisation has led to significant pressure on land-based
resources. Chief among these is the quest for available land space for residential,
commercial and recreational activities. While this has led to significant projects to
reclaim land from the ocean, land reclamation projects are highly environmentally
problematic as they destroy the marine ecosystem below their footprint and require
further damage to the environment at the source of where fill materials are extracted.
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Fig. 29 a Canoe Pass village in Vancouver. b Floating homes in Copenhagen

Land reclamation also becomes economically unfeasible where the site has a soft
bed or where water depth exceeds 30 m. However, one of the significant issues of
land reclamation is that the created space is still subject to the threat of rising sea
levels.

Floating solutions utilising VLFS technology has been embraced by land-scared
countries such as Singapore, Monaco, the Netherlands and Japan. The advantages
of VLES over traditional land reclamation include the fast pace in which space for
urban development can be created and utilized, lowering the cost of deployment and
allowing projects to be delivered more quickly. The flexibility of deployment allows
the programmed space on top of these floating structures to be towed to the area of
need. Further, as these floating structures are inherently base isolated, they are not
affected by seismic action and are, due to their nature, immune to rising sea levels.

Although there is no VLFS suburbs currently under construction, floating houses
and villages have long been part of our history. For example, Fig. 29a shows the
floating houses in Vancouver, Canada and Fig. 29b shows the floating homes (made
from container boxes) in Copenhagen for students. As more examples are built in
the future as solutions to tackle coastal urbanisation, the authors suggest that there
will be growing familiarity and acceptance of floating structures as simply exten-
sions of the existing urban environment. This in turn may open the way to more
visionary satellite applications of floating cities, such as Vincent Callebaut’s Float-
ing LilyPad settlements (see Fig. 30a) to accommodate climate refugees and Bjarke
Ingels’ Oceanix City proposal to house 10,000 people (see Fig. 30b). Joseph Lim
from the National University of Singapore recently explored the prospect of repur-
posing semi-submersible and superbarges into offshore and nearshore settlements to
potentially accommodate 1.6 billion people on 6510 offshore settlements [13].

6 Concluding Remarks

Our world faces many challenging problems ahead as a result of climate change and
overpopulation. Some of these challenges can be solved by looking towards the vast
oceans which take up about 70% of the world’s surface. By using our technological



Floating Solutions for Challenges Facing Humanity 27

Fig. 30 a Floating Lily Pad city. b Floating city by Bjarke Ingels

advances in ocean engineering, marine and offshore structures and innovative ideas
of floating solutions, we can:

secure abundant offshore renewable energy for the world’s energy needs,
deploy mega-floating aquaculture farms and desalination plants to meet our need
for clean water and food production requirements,

e create cleaner marine environments and safer urban spaces by cleaning the oceans
and siting hazardous industry at sea away from urban populations,

® increase economic activity and vibrancy through the creation of businesses and
jobs associated with the Blue Economy,

e construct infrastructure through the use of floating structures to create new urban
corridors by connecting land parcels separated by water bodies. This will allow
enhanced economic activities and population distribution through these new
connections, and

e build floating villages, towns, cities and even countries to produce hybrid float-
ing city solutions to address population pressures on land-based resources and
ameliorate the linear sprawl of urban development along coastlines.

The ocean is clearly the next frontier for the future of cities. It offers itself as
a resource that we must sensitively engage with in order to increase our habitable
environments for us to live, work and play. It is crucial we understand our role as
city builders and exercise stewardship of this resource for future generations and to
ensure that we lean on (or float over) the oceans for our urban needs while preserving
and celebrating our valuable marine ecosystems.
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Decadal Morphological Recovery )
of Estuaries and Coasts After the 2011 Gedida
Tohoku Tsunami

Hitoshi Tanaka and Trong Hiep Nguyen

1 Introduction

The 2011 Great East Japan Earthquake and Tsunami is considered as one of the
most devastating catasorophes in Japan with a record of 40 m wave height in Iwate
Prefecture [12]. The tragedy brought a huge miserable damage and loss to both
tangibles and people in the areas along the coast of Miyagi Prefecture from Iwate to
Fukushima Prefecture.

The hazard of earthquake induced-tsunami now is not arare problem in world since
according to the global historical tsunami database [13] for the last 20 years, major
earthquake generated-tsunami has occurred with the frequency at least one event a
year. In the globe, a considerable amount of literature has done in regard to the impacts
of tsunami on coastal areas. Concerning the 2004 Indian Ocean Tsunami, several
studies about the morphology change set off by the tsunami were conducted (e.g., [2,
11, 14, 24]). Some of these researches were faced with the deficiency of topography
data before the tsunami. Paris et al. [15] studied the spatial distribution of tsunami
deposit at West Banda Aceh, Indonesia along 18 km of the coastline and reported a
maximum coastal erosion of 123 m. Goto et al. [3] carried out the investigation of
the discrepancy of bathymetry due to the tsunami along 2 km of coastline including
Kirinda Harbor, Sri Lanka. This study provided that sedimentation along the shoreline
occurred due to the tsunami except in the harbor, where erosion occurred, and the
bathymetry data were restored to pre-tsunami levels within a year after the tsunami.
And most recently, Koiwa et al. [8] indicated the barrier spit recovery at Pakarang
Cape, Thailand.

Regarding the 2011 Great East Japan Earthquake and Tsunami, the multidisci-
plinary research of the coastal damage and recovery after the tsunami was encouraged
by a great deal of support due to the sufficiency of both pre and post-tsunami data.
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This is shown by many studies on severe erosion on coasts and complex morphology
phenomena by using field data, aerial and satellite photographs [1, 16-23]. Among
them, Tanaka et al. [18] reported comprehensively on the significant changes of
coastal and estuarine areas in Miyagi Prefecture such as beach erosion, breaching,
sand barriers and sand spits’ disappearance. Recently, to focus intrinsically on the
morphological change at river mouths and adjacent zones, Hiep et al. [4] learned the
evolution of the sand spit in relation to the sand terrace normally fed by the ebb flow
or flood discharge at the Abukuma River. Thus, the slow recovery and 70 m remaining
erosion of the sandy beach adjoining to the Natori River mouth were also discussed
particularly in Hiep et al. [5]. Hence, Hiep et al. [6, 7] also discusses respectively
the river mouth’s mechanism causing the unchangeable shape of the sand spits at the
Naruse River and the Kitakami River.

This study, to make a more comprehensive and cohesive analysis on the recovery
process of all estuaries in over 8 years in Miyagi Prefecture, focused on the evolution
after the tsunami of four different river mouths at the Abukuma River, the Natori
River, the Naruse River and the Kitakami River. By either analyzing photographs
from various sources capturing the morphology of these river mouths before and after
the tsunami or conducting a concurrent discussion, it demonstrates that depending on
different characteristics and conditions, each river mouth recovers differently which
some areas have potential to self-recover but some has still suffered from a poor
recovering situation.

2 Study Area

The study area focuses on the estuarine and coastal areas at four rivers, which are the
Abukuma River, the Natori River, the Naruse River and the Kitakami River. These
rivers are located respectively along approximate 85 km stretch of the coastline in
Miyagi Prefecture facing the Pacific Ocean (Fig. 1). Except the Kitakami River dis-
charging to the Oppa bay, the three other rivers pour into Sendai Bay. All four rivers
are categorized as class A in Japan by which the national government has the respon-
sibility to manage operational systems and mitigate every problems regarding water
resources and protection against extreme disasters. The river length and catchment
of the Natori and the Naruse River are much less compared to those of the Abukuma
River and the Kitakami River (Table 1).

And due to the distinguishable topographical conditions and the present of man-
made constructions in each river, the sediment supply onto each river mouth is either
different resulting significantly on the recovery process of them after the tsunami. In
relation to coastal morphology detriment, the estuarine of these four rivers suffered
the same dramatic damage that the sand spits of these river mouths were flushed away
by the high-energy tsunami forcing the mouth wide open; surrounding sandy beaches
eroded severely; coastal protection constructions and port areas were devastated
rigorously. Particularly, in the Kitakami River, the disappearance of the entire wealthy
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Table 1 Discrepancy of river River name River length (km) River catchment (km?)
features

Abukuma 225 5396

Natori 55 933

Naruse 89 1133

Kitakami 249 10,150

Yokosuka Coast and the area behind it reflected how remarkable the topographical
change was caused by the tsunami.

3 Data Collection

This study was fortunate to collect various data from multiple sources lead by the
aerial photographs from Tohoku Regional Bureau of Ministry of Land, Infrastructure,
Transport and Tourism (MLIT). Other sources of data include Google Earth images,
UAV and GPS data taken from several field trips. All data are greatly valuable and
utilized to carry on this analysis. In order to make an accurate comparison pre and
post-tsunami, it is important that all images of each study area were gone through
rectification process to share one specific coordinate system corresponding to the
north. In addition, shoreline detection is the required work to obtain the numeral
data of coastline to proceed to further detail investigation.
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4 Recovery Process of River Mouths

In the first place, this section will discuss the recovery process of each river mouth
individually since each river has its own certain mechanism to reflect in the recovery
after the nasty disaster.

4.1 Abukuma River

The Abukuma River is a special river that the catchment is considerably big as
compared to other rivers in Miyagi Prefecture. Before the tsunami occurred, the river
mouth of the Abukuma River was investigated broadly and presented in many studies
such as Mano et al. [9] and Mano and Sawamoto [10]. The small sand spit on the left
side has a stable shape and was able to regain its formation after the 2011 Tsunami.
In the meanwhile, the right sand spit, whose the form is rather large and covers
almost the river mouth width, has much complex mechanism since many studies
found the shape of the sand spit was constrained considerably by the interrelation
among waves, tidal flow and flood actions.

Figure 2(a-2) refers to situation 2 days after the tsunami, which the long and hor-
izontal sand spit was clearly disappeared and only some remaining portions adhered
to the right embankment. Following to that, the river was wide open, allowed wave
propagates further upstream, and the water depth at prior sand spit was acutely deep.
This results in the intrusion of sand spit into the river as observed in Fig. 2(a-3~5).

Afterwards, the right sand spit was eventually able to retrieve its own pre-tsunami
location, which it gradually developed towards downstream as indicated in Fig. 2b.
Until the sand spit reached to the position as seen in Fig. 2(b-5), it turned into the
state, which is under a dynamic equilibrium mechanism to retain the its shape. This
finding was discussed more thoroughly in Tanaka et al. [20] and the evidence reflects
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Fig. 2 Abukuma river mouth’s morphology change
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in Fig. 2¢ as the discrepancy of the sand spit is not profound. The overwhelming
variation of the sand spit merely appears whether a tremendous flood widens the
entrance of the river mouth and creates a sand terrace placed in front of the estuary;
however, subsequently wave actions will do compensating work by transporting
sediment from the sand terrace to supply the sand spit again.

A more thorough understanding of the impact of the sand terrace on the sand spit
was not provided in this study but investigated in depth in Hiep et al. [4].

4.2 Natori River

The Natori River is the smallest river corresponding to length and catchment among
four considered rivers. In contrast to other study areas, on the left side, the Natori River
has a large sand spit and a long sandy beach accounted from the wave dissipating
concrete block to the sand spit in this study. As seen in Fig. 3(a-1, 2), before the
tsunami took place, the Natori River had a wealthy coast that the shape was fairly
stable.
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Fig. 3 Natori river mouth’s morphology change
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However, the entire area was change remarkably, when the tsunami demolished
the sand spit and destroyed nearly the sandy beach. The remaining area was pushed
further upstream as shown in Fig. 3(a-2, 3). Thereafter, the sand spit was merely a
small portion and under vulnerable state, that intrusion of the sand spit happened
when high waves approached. This explains the long oblique strip of sand spit point-
ing towards into the river [Fig. 3(a-5)]. Afterwards, the recovery process started
accelerating which the shape of the sandy beach has formed again and the sand spit
developed and almost reached the jetty as it used to.

Despite that, the self-recovery was not sufficient to restore the pre-tsunami position
that the gap between the sand spit and the jetty had existed and been required to be
addressed by nourishing work since the open route caused leakage of river discharge
from the jettied main river channel [Fig. 3(b-1~3)]. Until July 2016, the nourishment
to support the sand spit evolution accomplished and overall, the configuration of
the entire river mouth area has been nearly regained [Fig. 3(b-4, 5)]. Nevertheless,
the morphology of the Natori River has yet pictured the change caused by the 2011
tsunami, as the shoreline of the sandy beach has remained the retreat of roughly
70 m compared to the prior shoreline position. According to Hiep et al. [5], it was
identified that the area of the sandy beach has been accounted for 50% of that before
tsunami.

Moreover, it is also of important to keep a careful check on the erosion of the
sandy beach area because to prevent sudden disasters in the future, a construction of
embankment along the sandy beach was implemented. Hiep et al. [5] also claimed the
risk of river inundation since river mouth width has the tendency to become smaller
due to wave overtopping but in this study, it only considers the overall recovery of
the river mouth.

4.3 Naruse River

Compared to other rivers, the Naruse River mouth has a special feature that the river
mouth consists of not only a sand spit attached to jetty at downstream but at upstream
there is an area in which sediment was deposited. As recorded before the tsunami,
the morphology of the Naruse River mouth was solid and significant change was
rare to happen in this area [Fig. 4(a-1~4)]. However, the sand spit was totally flushed
away by the 2011 tsunami and the river entrance was analogous to other areas where
was wide open and waves were able to approach further into the river as seen in
Fig. 4(a-5). This phenomenon, at the beginning, dug up the sediment near the left
bank’s embankment and continued until a large amount of sediment was eroded
and the head portion of the sediment deposit became flatter in transverse direction
[Fig. 4(a-6)].

Afterwards, although the river started to recover, it faces many challenges since
the westward longshore sediment movement was interrupted by the T-headline and
waves transported sediment further upstream (see Fig. 1c). As presented in Hiep
et al. [6], waves approach into the river remains in a certain angle to the shoreline
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Fig. 4 Naruse river mouth’s morphology change

of sediment deposit resulting in the apparent shape of the shoreline evolution of the
sediment deposit and nearly no sediment was accumulated in transverse direction
[Fig. 4(b-1~4)]. As seen in Fig. 1, on the left side of the Naruse River mouth, there
are a canal called Kitakami Canal and a small fishing port called Hamaichi. Since
sediment occupied the route of the canal with sediment carried by diffracted waves
and obstructed the activities of fishing port, a construction work was implemented
by dredging the sediment in the canal and transporting it to nourish the sand spit.
The construction was successfully complete at the end of March 2018 and the sand
spit developed bigger towards downstream by the reason of sediment contribution
carried by wave overtopping [Fig. 4(b-5, 6)]. A year after the construction, both the
sand spit and downstream sediment deposit area has maintained a stable state.

4.4 Kitakami River

The Kitakami River is different from other rivers since it is the only river facing
the Oppa Bay. Prior to the tsunami, the Kitakami River mouth had several distinct
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features, which are the Yokosuka Coast facing the Oppa Bay and a long sand spit
extending from the mouth to a spot at downstream. During this period, the sand
spit was stable and only small variations were observed at its head owing to river
discharge, while the Yokosuka Coast was in more fluctuating condition because of
high waves effect occasionally [Fig. 5(a-1~5)]. The mutual interaction between the
sand spit and the coast was of greatly important and discussed broadly in past studies
before the tsunami due to the operation of the longshore sediment transport and the
discharge from the river.

However, the Kitakami River mouth has extremely gentle bed slope of 1/10,000,
resulting remarkably severe damages due to tsunami propagation into the river and
overflowing water during the 2011 Tsunami. Indeed, the energy and the distance that
the tsunami could propagate and reach to far upstream were astonishingly higher in
comparison with other areas. This explains the serious devastation on the riverine
structures, which the whole mouth area including the land area behind the shore-
line was submerged in water and the Yokosuka Coast was entirely disappeared as
Fig. 5(a-6). In addition, the return flow was contributed as well to trigger signif-
icant topographical changes such as erosion of sand spit and a wide open river
entrance [Fig. 5(a-7)]. Similar to three above rivers, waves were allowed to generate
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Fig. 5 Kikakami river mouth’s morphology change
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directly into the river and pushed the sediment forming the sand spit as captured in
Fig. 5(a-8). This shape was mainly stable until 2 years recently when some variants
of development have been monitored.

After the intrusion occurred, the recovery of river mouth to its own prior shape
is considered as a formidable task. The water depth in the nearshore zone is rather
deep after the tsunami and the sediment supply is also limited due to the condition
of surrounding rocky cliffs. The special topography of the Oppa Bay in front of the
Kitakima River with the surrounding mountainous terrains is the reason why waves
only come into two unique directions of east and north-east. The consistency of wave
incidence’s approach leads the corresponding wave breaking appears parallel at the
entrance after refraction as a result that sediment transport capacity to the sand spit is
rather slow and slight because the shoreline coincides with wave incidence’s angle.
Additionally, the longshore sediment transport was obstructed by the reconstruction
of the area behind the old Yokosuka Coast containing a groin near entrance. Plus, due
to the deep water depth its area, the sand spit has been a solid shape and not tried to
develop in transverse direction to reach the opposite site as depicted in Fig. 5b. This
was explained minutely in Hiep et al. [7] by showing the wave direction data at the
Oppa Bay and cross-sectional data at several positions of the sand spit. In summary,
it is expected that the recovery of the sand spit will be seen as new additional layers
grown onto the previous shoreline.

5 Conclusions

The 2011 Great East Japan Earthquake and Tsunami occurred and caused severe
damages along the coast in Miyagi Prefecture. It has been over 8 years since the
2011 Tsunami arrived and the recovery process of four rivers was measured and
analysed thoroughly within this period. It is believed that it is a big challenge for all
rivers to recover to their pre-tsunami situation since the conditions are not sufficient
to pursue that goal. The Abukuma River is the only river performing a fully recovery
despite of the notable change of sand spit’s configuration. Both the Naruse River
and the Natori River were supported by human work to accelerate their recovery
process; however, the sandy beach of the Natori River still requires a longer period
to compensate for the erosion. And the Kitakami is expected to remain its slow
recovery due to its inclement topography and wave conditions. The benchmark of
10 years after the tsunami is coming soon and it is of greatly vital to keep monitoring
and observing any changes of these locations as long as the aftermath of the tsunami
has not faded away completely.
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Formal Techniques for Emergent m
Architectural Designs L

Jin-Ho Park

1 Introduction

Any architectural design appears either regularly ordered or disordered, although
the two notions are deeply related to each other. Finding order in a disordered or
arbitrarily collected complex design is difficult. On the contrary, finding a certain
ruled order in a design that started from an order may be easy occasionally.

Various designs can be occasionally generated beyond expectations by simply
articulating simple rules and principles. Unexpected or overwhelming designs can
emerge by applying the rules and principles of architectural design. Some designs
appear to be complicated when reading architectural floor plans. A design relies on
simple rules and principles through systematic evaluation. Architects can continue to
create similar designs with rules and principles, indicating that they have their own
style and language.

Letus consider two architectural floor plans, namely, the Sultan al-Ashraf Barsbay
Funerary Complex in Suq al-Nahhasin, Cairo and the National Assembly Building
in Bangladesh. The former appears simple although its spatial order is unremarkable
from its exterior. The latter, a modern structure, has a complex plan. Although the
design of National Assembly Building looks an entirely disordered distribution of
the building constituent, its underlying structure exhibits perfectly ordered designs.
An underlying order or principle may be gradually exposed when all constituents of
a design are systematically decomposed.

In this article, formal techniques are introduced into the analysis and synthesis
of architectural designs. The notions of symmetry and subsymmetry and Boolean
operations are delineated. The methods can be applied either straightforwardly or
tactfully to generate new designs (Fig. 1).
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Fig. 1 Left. Sultan al-Ashraf Barsbay Funerary Complex at Suq al-Nahhasin, Cairo; Right. Louis
Kahn’s National Assembly building in Bangladesh

2 Subshape and Partial Ordering

Like a subgroup of a group, in shape recognition, identifying subshapes within a
shape is involved to morph the larger impression into something entirely different
[5]. Subshapes in a shape may not be readily recognizable at a first glance, since they
are interwoven in a larger shape, and one typically addresses the shape in its entirety.

The hierarchical structure of the partial ordering is clearer when analysed math-
ematically [3, 12]. Let S be the finite set {a, b, c,}; and P(S) = {0, {a}, {b}, {c},
{a, b}, {a, c}, {b, c}, {a, b, c}}. The hierarchical order of the group and subgroup
of the elements is shown using a lattice diagram. All possible subgroups of the three
elements set {a, b, c} as well as the four elements set {a, b, ¢, d} are illustrated in
the lattice diagram in Fig. 2.

Subshapes provide a way of analysing complex architectural designs as an
arrangement of integrated shapes making up the whole. The subshapes are thought to
be cognitive [10] or algebraic [12]. The shapes may be analysed to show regularity
in their formation of the whole. By nesting and isolating parts of the shape, their
arrangement will be revealed.

The same logic applies to subsymmetries of the regular polygon to construct
a hierarchical order. Subsymmetries arise from a curtailment of some symmetry
operations: that is, formally selecting subgroups from the group of symmetries. As
a result, it is possible to illustrate the apparent overlay of multiple subsymmetries
involved in overall design. The process creates a hierarchy of partial ordering with
respect to subsymmetries that parametrically represents the whole shape. When used
as generative tactics, by superimposing subshapes to compose another shape, the
subshapes disappear to morph into a new design.
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Fig. 2 Diagrams of the underlying structures of the partial ordering. Left: Lattice diagram of the
set S = {a, b, c}: The set at the top of the figure, {a, b, c}, consists of all of the elements of the set.
For example, sets {a, b}, {a, c}, and (b, c) are each in the subset relation to {a, b, c}. This subset
relation is the basis for partially ordering the sets. Right: Lattice diagram of the set S = {a, b, ¢, d}

3 Subsymmetry in Architectural Designs

Symmetry, which is derived from the Latin word symmetria (a portmanteau of syn
[together] and metria [to measure]), indicates the appropriate arrangement of the
parts of a whole to one another with regard to size and form. It clearly implies
compositional balance between parts to create a harmonious whole. Architectural
designs are composed of discernible components to form an overall structure. Dif-
ferent components in a design are integrated and connected. Although some designs
show a harmonious whole, others do not. Symmetry may serve as a crucial notion
that may provide insight into the balance and harmony of spatial composition in
architecture.

Architectural designs are analyzed and synthesized with respect to a partial order
of symmetry and classified using lattice diagrams of the symmetry [6, 7]. The
approach demonstrates how different subsymmetries may be revealed in each part
of the design and how various symmetric transformations combine to achieve the
whole design. A partial ordering technique dissects the floor plans by showing their
hierarchical subsymmetries with respect to subsymmetries when it is used to analyze
architectural designs. Designers can incrementally add and remove subsymmetries
to compose and decompose complex axial designs. Although the final design is not
self-evident in the use of embedded subsymmetries, the designer will be able to
explain how subsymmetries are utilized. At first glance, individual designs appear
intricate and without obvious symmetry. However, an analysis of subsymmetries and
symmetric transformations clearly exposes the underlying structure (Fig. 3).
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Fig. 3 Partial ordering with regard to subsymmetry drawings for the first floor plans of the Ward
Willits House, 1901, Highland Park, Illinois: a long axis through porch piers; b axis through the
dining room; ¢ axis through the living room and hearth. A hearth facing into the living room is at
its center; d minor axes through various parts of the plan; e remaining elements having no overall
symmetry

Symmetries are typically defined as isometries that leave an object in a congruent
figure without changing its appearance. They preserve the distances between points
and angles. Planar transformations have four types, namely, translations, rotations,
reflections, and glide reflections. The collection of all isometries of a figure on a plane
can form a certain algebraic structure known as the symmetry group of a figure. Such
an algebraic structure exhibits certain group of symmetries [1, 4].

In this section, we focus on the notion of the symmetry principle in a plane. Two
types of plane group symmetry exist in two dimensions, namely, the finite and infinite
groups. The former is called the point group, where isometric transformations occur
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in a fixed point or line. The latter is called the frieze group, where isometric transfor-
mations occur under unidirectional translation and has two directional translations
called the wallpaper group [2].

A point group symmetry is briefly considered. In the point group symmetry, two
finite point groups, namely, Cn (cyclic group) and Dn (dihedral group), exist in the
plane, where “n” represents the period of the group or the number of 360/n rotations.
The number of elements in a finite group is called its order. The symmetry group of
Dn has order 2n elements, whereas Cn has order n elements. The symmetry group of
the square is the dihedral group D4 of order 8. The subsymmetries of other regular
polygons can be considered. For example, the symmetry group of the square consists
of eight distinguishable operations, such as four four-reflections and quarter-turns.
The symmetry group of the square forms 10 different subsymmetry designs.

Let us consider a simple possible element of a regular rectangular polygon. The
reason for using a simple element is that it helps to readily clarify the increasing
complexity and diversity encountered in designs for clearly revealing the hierarchical
structure of the entire pattern. Developments in complexity rapidly occur by adding
other symmetric motifs individually. The rectangle has two mirror reflections and two
rotational symmetries of the order two. This shape forms five different subsymmetry
designs as shown in Fig. 4.

We may stack each subsymmetry on top of each other by using the subsymmetry
of the rectangle. This process indicates that the full symmetry of the rectangle is
located at the ground level (a). The second floor illustrates D1 symmetry at the
vertical reflection axis (b). The third level represents D1 symmetry at the horizontal
reflection axis (c), where the fourth floor is arranged based on a half-turn rotation
(d). The top-level has no symmetry, which is denoted as C1 (e) (Fig. 5).

This mechanism illustrates the possibilities for generating diverse 3D designs
depending on the assembly and stacking of each subsymmetry on top of each other.
The combinatory possibilities for assembling can enormously increase, and the
means that each clustering looks different from each other in 3D when additional
elements are augmented in each level. In particular, independent elaboration of these
arrangements into a large assembly creates various housing patterns.

Subsymmetries can be superimposed on a single floor. Each subsymmetry some-
times appears unrecognizable because various subsymmetries are mixed across a
complex design at a glance. However, the underlying composition of a design is
rooted in its hierarchical structure. Some architects strategically incorporate the
techniques into their projects. Their designs may result in a new perspective in cre-
ating architectural spaces because of their unique ability to transcend formal and
mathematical limits.

Louis I. Kahn’s National Assembly Building in Bangladesh is exemplified through
a detailed analysis with regard to the subsymmetries of the point group symmetry.
Kahn has been known for his use of extensive geometric principles. His works are
identified by his creative use of geometric shapes, such as squares, circles, and trian-
gles. The spatial composition in his works occasionally appears primitive, but pow-
erful forms where architectural elements are intricately arrayed through geometric
systems [13].



48 J.-H. Park

‘. 'D1 ‘ 'D1 ‘: D1

o ok, ko ok oo

a b c d e

Fig. 4 All possible subgroups of symmetries of a rectangle; the dark square has the full symmetry
group D2. The bottom row has a motif with two mirrors and rotational symmetry, which is denoted
as D2. The two above rows consist of a motif with vertical and horizontal reflection, which is
denoted as D1. The fourth row has a motif with a 180° rotation, which is denoted as C2. The top
row has a motif without symmetry, which is denoted as C1

> %

[ d e

Fig. 5 A simple overlay of different subsymmetires of rectangle



Formal Techniques for Emergent Architectural Designs 49

The National Assembly Building appears to be a collection of various shapes of
buildings, and the central area of the building is circular. Kahn used the subsymme-
tries of D16 in the floor plan by analyzing in terms of subsymmetry. Upon inspection,
the inner circular boundary of the Assembly Chamber underlies under a 16-sided
regular polygon. The octagonal National Assembly Building is clearly characterized
by D8 symmetry. The symmetry is reduced to D8 with the introduction of outer
walls, the parasol-like parabolic roof of the Assembly Chamber above the floor, and
the bottom structural wall for the chamber. Four office blocks are diagonally placed
around the assembly hall to produce D4 symmetry of the square. Stairs and elevators
for the Minister’s Lounge and the Dining and Recreation Room are set along two
mirrors and rotational symmetry, which are the subsymmetries of D2. The Entrance
Hall, the Dining and Recreation Room, the Chamber of Ministers, and the Hall of
Debates are characterized by D1 symmetry. However, the Mosque oriented toward
Mecca is marked by its break from the axial symmetries of the secular structure,
and its placement ensures that the entire design is asymmetrical despite an approxi-
mately obsessive concern for symmetry in the parts. The analysis illustrates that no
pure cyclic subsymmetries of D16 are found in Kahn’s design. From the sketches of
Louis Kahn, various architectural elements are dissolved into the body of the collec-
tive whole. Kahn indicated that the symmetry principle and geometric juxtaposition
guide the major decisions of the formal and spatial compositions and architectural
details (Fig. 6).

A frieze pattern is considered, which consists of 2D motifs repeating in one direc-
tion only. Seven distinct groups of the frieze symmetry group exist in an infinite
sequence of equidistant points arranged in a linear series on the plane. Thus, every
frieze pattern belongs to one of the seven mathematically possible patterns. Five
types of isometries, namely, translation, half-turn (180° rotation), vertical reflection,
horizontal reflection, and glide reflection, occur in the frieze groups. Different pos-
sible combinations of the above isometries form seven distinct symmetry groups
together [8, 9] (Fig. 7).

Many frieze patterns are found on building facades and plans. In particular, indi-
vidual row houses are arranged along a single street on each side. Houses are ran-
domly arranged. Multiple prototypical houses can be bonded together in an orderly
manner along a street. Although many examples show the means of deploying frieze
symmetry, a simple but strong design example associated with the symmetry of the
frieze groups on the building plan is illustrated. The Tara housing by Charles Correa
in 1978 illustrates a typical instance wherein a few unit prototypes are interlocked,
stacked, and arrayed in a linear pattern. Housing units have two types, namely, two
bedrooms (84 m?) and three bedrooms (130 m?). Basically, pairs of long rectangular
boxes come together side by side and are translated. A series of cubical structures
comes together side by side, stacked, translated, and aligned repeatedly along an
axis line. The linear pattern of the unit arrangement shows a synthetic structure of
various boxes interlocked in four stacked layers of backward stepped buildings to
maximize natural light and cool winds. This staggered arrangement provides each
unit a large open terrace that is protected by a pergola and big overhangs. A linear
public spine is formed between the two linear arrangements of the assembly. Itis used
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as a community open garden space. Correa’s previous experiment with regard to the
frieze symmetry was observed in a series of projects, such as the unbuilt Cablenagar
Township designed in 1967 and the Previ Housing in Lima, Peru (Fig. 8).

A wallpaper pattern is created by repeatedly deploying a basic motif in a plane.
A total of 17 distinct plane symmetry groups are classified. Classification is deter-
mined by four isometric motions of the plane, such as translations, reflections, glide



Formal Techniques for Emergent Architectural Designs

v v v v v ve
O Y | YO | YO | YO | |

PU U U 70 JU U N
YRYEYRYRYRYE
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Fig. 8 Charles Correa’s Tara housing layout
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Fig. 9 17 distinct wallpaper symmetry groups

reflections, and rotations. Isometry refers to the process of moving a geometric object
from one place to another without changing its size or shape. The motion is called
an isometry when a geometric figure is transformed to preserve distances between
any two points (Fig. 9).

Wallpaper patterns are commonly used in architecture and decorative art. Their
patterns are composed of repetitions of basic motif that covers a finite plane. An
interesting consequence is that the repeating patterns consist of the motif at regu-
lar intervals in two directions. In architecture, repetitive wallpaper patterns, such as
ceramic tiles, textiles, carpets, and wallpapers, are found from antique to contem-
porary designs. Designers have exhausted all possible plane groups of symmetric
designs because of the considerable time they have spent in designing and construct-
ing ornaments. In particular, Islamic designers have developed distinct varieties of
similar geometric pattern and ornamental form. Most symmetric wallpaper designs
are found in Greek and Roman antiquities and buildings in Alhambra in Granada,

AL
AGVIAS
XX

Fig. 10 Roman Mosaic patterns where the wallpaper group of symmetry appears
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4 Emergent Designs with Boolean Operations

Regular patterns with the chosen motif are planned and constructed based on the
system of the symmetry group. Patterns may be superimposed or computed to form
new emergent patterns rather than simply arraying the motif symmetrically. Multiple
patterns can move at the same juxtaposition and continuously overlap in different
directions. Distinctive patterns may be arrayed and stacked together on top of one
another.

Different wallpaper patterns generate a new planar pattern when they are super-
imposed. Despite several potential means in which patterns can be grouped together,
we aim to combine numerous interlaced patterns by using the Boolean operation
in this section. Only a few patterns can be computed by using the Boolean opera-
tion, thereby coalescing into a single pattern. Here, four Boolean operators are used
to construct different sets of designs. An infinite number of new designs emerge
depending on the order and the number of sets of rules applied.

The simple process combines shapes in different patterns. The process becomes
a constructive method for producing complex geometric figures where two or more
shapes interlock. The shapes and patterns can be subtracted, added, and overlapped.
Boolean operations can be performed by using the following operators, such as union,
subtraction, intersection, and symmetrical difference. Two or more sets of operators
can be performed. Consequently, the final patterns become seemingly ambiguous
overlapping layers of dynamic patterns although they are generated by rules and
principles.

From a computational point of view, patterns can be combined by logically oper-
ating a set of rules rather than generating patterns in arbitrary means. Numerous new
intriguing patterns can be generated when patterns are combined by using Boolean
operations [11]. The operation is straightforward and easy to implement. The basic
operations of Boolean algebra are described as follows:

The union of A and B (denoted by A + B) patterns is the pattern produced by
combining the two patterns. Then, the two patterns completely join together. The
intersection of A and B patterns (denoted by A - B) is the pattern consisting of partial
patterns in A and B. Hence, only the intersecting part remains. The difference of
A and B patterns (denoted by A — B) is the pattern consisting of the pattern in A
that are not patterns in B. The resultant pattern leaves only the part of A where B is
subtracted. The symmetric difference of A and B patterns (denoted by A A B) is the
pattern that are in either of the patterns and not in their intersection. This pattern is
the difference of union and intersection.

‘We can evaluate emergent patterns by computing basic patterns. We simply reduce
the basic pattern to 50% in scale to make the second pattern and rotate the 50%
reduced pattern to make the third pattern. We reduce the basic pattern to 25% to
make the last pattern. Then, each pattern is computed by using Boolean operations
and combining various patterns into a single pattern and creating a number of intricate
patterns. Overall, the computational process is simple, but the output patterns appear
to be unexpected from the initial patterns (Figs. 11 and 12).
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Fig. 12 Four examples of emergent patterns based on the Boolean operations

S Summary

This article investigates the use of formal techniques as a tool for evaluating and
designing the interlace of spatial compositions in architecture. The notion of the
point, frieze, and wallpaper group symmetry is simply delineated with regard to their
potential use in architectural designs. Wide-ranging applications can be practically
addressed to arrive at various design results by using the techniques. This condition
proves that symmetry is far from a tiresome notion of a classical ideal.

New designs that are difficult to predict can emerge. Some concepts may be
unexpected, and no one can claim that such emergent designs are poor. Such an
approach confidently contributes to the vigor of the generation of new designs.

The design process is a sequence of steps that enables architects to apply and
describe every aspect of the design procedure. The entire design process is a straight-
forward procedure and can be explained in a logical manner. The techniques are not
an ad hoc tactical decision but another type of logical process of creating designs.
The potential of such techniques depends on the strategy and new design tool in the
hands of contemporary architects.
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Research and Development of New )
Spaces on the Sea for Industrial er
and Recreational Applications

Kok Keng Ang, Jian Dai, and Chi Zhang

1 Introduction

Singapore is a tiny island city-state with only about 710 km? of land. Besides hous-
ing, schools, shops, parks, offices, hotels and other facilities that all cities provide,
Singapore also has to provide land for industry, reservoirs, ports, airports, power sta-
tions, waste treatment facilities as well as national defense, all of which are typically
located in the larger metropolitan areas and beyond the limits of most cities.

Land has always been a precious resource in Singapore. Through careful planning
and policies for conserving and recycling land, Singapore has been making efforts
to ensure that there is enough land capacity and provided the necessary infrastruc-
ture to support the longer-term needs. However, like all cities, land remains a lim-
ited resource in the longer term and the future faces even more uncertainties and
complexities.

Land reclamation is one of the many ways Singapore creates more space to meet
our land use needs. However, the extent to which land can be reclaimed is limited by
the need to retain enough sea space to meet shipping passage, anchorages and other
maritime needs. Furthermore, land reclamation is also resource intensive, which
poses a challenge.

Building very large floating structures (VLFS) is an alternative to create space for
various uses in Singapore. Worldwide successful examples include the floating oil
storage bases in Japan, desalination plant in Saudi Arabia, floating bridges in Japan
and Norway, and floating performance stage in Singapore. Floating structures are
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immune to earthquake attacks as they are base-isolated, and they are insensitive to
sea water surface elevation induced by global warming.

Towards exploring and implementing large floating structure applications, the
Land and Liveability National Innovation Challenge (L2 NIC) Directorate and JTC
Corporation have provided a research grant to the National University of Singapore
(NUS) and SINTEF to conduct research on multi-purpose floating structures (MPFES).
The objective of the MPFS research and development project is to develop design
concepts, innovative and optimal structural, foundation and construction solutions for
large floating structures. The project focuses on three specific applications, namely
the floating hydrocarbon storage facility (FHSF), the floating bridge (FB) and the
modular multi-purpose floating structure (MMEFES). Besides research on very large
floating structures for heavy industry and infrastructure, Singapore also invested on
floating structure technology for energy production and creating floating wetlands.

This paper presents the recent research and development activities in Singapore
pertaining to the use of floating structures for both industrial and recreational applica-
tions. These include the results of a research-funded study on floating hydrocarbon
storage facility, floating bridge and modular multi-purpose floating structures. In
addition, details of the successful development and construction of the first locally
designed floating solar farm at the world’s largest floating photovoltaics testbed in a
reservoir as well as soon to be constructed commercial floating solar farm in coastal
marine water and floating wetlands in Singapore are presented.

2 Floating Hydrocarbon Storage Facility (FHSF)

2.1 Design Concept

The study on the FHSF focuses on the research and development of a design concept
for a floating facility that can accommodate the storage and trading of 300,000 m?
stockpile of hydrocarbon products at a chosen site. If constructed, it will be the
world’s first floating prestressed concrete hydrocarbon storage structure. The facility
is intended for Singapore surrounding sea condition, and thus is targeted for sea
depths that are considered shallow and with relatively calm sea conditions. The
design shall provide spaces for PMEI system and blending/mixing equipment and
has a service life of 60 years. A detailed description of the design requirements was
documented by Dai et al. [1] and Ang et al. [2].

The design concept of the floating hydrocarbon storage facility (FHSF) is shown in
Fig. 1. The proposed facility is self-contained with all essential services and amenities
such as power generation plant, desalination plant, slop and wastewater treatment
plant, control room, warehouse, pump rooms, offices and accommodation quarters
for workers. It has floating berths on the sides for loading/offloading operations and
bunker supply. The floating berths and barges also serve as a protection of the fuel
storage modules, like floating breakwaters [3], against waves and ship collision.
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Fig. 1 Floating hydrocarbon storage and bunker facility

The FHSF stores hydrocarbon and provides bunker fuel to ships in harbors. The
individual tanks are designed such that they are self-stabilizing and the maximum
tilt angle under environmental loads does not exceed allowable limits. Depending on
the types of product stored, the tanks are categorized into two groups, namely the
small tanks and the big tanks. The small tanks (see Al in Fig. 1) are intended for
Clean Petrochemical Products (CPP). Their storage capacity ranges from 5000 to
15,000 m>. The big tanks (see A2 in Fig. 1) are for crude and fuel oil and they have
a practical storage capacity ranging from 20,000 to 35,000 m>.

2.2 Stability and Motion of Floating Tanks

The stability and predicted motion of the storage tanks subject to environmental
loads are important considerations in determining the feasibility of the proposed
FHSF concept. The floating hydrocarbon storage tanks must be self-stabilizing and
the displacements of the tank must not exceed limiting values. The latter is required
so that loading and offloading processes are not disrupted during operations and
the tank does not capsize or damage the surrounding structures and facilities under
extreme weather conditions.

Consider a floating hydrocarbon storage tank enclosed by floating barges on the
sides, as shown in Fig. 2. In view of the barges protecting the tanks from incoming
waves, we shall assume that the tank is mainly subjected to wind and water current
loads. The yellow region in the tank represents the stored hydrocarbon product. The
wind and water current speeds are assumed to be constant in the model so that a
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Fig. 2 Floating tank enclosed by barges subjected to wind and current loads

simple static analysis is possible. In addition, the fenders are designed to restrain
the horizontal motion of storage tanks. Thus, only angular movements, i.e. tilting
motion, will be examined.

With the given information on structural configuration and geometry of tank com-
ponents as well as fuel loading condition, we can estimate the locations of the tank’s
centre of gravity (CG) and centre of buoyancy (CB) as shown in Fig. 2. The initial
metacentric height GM may be calculated from

GM = KB + BM — KG (1)

where M, G, B and K are the meta-centre, the centre of gravity, the centre of buoyancy
and the keel, respectively. In a partially filled condition, there will be a shift in liquid
surface arising from a small tilt in the structure due to the existence of free liquid
surface. This is known as the Free Surface Effect (FSE) that further reduces the
GM, which should be accounted for in the calculation. In addition, the wind and
water current loads acting on the structure can be assumed as a uniformly distributed
load on the tank wall. The wind and current pressure can be acting in two opposing
directions or in the same direction. The combination of these two cases that yields
the most severe destabilizing moment is used for calculations.

The tilting angle of the tank can be calculated based on moment equilibrium about
point A, the intersection between resultant fender reaction and the metacentric radius
(BM) as shown in Fig. 2. The formula for calculating the tilting angle o is

W x GMtan o = |Fydy| + | Fod.| @)

where W is the weight of the tank, F,, and F . are the resultant wind load and water
current load exerted on the tank walls, d,, and d, are the lever arms from the centre
of the wind load and current load to point A, respectively.

The proposed FHSF tank has a single hull cylindrical tank with a dome roof on
top, a flat slab at the bottom, and several hollow cylindrical floaters attached to the
tank wall to increase buoyancy and enhance stability. This single hull design has



Research and Development of New Spaces on the Sea ... 61

the benefit of nearly balanced internal and external hydrostatic pressure on the tank
walls, thus significantly reducing the induced wall stresses. The tank has a diameter
D and height H. The dome roof has a common rise to span ratio of H,/D = 1/8.
Table 1 lists the key properties of the storage tank [1]. The hourly mean wind and
water current speed at the selected site in Singapore coastal water are 15.9 m/s and
24 m/s, respectively, for the 100-year return period. The corresponding magnitudes
for the 1-year return period are 1.46 m/s and 1.90 m/s, respectively.

Figure 3 presents the maximum tilting angles of small CPP storage tanks of
various storage capacities subject to combined wind and current loads at their 1-year
and 100-year return periods. Larger tank D/H ratios lead to smaller tilting angles (and
thus the tanks are more stable). Results show that tanks with D/H = 1.7 fulfil the
stability and operational requirements on tilting motion when the storage capacity is
above 12,500 m*. When tank D/H exceeds 1.8, all the tanks satisfy the design checks.
Similarly, the maximum tilting angles of big oil storage tanks under combined wind
and current loads are presented in Fig. 4. The study showed that a D/H ratio exceeding
2.4 is necessary to satisfy stability and tilt motion criteria.

Table 1 Storage tank properties

Parameter Value Parameter Value (mm)
Concrete density 1800 kg/m? Outer wall thickness 450

Water density 1025 kg/m? Inner wall thickness 300

Fuel density 870 kg/m? Roof slab thickness 200

Air density 1.25 kg/m? Diagonal stiffener thickness 350
Bottom slab thickness 750 mm

£ 034 € 07-

= —s—pH-17| T O

% 0.3 4 —e—D/H=18|  Eb 0.6 \

fu 0.2 {Allowable tilting Ahgle A D/H=19 < 05 [Allowable tilting Angle

£ —e—DH20| & 041

£ 027 ——DH-22| =

: e oo oo : =03

= 0.1 1 A A A A A £ |

E S S g 0.2 D — S S

% 0.1 '5 0.1

= 0.0 N = 00 . . . . . . s
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18

Storage Capacity (x10° m?) Storage Capacity (x10° m’)

@ (b)

Fig. 3 Maximum tilting angle of small tanks under a 1-year design load and b 100-year design
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2.3 Hydrodynamic Performance

The hydrodynamic response of the floating hydrocarbon storage facility has been
investigated comprehensively. The entire system is very complex and consists of
many bodies. There exist hydrodynamic coupling, mechanical coupling and slosh-
ing. It is thus very difficult to evaluate the conceptual design through either experi-
mental or numerical studies. To rationally study its hydrodynamic performance, the
research work has been divided into three stages. At each stage, experimental and
numerical studies have been conducted in parallel. The hydrodynamic performance
of the facility is also improved stage by stage.

The first stage is to investigate the hydrodynamic performance of a single hydro-
carbon storage tank (Fig. 5). The tank size and shape were optimized based on the
research findings. One important finding is that the pitch motion of a single stor-
age tank (5000 m?) is large. To reduce the pitch motion, a special design has been
adopted by introducing thin heave plate to the bottom of the tank. This modification
introduces damping and added mass to the single tank. It was found that the heave

(a) (b)

Fig. 5 Hydrocarbon storage tank for first research stage a numerical model and b experimental
model
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Fig. 6 Simplified hydrocarbon storage tank system for second research stage a numerical model
and b experimental model

plate improves the hydrodynamic response of the storage tank significantly [4, 5].
Another finding is that the sloshing in the single tank is found to be serious. To avoid
the effect of severe sloshing in the tank, a larger size storage tank (12,500 m?) is
selected for both numerical and experimental study in the second stage (Fig. 6).

In the second stage, a simplified system was selected for the hydrodynamic studies
[4, 5]. The simplified system consists of two storage tanks and a barge frame. This
system represents the main characteristic of the entire system. At this stage, the
hydrodynamic interactions and the performance of the mooring system are of main
interest. The responses of the system under different incident wave, wind and current
conditions have been studied. It was found that with the existence of the barge frame,
the motion of the storage tank is further reduced. However, the barge frame can
introduce gap resonance in the narrow gaps between tank and barge. The maximum
wave elevation in the narrow gaps between the barge frame and the tank can be around
4 m/m. Green water was found on the barge frame as the barge frame’s freeboard is
only 2 m in the initial design (Figs. 6 and 7).

The third stage is to investigate the hydrodynamic performance of the entire float-
ing hydrocarbon storage facility. The entire system consists of more than 30 bodies
as the barge frame is constructed by connecting a number of smaller modules. The
scaled model test of the entire system was conducted at the ocean basin of SINTEF
Ocean [6]. The test was carried out for several cases of combined environmental con-
ditions. Through these model tests, it was found that the performance of the proposed
concept is acceptable. Under the extreme conditions with 100-year return period, the
maximum pitch is found to be smaller than 5°. The surge motion is smaller than 2 m.
The green water and gap resonance problems were observed to occur. However, these
undesirable effects can be easily mitigated though increasing the freeboard of the
barge frame. The complex numerical study of the entire floating hydrocarbon facility
for the third research stage is still ongoing. It becomes very difficult for the frequency
domain simulation based on potential flow and for the time domain simulation based
on convolution integrals. Some efficient numerical methods have been introduced
for the numerical modelling of the entire system which will be updated once it is
validated. These results will subsequently be documented in another publication.
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Fig. 7 Experimental model of entire hydrocarbon storage tank system for third research stage

3 Modular Multi-purpose Floating Structures

3.1 Design Concept

The objective of the research on modular multi-purpose floating structures (MMES)
is to develop innovative solutions for the creation of ‘land on sea’ of any desired
size and shape for various application by connecting several standard modular units.
The size and shape of the basic modular units are to be carefully investigated and
determined that is optimal with respect to fulfilling several important requirements.
These include constructability and ease of marine installation, as well as connectivity
and flexibility in meeting the global shape and size of the intended land on sea. The
basic modules are to be optimally designed considering cases of combined loadings
due to dead, live and environmental loads. The potential applications of the MMFS
conceptinclude floating aggregate storage facility, floating flatted factory and floating
dorms.

Different applications impose different design loads onto the floating structures.
Typically, the payload for the abovementioned potential applications may be reason-
ably categorized into three groups, namely, category 1 for low-rise residential and
recreational application (<25 kPa), category 2 for low-rise industrial flatted factory
(25-45 kPa) and category 3 for heavy industrial use and storage (4580 kPa).

The MMES is formed by connecting several basic modules to form the required
size and global shape. Figure 8 shows a large floating structure formed through con-
necting standard rectangular modules in a staggered configuration. Standard square
and so-called triangular modules are employed at the edges and corners. This con-
cept is expected to provide a wide choice in connecting modules that gives global
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Fig. 8 Design concept of MMFS, a modular shape and size and b global arrangement

shapes with naturally straight edges for berthing purposes. The standard shapes also
facilitate the fabrication process.

3.2 Feasibility Study

To evaluate the global performance of the proposed design concept, a segment of
the global layout of the MMES is selected for the investigation of the modules under
various load patterns. Figure 9 shows the selected segment of the global layout under
four different loading patterns. Finite element models are constructed accordingly
based on plate theory with the properties evaluated from the actual 3D modular
model, as shown in Fig. 10. Inter-modular connection stiffness is assumed to be

- - Tw'tm.
Y y—— I A L
! UNIT LORD |
*—n— . e
(A) (8)
!
— N —N L S W Y eed
B E A T n \
Ut unrl T
LOAD (G 104D |
(9] (D)

Fig. 9 Load patterns
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Fig. 10 Finite element model of selected global segment

Table 2 Maximum

. Connection load Value Unit
connection load

Shear (under 25 kPa) 537 kN/m
Shear (under 80 kPa) 1.62 MN/m
Bending (under 25 kPa) 14.3 MNm/m
Bending (under 80 kPa) 45.7 MNm/m
Twisting (under 25 kPa) 8.5 MNm/m
Twisting (under 80 kPa) 20.1 MNm/m

rigid, which represents the conventional connections using prestressed tendons/bars
at the top and bottom of the connected modules. The modules are suspended by
area springs representing the hydrostatic pressure. Two different loading levels are
considered, namely 25 and 80 kPa, which represent the loading corresponding to a
floating residential application and heavy-duty aggregate storage, respectively. This
part of the study aims to evaluate the shear forces and moments developed at the
connectors.

Itis observed that among the four loading patterns, load case (b) tends to induce the
highest connection loads. Table 2 summarizes the maximum shear force, bending
and twisting moments per unit length along the connection interface. Through a
detailed structural modelling and analysis, it is found that the values summarized in
Table 2 are within acceptable limits and appropriate inter-modular connections can
be designed for.

3.3 Hydrodynamic Performance

To evaluate the hydrodynamic performance of modular floating structures under
the design sea conditions, comprehensive numerical and experimental studies have
been conducted. In the numerical and experimental studies, two simplified models
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have been tested. One consists of 7 modules in one line. Another consists of 9
modules placed in 3 by 3 configuration. The two simplified models contain the
basic hydrodynamic characteristic of the entire system. With the simplified model,
the requirement on both computational resources and experimental work has been
significantly reduced.

The numerical simulation was done in frequency domain using HydroStar based
on potential theory and the results are imported into SIMO, a time domain simulation
code [7]. Model tests were conducted in the wave basin at the National University of
Singapore. The model test was performed based on a 1:50 scale. In both experimental
and numerical studies, the random wave conditions in 1-year and 100-year return
period have been studied. The numerical model and the physical model in the basin
are shownin Figs. 11 and 12, respectively. The two sea states represent the operational
and extreme sea conditions respectively. In these studies, the effect of the different
outermost module design and the effect of the connection types have been studied.

Module No.

Connection No.o

Fixed il
Fixed /Hinge

Fig. 11 Hydrodynamic model of 1-line system

Fig. 12 Physical models of a 3 by 3 system and b 1-line system
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Through the experimental and numerical studies, it is found that the hydrody-
namic performance of the two systems is very promising except for the outermost
module which has the largest motions if the connection is a hinge type. The remaining
modules have mild motions. To reduce the motion of the outermost modules, three
options have been explored. One is to introduce fixed connectors between the outer-
most modules. The second solution is to increase the draft of the outermost modules.
The last option is to introduce heave plate on the outermost module. The heave plate
is found effective in reducing the motion of floating modules. By comparing the
efficiency of these solutions, it can be concluded that fixed type of connectors can
reduce the motion significantly but, as to be expected, large increase in the connec-
tion force. The other two options were found to be effective in increasing the inertia
of the outermost module which reduces its motions.

4 Floating Solar Farms

4.1 Project Information

Although Singapore relies heavily on hydrocarbon as the main energy source to
power up the nation, looking for clean and renewable energies as replacement of
hydrocarbon products is always a target set by the government. Located in a tropical
region, Singapore identified that solar energy is a suitable renewable energy source.
However, limited land resource poses a serious challenge for the deployment of large
solar farms on land. As such, there is an impetus to find other suitable locations for
large scale deployment or installation of solar panels. One of the solutions is to deploy
solar panels on water bodies and surrounding sea spaces as a floating solar farm. On
water, the solar panels can potentially receive maximum sunlight as these water
bodies are typically free of obstruction from tall buildings, structures and vegetation.
The efficiency of the solar panels can also be maximized owing to the natural cooling
mechanism above the water surface. Furthermore, the deployment of floating solar
farms can reduce the evaporative loss.

To promote the adoption of solar energy and to test the performance of pho-
tovoltaic (PV) panels above water surface, Singapore launched the world’s largest
floating PV test-bed at Tengeh reservoir. A total of 10 different designs of floating
PV farms, each generating 100 kWp of power, were deployed at the test-bed. Among
the 10 designs, the first locally-designed floating PV farm has the feature of having
only one standardized floating module which is shown in Fig. 13 [8]. This innovative
design has been patented' by HDB. The module can serve as a floater to support a
PV panel or be used as a walkway floater which can support personnel doing main-
tenance work in the floating solar farm. Each floating module, made of high-density
polyethylene (HDPE), is designed with a corrugated surface and a row of grooves

Floating Solar Module by Housing and Development Board—Singapore/patent no.
PCT/SG2019/050220.
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Fig. 13 Floating module

and ridges to provide rigidity and strength. Each floating module is designed with
innovative male and female connector parts on the sides. The modules can therefore
be easily connected to each other by inter-locking them with stainless steel pins.
The interlocking inter-modular connection ensures a safe and stable maintenance
walkway. With a specially designed pillow module, the floating module can be used
to support solar PV panels, as shown in Fig. 14. Figure 15 shows the global layout

Solar Panels

Pillow

Fig. 14 Floating module used as support for PV panel
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Fig. 15 Global layout of floating PV farm at Tengeh reservoir

of the 100 kWp floating solar farm. The designed farm was successfully deployed at
Tengeh reservoir in mid-2018, as shown in Fig. 16.

The successful pilot implementation at Tengeh reservoir created industrial interest
and a much larger-scale project was launched to construct one of the world’s largest

Fig. 16 Constructed floating solar farm at Tengeh reservoir
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Fig. 17 Global arrangement of floating solar farm offshore Woodlands

5 MWp coastal floating solar farm offshore Woodlands, Singapore. Figure 17 shows
the global layout of the designed floating solar farm. The site is within a well sheltered
channel where the environmental conditions are like those at Tengeh reservoir, except
that there is a higher water current speed and a larger tidal variation. Besides, the
corrosive sea water brings the concern of corrosion. Furthermore, marine growth on
floating modules needs to be accounted for. In view of the environmental condition,
the design used for Tengeh reservoir was modified accordingly to suit the design
requirements at Woodlands. The key differences include (1) different sizes are used
for walkway modules and PV modules to achieve an optimal use of the given space;
(2) high-strength nylon pins are used to replace stainless steel pins at the connection to
avoid corrosion; and (3) marine grade aluminium brackets are used to replace pillow
structures for the support of solar PV panels. The floating solar farm is expected to
be deployed onsite in late 2019.

4.2 Structural Analysis

The finite element model of a typical floater module is shown in Fig. 18. The model is
constructed using thin shell elements. Winkler-type linear area springs, representing
the hydrostatic pressure, are applied at the bottom surface of the model. Equivalent
hydrostatic pressures at the sides are also applied through the area load assignment.
Note that this finite element model is a simplified representation of the module
shown in Fig. 13. The major simplifications are: (1) wider rib and trough width and
(2) simplified geometry of the connectors. These simplifications are justifiable in
view that wider rib and trough width leads to a relatively conservative prediction
of the analysis results. The geometry of the connectors is not of interest in the
analysis of one single floating module. An independent detailed connection model
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Fig. 18 Finite element model of floater module

is constructed for the analysis and design of the inter-modular shear key connection.
The simplifications adopted here are for the purpose of computational efficiency by
avoiding undesirable effects due to irregular geometry and irregular elements.

Figure 19 shows the total displacement contour plot of the top surface of the
floating module under service condition supporting the weight of a service personnel.
The 3D deformed shapes are shown in Fig. 20. Note that the total deflection includes
the draft of the module. The differential deformation is found to be within acceptable
range.

In addition to serviceability check, the strength adequacy of the module must also
be examined. Figure 21 shows the contour plot of the von Mises stress at the top
surface under ultimate limit state. As can be seen, the maximum stress of 20 MPa
is smaller than the yield stress of 27 MPa of the HDPE material. The design is thus
deemed satisfactory.

Figure 22 shows a local finite element model of the connection region between
two floater modules. The HDPE module parts are represented by thin shell elements.
The pins are modelled as frame elements with the same geometric information as

Fig. 19 Total deflection of module top surface (unit: mm)
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Fig. 20 Deformed module (unit: mm)
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Fig. 21 von Mises stress under ultimate limit state (unit: MPa)
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(a) (b)

Fig. 22 Connection model: a model outline and b finite element mesh

the steel pin. Bilinear elastic springs are applied to the connection interface between
the two modules. Line loads of the same magnitude but in different directions are
applied to the top and bottom edges of the other module part to create a moment at
the connection interface. A nonlinear finite element analysis is carried out to examine
the adequacy of the connector strength and assess the stiffness of the connection.
Based on a prior global analysis, a maximum bending moment of 0.4 kNm at
the connection is identified and applied to the nonlinear local connector model for
strength check. Figure 23a shows the von Mises stress contour plot of the connector.

104611

(a) (b)

Fig. 23 Analysis of connection, a von Mises stress (MPa) and b bending moment at connection
pin (kNm)
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As can be seen, the stress concentration is observed near the bolt slot on the top
surface of the module. The maximum stress is about 19 MPa, which is smaller than
the yield stress of the HDPE material. At the inter-modular connection, the steel bolt
is subjected to a bending moment of 0.1 kNm at the mid-span (see Fig. 23b). This
value is smaller than the strength of a Grade 316 bolt. Thus, the current design of the
inter-modular connector is satisfactory.

4.3 Hydrodynamic Test

Hydrodynamic responses of the floating structure under environmental actions is
critical to safety in both daily operation and survival condition. This is especially
important when the floating solar farm system is in the sea subject to marine condi-
tions. In reservoir condition, the water is almost calm, and no large water current is
expected. However, in sea condition, there can exist relatively large waves as well
as current and tides. Due to the large number of modules in a typical size floating
solar farm, it is not possible to conduct hydrodynamic analysis for the entire system.
A simplified model is necessary to reduce the cost of computational resources and
time. To reasonably represent the characteristics of the entire floating solar system,
a section of the system consisting of 10 modules is selected for the hydrodynamic
study for laboratory tests and numerical simulations. The sub-system is assumed to
be from the outer most area of the solar farm which is subject to larger wave loads
as compared to other parts of the farm.

Since a floating solar farm has never been developed for deployment under
marine condition, experimental verification of the system is desired to understand
its behaviour. The experimental results can also provide a means for the valida-
tion of results obtained from numerical hydrodynamic analysis. The model test was
conducted in full scale in the hydraulic laboratory at the National University of Sin-
gapore. Both hydrostatic and hydrodynamic tests were carried out. The former is to
examine the stability and maximum vertical load carrying capacity of the floating
system. The latter is to evaluate the performance of the system under wave condi-
tions. Figure 24 shows the coastal basin which is used for carrying out the model
tests. The schematic drawing of the layout of the model test is shown in Fig. 25. The
physical model of sub-system of the floating solar farm used in the tests are shown
in Fig. 26.

The model tests were conducted for regular, irregular and focus wave conditions.
These tests are to measure the response amplitude operators (RAOs) and the statistical
responses of the model floating system. Two irregular sea conditions, namely normal
sea and extreme sea have been defined based on the expected conditions at the actual
site where the farm is to be built. The tested irregular wave conditions are summarized
in Table 3. All these test conditions were calibrated before the model test is conducted.
The motions in 6 degrees of freedom have been recorded.

Experimental laboratory test results revealed that the hydrostatic and hydrody-
namic performance of the system is very good. The maximum vertical load capacity
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Fig. 24 Wave basin in Hydraulic lab, National University of Singapore
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Fig. 25 Schematic drawing of layout of model test
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Fig. 26 Physical model of tested sub-system of floating PV farm

Table 3 Environmental

conditions simulated in the Conditions Hs (m) Tp )
model tests Normal conditions 0.03 1.0
Extreme conditions 0.1 1.7

of the floating module is found to be around 160 kg. The maximum heave is around
0.06 m and the maximum pitch is around 3.5° in the extreme sea conditions. The
motion of the system in the normal sea condition is almost negligible. Since the
waves can be reflected by the outer modules, the response of the remaining modules
which are in the centre area is expected to be small. Further work will be conducted
to validate the numerical model so that the response of the tested system in a harsher
sea state can be simulated.

5 Floating Wetlands

5.1 Project Information

Singapore is constantly making efforts to improve the water quality of ponds and
reservoirs and provide a natural habitat for birds and fishes. Examples include the
artificial floating wetlands already deployed at Punggol [9], as shown in Fig. 27.
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(@) (b)

Fig. 28 Proposed floating wetlands at Pulau Ubin a site location and b view of Pekan Quarry.
Photo credit: almostland.com

Floating wetlands not only enhance the eco-system but also bring people closer to
nature for them to enjoy the scenic views. Besides Punggol, a project was launched
to build several floating wetlands to enhance the site for wetland wildlife at Pulau
Ubin, an island situated in the north east of Singapore. Figure 28 shows the location
and image view of Pekan Quarry at Pulau Ubin where several clusters of floating
wetlands are to be built. The floating wetlands are to be built through assembly
of standardized modular floaters, which were used to build the floating wetlands at
Punggol. The innovative modular floater has been patented” by HDB. These modules

ZFloating Wetlands Module by Housing and Development Board—Singapore/patent no.
PCT/2014013866, Malaysia/patent no. PCT/ PI 2015700120, People’s Republic of China/patent
no. PCT/ZL.201380042813.0, Hong Kong/patent no. PCT/HK1207040.
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are hexagonal in shape with male and female parts to facilitate easy inter-connection
between modules. The modules are made of HDPE material and in-filled with PU
foam so that they are unsinkable and buoyant. There are two different sizes of the
standardized modules, one with a height of 250 mm and the other 410 mm. The
planar shape and dimensions of the module are shown in Fig. 29. Details of the
inter-connection of modules are shown in Fig. 30. Structures, mimicking trees with
branches suitable for housing nests, are to be built using aluminum poles of various
lengths on one of the floating wetlands for the purpose of attracting herons to nest,
mate and build colonies in these artificial trees.

oz
O

22

O
:k l: L—500MM@ Uppor Hole at HDPE

Module
——400MM@ Mesh at bottom of Module

Fig. 29 Plan view of floater module
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Fig. 30 Elevation view of connected modules
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5.2 Analysis of Floating Wetlands

The proposed floating wetland system at Pekan Quarry, Pulau Ubin is to be designed
for reservoir condition. For such a condition, the wave driven by wind is expected
to be negligible. Hence, there is no need to consider the dynamic response of the
floating wetlands. The main environmental actions are from the surface current and
wind. As these environmental actions are mainly horizontal, these loads are to be
resisted by the mooring system. So, the analysis of the floating wetlands is driven by
the hydrostatic requirements. The balance between buoyancy and the vertical loads
have been checked carefully. The vertical load includes the self-weight of the floating
modules, the weight of plants and the weight of the nesting structures. The weight of
plants is assumed evenly distributed on the floating wetlands. The weights of nesting
structures are placed at their desired locations. It was found that under these vertical
loads, the average draft of the floating wetlands is around 70 mm. Considering the
depth of the floating module is 250 mm, it may be concluded that there exists enough
reserve buoyancy.

The static stability of the floating wetlands is also critical to the safety of the
system. The metacentric height (GM) is a measurement of the initial static stability
of a floating body. The value of GM for a single floating wetland is computed to be
larger than 100 m. As this is much larger than 0.15 m, the minimum requirement
on GM for a vessel from IMO [10], it can be concluded that the design of floating
wetlands can fulfil the requirements on hydrostatics, both buoyancy and stability.

5.3 Analysis of Nesting Structures

Pekan Quarry at Pulau Ubin is a roosting habitat for the Grey Heron. They nest
primarily in flooded timber zones/wetlands. When foraging, they are usually soli-
tary, standing motionless in shallow water, stabbing at its prey with its long, sharp,
dagger-like bill. When nesting, they are sociable birds, invariably nesting in trees
and establishing heronries. To sensitively enhance the habitat for herons at Pekan
Quarry, artificial nesting structures are to be designed and erected on the proposed
floating wetlands. The design of the nesting structures must mimic nature as much
as possible and be appealing to herons. Their living and nesting habits must be well
addressed in the design concept.

Through a comprehensive literature review of the requirements for an artificial
heron nesting and detailed consultancy with bird expert, an innovative design concept
is proposed. Figure 31 shows the conceptual design of a nesting platform attached to
a vertical post mounted onto the HDPE floaters. The main post is made of aluminium
circular hollow section, powder coated brown to mimic a natural tree. The post is
wielded on and braced by metallic members, which are mounted onto the HDPE
floaters through bolt connection to the metallic members. Several posts of various
heights, the maximum of which is proposed to be 9 m, are to be built on the floating
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Fig. 31 Conceptual design Tubes
of nesting structure .
Alumi

wetland. Up to four nesting platforms are to be mounted onto these posts with the
requirement that the lowest nesting platform is elevated 2.5 m from the floaters
top surface to avoid potential attacks from lizard’s or other wetland ground-based
animals. Each two adjacent nesting platforms are to be spaced sufficiently apart with
different orientations to avoid conflicts between families of herons, as illustrated in
Fig. 32 which shows several posts and the layout of nesting platforms on the posts.
The lowest two platforms are to be orientated in the opposite direction and the same
applies to the top two nesting platforms. This special arrangement has the advantage
of bending moment reduction along the aluminium post.

Fig. 32 Possible load patterns. Photo credit: Linda Tanner
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Comprehensive structural analyses were carried out by accounting for various
possible load patterns as shown in Fig. 32. Detailed finite element analyses and
design checks were conducted as per EC9. Optimization of structural members were
also carried out to achieve a reliable and cost-effective design.

6 Conclusions

This paper presents the recent research and development activities as well as com-
pleted and ongoing projects pertaining to the use of floating structures for both
industrial and recreational applications in Singapore. In particular, the theoretical
and experimental studies on floating hydrocarbon storage tanks and modular float-
ing structures are presented. The project background, design considerations as well
as structural and hydrodynamic analyses of floating solar farms and proposed floating
wetlands are also discussed. Owing to the merits of floating structures, they serve
as an approach for land creation from water bodies for various applications. The
concepts and designs presented here may be applied in other parts of the world with
appropriate modifications to cater for the local design requirements.
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Analytical Methods for Dynamic )
Interaction Between Strip Foundations oo
and Poroelastic Soils

Teerapong Senjuntichai and Suraparb Keawsawasvong

1 Introduction

The study of dynamic interaction between foundations and soils has a rich history
in geomechanics. Analytical methods based on linear elasticity have been employed
by many researchers to investigate the dynamic response of foundations. When the
length of a foundation is much greater than its width, the foundation is usually as a
strip foundation, and the plane strain condition is adopted for the study of its dynamic
responses. Dynamic interaction problems between a rigid strip and an isotropic elas-
tic half-plane were analytically investigated in the past, e.g. the works by Karasudhi
et al. [10], Oien [16] and Luco and Westmann [15]. The dynamic response of a
group of flexible strip foundations under vertical loading resting on an isotropic
elastic half-plane was studied by Wang et al. [22]. It is well known that natural soils
and rocks exhibit some degrees of anisotropy, and a simplified model, called trans-
versely isotropic, is widely adopted for the analysis of dynamic interaction between
foundations and anisotropic soils. The dynamic interaction between a rigid strip and
transversely isotropic elastic media was studied by Gazetas [8, 9]. In addition, Lin
et al. [14] and Ai and Zhang [1] investigated the dynamic response of a rigid strip
on a multi-layered transversely isotropic elastic half-plane.

Geo-materials are often two-phase materials with a solid skeleton and pores,
which are saturated with water. Such materials are commonly known as poroelastic
materials, and a salient feature of their responses is the generation and dissipation
of pore pressure under applied loading. The theory of elastic wave propagations in
an isotropic poroelastic material was established by Biot [4]. Subsequently, Kassir
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and Xu [11] and Bougacha et al. [6] employed Biot’s poroelastodynamics theory
to study the dynamic responses of a rigid strip on homogeneous poroelastic half-
plane and poroelastic layer respectively. Senjuntichai and Rajapakse [19] presented
dynamic interaction between a rigid strip and a multilayered poroelastic half-plane
by employing an exact stiffness matrix method [18]. Vertical vibrations of multiple
flexible strips resting on a multi-layered poroelastic half-plane was also investigated
by Senjuntichai and Kaewjuea [20].

By incorporating his anisotropic material parameters [3, 5] presented the the-
ory of elastic wave propagations in an anisotropic porous elastic material. Cheng
[7] later reformulated Biot’s parameters [3] with material parameters that are eas-
ily identifiable with laboratory measurement. The dynamic interaction between a
rigid strip and a transversely isotropic poroelastic half-plane was recently studied by
Keawsawasvong and Senjuntichai [12] who showed that the anisotropic properties
have a significant influence on the dynamic response of the rigid strip. In addition,
Keawsawasvong and Senjuntichai [13] presented the dynamic response of a system
of rigid strips on a homogeneous transversely isotropic poroelastic layer.

This paper reviews the applications of Biot’s theory of poroelasticity to study the
dynamic interaction between a strip foundation and a poroelastic half-plane as shown
in Fig. 1. Biot’s equations of poroelastodynamics under a plane strain condition are
briefly reviewed for both isotropic and transversely isotropic poroelastic materials.
The analytical general solutions for poroelastic materials are then presented. An exact
stiffness matrix scheme for the analysis of a multi-layered half-plane is also outlined.
The dynamic interaction problem is analyzed by employing a semi-analytical dis-
cretization technique based on the influence functions corresponding to the surface
displacements of a poroelastic half-plane. Selected numerical results are illustrated
to investigate the influence of various parameters such as the degree of anisotropy
and the frequency of excitation on the strip response.

S Y

Layer 2

| z=2zy
\ Layer N }

=N+l

Homogeneous half-plane

Underlying half-plane

(a) (b)

Fig. 1 A rigid strip foundation under time-harmonic loading bonded to: a a homogeneous
poroelastic half-plane; b a multi-layered poroelastic half-plane
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2 Basic Equations and General Solutions for Poroelastic
Half-Plane

2.1 Isotropic Poroelastic Medium

Consider a homogeneous isotropic poroelastic half-space with a Cartesian coordinate
system (x, y, z) defined such that the z-axis is perpendicular to the free surface of the
half-space. It is assumed that the deformations of the half-space are plane strain in
the xz-plane, i.e. &, = €,, = ¢,; = 0. According to Biot’s theory of poroelasticity
[2], the constitutive relations for a homogeneous isotropic poroelastic half-plane can
be expressed by using the standard indicial notation as,

oij = 2peij + (Aewr —ap)diy, i, j=x,2 (1a)

p= —((XMEkk + MW,‘,,‘) (1b)

In the above equations, oy, 0., and o, are the total stress components of the
bulk material; €,,, ¢, and &,, are the strain components of the solid matrix that are
related to the displacement u; (i = x, z) as in the theory of linear elasticity; u and A
are Lame’ constants of the bulk material; §; is the Kronecker delta; p is the excess
pore fluid pressure (suction is considered negative); and w; (i = x, z) is the fluid
displacement relative to the solid matrix in the i-direction. In addition, « and M are
Biot’s parameters accounting for compressibility of the two-phased material.

The equations of motions of the poroelastic half-plane, in the absence of body
forces and a fluid source, are written in the terms of displacement u; and w; as [5],

i jj+ A+ oM+ puj ji +aMw; ji = pii; + pyiv; (2a)
O[Muj’j,‘+MWj’ji:pfil.[+m“"‘)i+bwi (2b)

where the superposed dot denotes the derivative with respect to time; o and py are the
mass densities of the bulk material and the pore fluid respectively; m is a density-like
parameter that depends on p; and the geometry of the pores; and b is the parameter
accounting for the internal friction due to the relative motion between the solid
matrix and the pore fluid, and it is defined as the ratio between the viscosity of the
pore fluid and the intrinsic permeability. If the internal friction is neglected, then b
~ (. In addition, the motion under consideration is assumed to be time-harmonic of
the form e!, where w is the frequency of the motion, and i is the imaginary number.
The term e/ is hereafter omitted.

The Fourier integral transform with respect to the x-coordinate and its inverse
relationship can be expressed as [21],



88 T. Senjuntichai and S. Keawsawasvong

f(é,z)=\/%/ f(x, 2)e 5 dx (3a)
[ <

7)) = —— ,72)e¥%d 3b

f(x,2) m/ f&, e de (3b)

By using Helmholtz representation for a vector field together with applying the
above Fourier integral transform to Eq. (2), the following general solutions can be
expressed in the frequency-wave number domain by Senjuntichai and Rajapakse [18]
as,

U, = if(Aley'Z + Bie " 4 Aye?* 4 Bze—yzz) + ¥ (A3€V3Z — B3€_V3Z) (4a)

i, =y (Alel/lz _ Ble—wz) + ]/2(A2€yzz _ Bze—}’ﬂ) _ i.‘;—'(A3eV3z + B3e—7/31)

(4b)

We = yix1(A1e” = Bre™"%) + yaxa(A2e™* — Bye %) — ik x3(A3eT + Bye %)
(40)

Gxz = 2iky) (A1e7"% — B1e V1%) + 2ikyy (Age??® — Boe 12%) + b3(Aze?™ + Bze 1)
(4d)

0;; =Cj (AleVlz + Ble—m) + cz(Azesz + Bze_m) ity (A3eV3Z B B3e_V3Z)
(4e)
p= al(Aleylz + Bleﬂ/lz) —i—az(AzeV“ + Bzeﬂ’zz) )

in which A1—A; and B{—B3 denote the arbitrary functions to be determined by employ-
ing appropriate boundary conditions. In addition, all parameters appeared in Eq. (4)
are given elsewhere [18].

2.2 Transversely Isotropic Poroelastic Medium

For a homogeneous transversely isotropic poroelastic half-plane, the constitutive
relations can be expressed according to Biot [3] and Cheng [7] as,

ouy au,
Oy = C11 +e—— —wyp (5a)
ox 9z
Us | o\, 0l (5b)
o =Ci1p— Clz— —
vy 12 ax 13 9z hP
Uy ou,
0z = C13 +e3— —a,p (5¢)

0x 0z
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ou,  ou,
o —C44( )
ax
M( 8ux+ ou,  Iw,
= —M(a,— +ao,—
P "ax 0z 0x

where ¢y, c12, €13, €33 and c44 are elastic moduli of the b

89
(5d)

ow,
92 ) (5e)

ulk material. The equations

of motions of the half-plane, in the absence of body forces and a fluid source, are

given by,
0%u, n 0%u, S ) ap
— 4y c c —ap—
H52 FE 13 44 P
82uZ+ Zu +( n ) ap
Cop——= c c v
M 8 o 13 44 9z
ap 9%u, 82w,
_Z by,
ax P T T
ap 0%u, 0%w,
-5 v bv
. P T T

— = p—

3%u, 32w,
TP TP e (6a)
% (60)
% (6d)

In Eq. (6), the parameters / and v are used in the subscript of material parameters
to define their properties either in the plane of isotropy (i = %) or in the perpendicular
direction to the isotropic plane (i = v). It can be shown that [12] the following general
solutions are given in the frequency-wave number domain as,

ﬁx = XjAje)sz — Xije‘_A/Z
uzzijje/ +ijje J

ﬁ = é‘jAj@AjZ — ;'ije_ku

Wz = wJ-Aje“ —+ ZD'ijEi)LjZ

- Ajz =Xz

Oyx; = <ijje / +(ijj€ /
)L_,‘Z

— _ )l'z —
0., =njAje" " —n;Bje

where A;—A3 and B;—Bj3 are once again the arbitrary, and

(7a)
(7b)
(70)
(7d)
(Te)

(7)

all parameters appeared in

Eq. (7) are given explicitly by Keawsawasvong and Senjuntichai [12].
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3 Influence Functions

3.1 Homogeneous Poroelastic Half-Plane

The analysis of the dynamic interaction problems between a strip foundation and
poroelastic soils as shown in Fig. 1 by using the proposed discretization technique
requires the implementation of appropriate influence functions. Those influence func-
tions are the fundamental solutions of boundary-value problems corresponding to
uniform strip loading of unit intensity and a width ‘/’ applied on the surface of sup-
porting poroelastic soils. Consider the case of a homogeneous isotropic poroelastic
half-plane subjected to vertical and horizontal strip loads applied on its surface. The
general solutions given by Eq. (4) are employed in the analysis of this boundary-
value problem with A; = 0 to ensure the regularity of the solutions at infinity. The
boundary conditions corresponding to a homogeneous isotropic poroelastic half-
plane subjected to the two surface loads in the Fourier transform domain are given
by,

7,60 =—7,(©& (8a)
7..(6,0)=—7.(&) (8b)
P¢.0)=0 (8c)
and
Fa® = J28E (=2, x) (8d)

where 7” (&) denotes the Fourier transforms of uniform strip loading of unit intensity
and a width ‘I’ applied in the vertical (n = z) and horizontal (n = x) directions. It
is convenient to solve the boundary value problem corresponding to the vertical and
horizontal loads separately. Substitution of the solutions for the arbitrary functions
B, B, and Bj corresponding to the two loading cases to Eq. (4) yields the required
influence functions for the analysis of dynamic interaction problems as shown in
Fig. 1a.

The above procedure is also applicable for the case of a homogeneous transversely
isotropic poroelastic half-plane except that the general solutions given by Eq. (7) are
employed in the derivation of the required influence functions.
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Fig. 2 Geometry of multi-layered half-plane under consideration

3.2 Multi-layered Poroelastic Half-Plane

Consider a multi-layered isotropic poroelastic medium consisting of N poroelastic
layers overlying a homogeneous poroelastic half-plane. Layers and interfaces are
numbered as shown in Fig. 2 where the superscript n denotes quantities associated
with an nth layer (n = 1, 2, ..., N). The general solutions given by Eq. (4) can be
expressed in the following matrix form:

u(é,z) =R, 2) C§) and £(§, 2) = S(§, 2) C(§) (9a)

where
u, 2) = [i, i. p| and (&, 2) = [5y: 6. w. | (9b)
In Eq. (9), the superscript T denotes the transpose of a matrix and C(¢) = [A; B,

Ay By A; B3]T.
For the nth layer, the following relationships can be established by using Eq. (9a):
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[ R™(&, z,)

U™ = - cm™ (10a)
L R™(E, zu11)
[ —S™ (&, z,)

F® = . cm (10b)
L S(n> (Sv Zn+1)

where
U™ — [u(")(E, Zn) u(")(E, Znt1) ]T and F® = [—f(")(é, z0) £ (E, Znt1) ]T (11)

In Eq. (10), U™ denotes a column vector of generalized displacements for the nth
layer whose elements are the Fourier transforms of displacements and pore pressure
of the top and bottom surfaces of the nth layer, and F™ denotes a generalized force
vector whose elements are the Fourier transforms of tractions and fluid displacements
of the top and bottom surfaces of the nth layer. The matrices R® and S® in Eq. (10)
can be obtained from Eq. (9a) by substituting the relevant material properties of
the nth layer with z = z,, or z = z,41. In addition, the vector C™ is the arbitrary
coefficient vector corresponding to the nth layer.

In view of Eq. (10), the following relationship can be established for the nth layer

F® :K(")U("); n=12,...,N (12)

where K™ is an exact stiffness matrix for the nth layer describing the relationship
between the generalized displacement vector U™ and the generalized force vector
F®™. Similarly, the stiffness matrix for the underlying half-plane K *1 can be
obtained by establishing a relationship between the generalized displacement vector
UW+D and the force vector FVTD,

The global stiffness matrix of a multi-layered half-plane is assembled by using
the layer and half-plane stiffness matrices together with the continuity condition of
traction and fluid flow at the layer interfaces. The final equation system can be written
as,

K* U* = F* (13)
where K* is the global stiffness matrix and U* is the global vector of generalized
displacements. In addition, F* is the global force vector. To obtain the required

influence functions for the dynamic interaction problems shown in Fig. 1, F* is
given by,

F*=[—if,(¢) —7.)00...0] (14)

and f,(£) (n = x, z) is defined in Eq. (84).
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4 Formulation of Interaction Problem

Consider a strip foundation, with a width of 2a, subjected to time-harmonic vertical,
horizontal and moment loads, as shown in Fig. 1. The strip is assumed to be rigid,
massless, and undergoing time-harmonic translational and rotational displacements.
In addition, it is assumed to be perfectly bonded to the underlying poroelastic half-
plane with fully permeable contact surface. The horizontal and vertical displacements
of an arbitrary point on the contact surface under the strip are given by,

uy(x,0)=A;, —a<x=<a (15a)

u,(x,0) =A,+x¢, —a<x<a (15b)

where A; (j = x, z) represents the displacement amplitude in the j-direction at the
center of the strip; and ¢ denotes the amplitude of the rotation about the y-axis of
the strip. Let define the unknown traction in the j-direction generated at the contact
surface between the rigid strip and the underlying half-plane as 7; (j = x, z). To
determine the unknowns 7 and T, the contact surface under the strip is discretized
into N equally spaced nodes with the tributary length of [ = 2a/N as shown in Fig. 3.
It is assumed that 7, and T, are uniformly distributed over each discretized element.
The displacements at the node k, with the coordinate (x;, 0) on the contact surface
under the strip footing, can be expressed as,

N N
e (6, 0) = Y Uy (s )Tt (x) + ) Ure (os )T (vr) - (162)
=1 =1

N N
(5, 0) = Y Une Orks ) Tt (1) + Y Usexis 1) Ty (1) (16b)
=1 =1

where U,,, (xi; x;) denotes the influence function, which is the horizontal (m = x)
Fig. 3 Discretization of the node i —

contact surface under rigid node 1 —
strip

—— node NV

NV als 5

L
) PP R 4|
T

|e 2a %I
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or vertical (m = z) displacement at the nodal location (x;; 0) at the contact surface
due to a uniform horizontal (n = x) or vertical (n = z) strip load of unit intensity
applied at the nodal location (x;; 0) at the contact surface. In addition, 7,; and T; (I
=1, 2, ..., N) denote the shear and normal contact traction at the node / of the strip,
which are assumed to be uniformly distributed over the tributary length of the node.
Note that the influence function U,,, (x;; x;) is obtained from Sects. 3.1 and 3.2 for
homogeneous and multi-layered half-planes respectively.

The equilibrium equations of applied forces on the rigid strip can then be expressed

as,
N
F, = — Z Tt (17a)
=1
N
Fo=—) Tu (17b)
=1
N
My == Tat(-x) (17¢)
=1

Finally, the relationship between the applied forces and the displacement
amplitudes of the rigid strip, can be expressed in the following matrix form:

F, Ky 0 0 A,
Fy = 0 Ky K¢ Ay (18)
M 0 KC KM X¢

where Ky, Ky, Ky and K¢ represent vertical, horizontal, rocking, and coupling
impedances of the strip respectively.

5 Numerical Results

An accurate numerical quadrature scheme [17] is employed to determine the required
influence functions appearing in the terms of infinite integrals given by Eq. (5b).
This scheme subdivides the interval of the integrand and employs a 21-point Gauss—
Kronrod rule to evaluate the integral over each interval. In the numerical study, the
following material parameters are employed: E;, and E,, are drained Young’s modulus
in the plane of isotropy (xy-plane) and in the plane normal to the plane of isotropy
(vertical direction) respectively; G is the shear modulus; v, is the drained Poisson’s
ratio characterizing the transverse strain reduction in the plane of isotropy due to a
tensile stress in the same plane; v, is the drained Poisson’s ratio corresponding to
the transverse strain reduction in the plane of isotropy due to a tensile stress normal
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to it. The relationship between these parameters and the elastic moduli, ¢y, ¢22, ¢33
and c44 was given by Cheng [7]. In addition, a non-dimensional frequency, defined
as § = w ay/pWM/GW, is used in all numerical results presented in this paper; and
other normalized material parameters are defined as: E} = E;/G"V; M* = M/G"Y;
o5 = pr/pV;mi =m;i/p" and bf = bia//pDGD, where i = h and v and G
and pV are the material properties of the first layer. In addition, non-dimensional
dynamic compliances of a rigid strip foundation are defined as:

K} =nF,/GPaA, (19a)
Ky =nM,/GVd¢p (19b)
K} =nF,/GVaA, (19¢)
K;=nM,/GVa*A, (19d)

Figure 4a shows the comparison of non-dimensional vertical compliance
(C v=1/K v*) for a rigid strip bonded to an isotropic elastic half-plane with the
Poisson’s ratio of 0.25 between the present solution and the existing solutions given
by Luco and Westmann [15]. Figure 4b shows the comparison between the present
solution and the solutions by Ai and Zhang [1] for C7, of a rigid strip on a multi-
layered transversely isotropic elastic half-plane, consisting of the first and second
layers, with the thicknesses of 4a and 3a respectively, overlying a homogeneous
half-plane. The normalized parameters are £} = 8 and E}, = 4 for the first layer;

2.5 - 1.5
204 —Real !’art ——Real Part
: ---Imagma;y Part 1.0 ---Imaginary Part
15 ® Luco and Westmann (1972) e Aiand Zhang (2016)
104 0.5
N 05 "N 00
o o
0.0 - 05
-0.5 1 .
-0-~
s -1.0 |
-
-1.0 A o_—o---0--"%
-1.5 T T ) -1.5 T
0.0 0.5 1.0 1.5 1 2
0 ]
(a) (b)

Fig.4 Comparison of vertical compliances of a rigid strip on: a an isotropic elastic half-plane; b a

multi-layered transversely isotropic elastic half-plane
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E; = 6 and E}, = 3 for the second layer; E; = 4 and Ej, = 2 for the half-plane.
In addition, vj and v,;, are equal to 0.25 and G is equal to 1 for all layers, whereas
other poroelastic parameters are set to be negligibly small. It is evident from Fig. 4
that the present solutions with N = 32 are in very good agreement with both existing
solutions.

The dynamic impedances of a rigid strip footings bonded to a homogeneous
transversely isotropic poroelastic half-plane are first studied. The material properties
are given as follows: E; =3, v, = v, = 0.3, o = o, = 0.95, p;i =05, m; =
m! =1, M" =125, and b} = b} = 2. Note that the ratio n = E/E; is varied
to portray the influence of Young’s moduli on dynamic impedances of the foot-
ing, and the case n = 1 then corresponds to a homogeneous isotropic poroelastic
half-plane. Non-dimensional dynamic impedances of rigid strip footing resting on a
transversely isotropic poroelastic half-plane are presented in Fig. 5a—d for vertical,
rocking, horizontal and couple impedances respectively for different values of n over
the frequency range 0.2 < § < 3. Numerical results presented in Fig. 5a—d indicate
that all impedances vary smoothly with the frequency for both real and imaginary
parts. It is evident that both real and imaginary parts of the vertical, rocking and
coupling impedances depend significantly on the parameter n. A larger value of n
results in the half-plane being less stiff under vertical and moment loading as shown
in Fig. 5a, b. On the other hand, a lower value of n yields an increase of coupling
impedances as shown in Fig. 5d. In addition, numerical results presented in Fig. Sc
indicate that the influence of the parameter n on the horizontal compliances is almost
negligible due to the fact that variation of the parameter n represents the variation of
anisotropic properties in the vertical direction (n = E/E}).

Next, the dynamic impedances of a multi-layered transversely isotropic poroelas-
tic half-plane, consisting of two layers with a thickness a overlying a homogeneous
half-plane, are presented in Fig. 6 over the range of § = 0-3. The properties of
the multi-layered half-plane are given in Table 1. Another system considered in
Fig. 6 is a multi-layered isotropic poroelastic half-plane, with the properties iden-
tical to those given in Table 1 except that the properties in the direction normal to
the isotropic plane (i = v) are set to be equal to those in the plane of isotropy (i
= h), in the two layers and the underlying half-plane. It is evident from Fig. 6 that
non-dimensional impedances corresponding to a multi-layered half-plane display
more oscillatory variations with frequency when compared to the case of homoge-
neous half-plane shown in Fig. 5. Once again, non-dimensional vertical, rocking and
coupling impedances show a significantly dependence on the anisotropic effects,
whereas for the horizontal impedance, the influence of anisotropy is virtually negli-
gible. Thus, the variations of the parameter E; should be considered to investigate
the influence of anisotropic properties on horizontal vibrations of rigid strip.
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Fig. 5 Non-dimensional dynamic impedances of a rigid strip on a homogeneous transversely
isotropic poroelastic half-plane: a vertical; b rocking; ¢ horizontal; and d coupling
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Fig. 5 (continued)

6 Conclusions

In this paper, Biot’s theory of poroelastodynamics is reviewed for application in
the analysis of dynamic interaction between strip foundations and poroelastic soils.
Vertical, horizontal, rocking, and coupling impedances of a rigid strip on homoge-
neous and multi-layered poroelastic half-planes are obtained, for both isotropic and
transversely isotropic materials, by employing a discretization technique with the use
of displacement influence functions. Numerical results show that non-dimensional
impedances vary significantly with the frequency of excitation and the degree of
anisotropy. In addition, the variations of impedances with frequency is smooth for
a homogeneous half-plane but shows oscillatory behaviour for a layered medium.
The present solution scheme can be extended to investigate other soil-structure inter-
action problems involving anisotropic saturated soils such as embedded footings,
impermeable footings, and a system of multiple footings.
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Fig. 6 Non-dimensional dynamic impedances of a rigid strip bonded to a multi-layered poroelastic
half-plane: a vertical; b rocking; ¢ horizontal and d coupling
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6 (continued)

Table 1 Material properties of multi-layered transversely isotropic half-plane considered in Fig. 6

E} E} v v, G* oy oy
First layer 3 1.5 0.3 0.3 1 0.95 0.5
Second layer 2.5 1.25 0.3 0.3 0.5 0.98 0.98
Half-plane 10 5 0.25 0.25 4 0.9 0.9
e mp m g b, M
First layer 1 0.5 1 1 2 3 12.5
Second layer 0.8 0.5 0.9 0.9 1.5 1.5 7.5
Half-plane 1.2 0.5 24 2.4 6 6 8
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Floating Offshore Wind Turbines in Goto | M)
Islands, Nagasaki, Japan L

Tomoaki Utsunomiya, Iku Sato, and Takashi Shiraishi

1 Introduction

In order to mitigate greenhouse gas emission, it is necessary to increase renewable
energy production. In Japan, the production of renewable energy is still very limited.
However, offshore wind energy resources in the Japanese EEZ (Exclusive Economic
Zone) are now considered to be huge. In particular, the offshore wind energy resource
in deeper waters (where the water depth is greater than 50 m) is remarkable. For
developing deep water wind energy, the use of floating-type foundations is considered
to be more economical than the use of bottom-fixed foundations [2]. However, there
existed only one multi-megawatt floating wind turbine in 2010; that was the Norway’s
Hywind, built and installed in September 2009 [1]. The second multi-megawatt
floating wind turbine, WindFloat—a semisubmersible-type floating wind turbine,
was installed in Portugal in October 2011 [6]. Since then, Japan’s Ministry of the
Environment kicked-off a demonstration project on floating offshore wind turbine
(FOWT). The project took six years; beginning from September 2010 to March 2016.
In this project, two floating offshore wind turbines have been installed and tested.
Some details are given in Utsunomiya et al. [12, 15], Utsunomiya [13]. This paper
summarizes the demonstration project and states current situations.
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2 Outline of the Demonstration Project

The ultimate objective of the demonstration project is to reduce the greenhouse gas
emission through commercialization of FOWT in the Japanese EEZ. Towards the
commercialization of FOWT, a mandatory and important step is to demonstrate its
technical feasibility. In particular, a demonstration of installation and operation of a
multi-megawatt floating offshore wind turbine at sea is the primary objective of the
project. Although the installation/operation of a multi-megawatt FOWT is the main
target of the demonstration project, a step-by-step approach is generally preferred,
in order to reduce possible risks. Also, social acceptance may be gained by such a
step-by-step approach. Thus, the half-scale model, of which its length scale is almost
half of the full-scale model, was planned to be installed before the installation of the
full-scale model.

Figure 1 shows the location of the at-sea demonstration site. The site is about 1 km
offshore of Kabashima Island, Goto city, Nagasaki prefecture, Japan. The mean water
depth is 97.2 m (at mean sea level; MSL). The site is surrounded by the island on
the north-western side, but it is open in the south-eastern side. The marine cable has
been installed for the grid-connection. The distance to the shore from the FOWT
along the marine cable is about 1.8 km.

Fig. 1 Demonstration site: Kabashima, Goto city, Nagasaki prefecture
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3 Half-Scale Model

3.1 Description

Figure 2 shows the outline and main dimensions of the half-scale model. Figure 3
shows the general view with an access boat used for maintenance. The floating
foundation has a slender cylindrical shape (spar), with a draft of 37.05 m, an outer
diameter of 3.8 m at the bottom and an outer diameter of 2.375 m at the sea level. The
bottom half of the floating foundation is made of precast PC (pre-stressed concrete)
segments whereas the upper half is made of ring-stiffened steel. In order to mitigate
the yaw motion, four straight fins are attached along the PC part. Conventional
catenary chain system is used as the mooring system. Three stud-link chains (JIS
Grade 3) with a nominal diameter of 56 mm are used. For the anchors, two concrete
sinkers (each weight in air is 200 tf) and one Danforth-type anchor (weight in air is
10 tf) were selected after considering the sea-bed condition.

The wind turbine (SUBARU 22/100) has a rated output of 100 kW. However,
during the demonstration test, the maximum power was limited to 40 kW so as to
increase the possibility of occurrence of wind speed above rated wind speed, where
pitch control of blades is made. The wind turbine was modified to a down-wind type
from the original up-wind type design. The down-wind type turbine is considered

Fig. 2 Dimensions of
half-scale model (in m)
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Fig. 3 General view of the
half-scale model with an
access boat

to have advantages such as weather-vane effect in yaw direction and the rotor axis
being horizontal when the tower is tilted due to wind action.

The structural design of the floating wind turbine was made by relying on the time-
domain numerical simulations. Some details of the numerical simulations and the
experiments used for validation are presented in Utsunomiya et al. [10] and Kokubun
et al. [4].

3.2 Response During Typhoon Attack

During the demonstrative experiment of the half-scale model, the FOWT was attacked
by two separate severe typhoons, that is, by Bolaven (international designation: 1215)
and Sanba (international designation: 1216). Sanba (1216) was a record-making
typhoon event. It was closest to the at-sea experiment site at around 5:00 am on 17
September 2012. At that time, the central atmospheric pressure of the typhoon was
940 hPa. During the typhoon, several data were obtained, that include the wind speed,
wave height, motion of the floating body, strains of the tower and the floating body,
tension of a mooring line. The details of the measurement can be found in Ishida
et al. [3]. In the following, some details during the typhoon attack are presented (for
details, see [8]).
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Fig. 4 (left) 10 min average wind speed measured on top of nacelle. Time 0 h corresponds to data
for 18:00-18:10 on 16 September, and 11 h to 05:00-05:10 on 17 September. (right) Significant
wave height and significant wave period. Time O h corresponds to data for 18:00-19:00 on 16
September, and 11 h to 05:00-06:00 on 17 September

Figure 4 (left) shows the 10 min average wind speed measured at the top of the
nacelle by the cup-type anemometer. The maximum 10 min average wind speed was
36.8 m/s taken during 05:00-05:10 am on 17 September 2012. The design wind
speed corresponding to the return period of 50 years as the 10 min average wind
speed for the FOWT is 48.3 m/s at the hub-height (23.3 m above sea level). Thus,
the maximum wind speed during the typhoon event was 24% lower than the design
wind speed. Figure 4 (right) shows the significant wave height and the significant
wave period measured by the wave measuring buoy. The maximum significant wave
height was 9.5 m taken during 05:00-06:00 am on 17 September 2012, and the max-
imum significant wave period was 13.0 s taken also at the same time. The maximum
significant wave height of 9.5 m exceeded the design wave height of 8.4 m (for 1 h
reference period), but the maximum significant wave period was below the design
value of 14.0's.

In order to validate the numerical simulation method, the dynamic responses have
been re-produced by using the measured wind and wave time series data. Figure 5
shows the minimum and maximum values of the platform motion in pitch. The
reference point of the motion is at 6 m above the sea level (at the tower base). Basically,
good agreement can be seen between the experimental (Exp) and simulation results
(Cases 1-3). It should be emphasized that although the significant wave height of
9.5 m exceeded the design wave height of 8.4 m that corresponds to the return periods
of 50 years, the FOWT experienced no damage by the typhoon attack.

3.3 Response During Power Production

The dynamic response of the FOWT at power generation is presented below. Nielsen
et al. [5] reported that for a spar-type FOWT, a conventional wind turbine control
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scheme may induce a magnification of the pitch motion. The effect may be referred
to as “negative damping effect”. The wind turbine control scheme for the FOWT at
Kabashima was modified to suit a floating wind turbine so as to avoid the negative
damping effect. In order to confirm the effectiveness of the control scheme, the field
measurement at power generation has been made, and the results are presented below
(for details, see [9]).

Figure 6 shows the turbulence intensities of the wind data used for comparison
herein. Figure 7 shows the mean values of the pitch response. A fairly good agree-
ment between the simulation results and the measured values is observed. The effect
of turbulence intensities is insignificant for the mean values. Figure 8 shows the
standard deviations of the pitch response (pitch SD). As it can be seen in Fig. 8, the
numerical simulation results show that the turbulence intensities affect the pitch SD
considerably. Thus, a large scatter of the pitch SD in the measured values is due to
the large scatter of the turbulence intensities themselves (see Fig. 6). The simulation
results of pitch SD predict fairly well the upper bound of the measured data for the
corresponding turbulence intensity class (IEC category A).

Fig. 6 Turbulence 0.5
intensities (T.I.) (solid line:
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4 Full-Scale Model

4.1 Design, Construction and Installation

The half-scale model was removed from the demonstration site as scheduled. Sub-
sequently, the full-scale model was installed at the same site. Figure 9 shows the
main dimensions of the full-scale model. Basically, the design concept of the spar
platform is the same as the half-scale model except for the scaling up to about twice
in the length dimensions. Some details of the design procedure, construction and
installation can be found in Utsunomiya et al. [11].

The installation procedure can be summarized as follows (Fig. 10).

(a) The PC parts and the steel part were connected at a quay yard in the horizontal
position.

(b) The completed floater (hybrid spar) was towed to the northern part of the
Kabashima Island by using a barge (dry tow).

(c) The floater was then upended by using a large floating crane. The procedure is
basically the same as the half-scale model.

(d) The tower (in two pieces), the nacelle, and the rotor were assembled to the
floating body.

(e) After completion of the floating wind turbine, it was towed to the southern part
of Kabashima Island.
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(f) Finally, the anchor chains were hooked-up to the floating body. Here, the anchor
chains had been pre-laid. The final hook-up was completed on 18 October 2013.

(g) After the electric marine cable hook-up and the grid-connection, the opening
ceremony, as the first multi-megawatt floating wind turbine in Japan, was held
on 28 October 2013.

4.2 Operation and Relocation

The full-scale model was operated and tested at the Kabashima demonstration site
for more than 1 year. During the test, several measurement was made, and they were
checked against the numerical simulations. Some details can be found in Utsunomiya
etal. [14].
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a b

Fig. 10 Installation procedure of the full-scale model (from top left to bottom right; a connection
between PC part and steel part, b towing of the floater, ¢ upending of the floater, d assembly of the
rotor, e towing to the demonstration site, f hook-up of anchor chains)

The demonstration project completed successfully in March 2016 as scheduled.
In order to utilize the full-scale model for further demonstration toward commercial-
ization, it was removed from the site, and relocated to 5 km offshore of Fukue Island.
There, a full 2 MW power generation is possible, and future expansion to a floating
offshore wind farm is expected. Figure 11 shows the general view of the full-scale
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Fig. 11 General view of the full-scale model during power production

model at the relocated site during power production. Due to the thrust force acting on
the rotor, steady inclination and elastic deformation of the blades can be observed.
Currently, the full-scale model is used as a commercial wind turbine, selling its prod-
uct with FIT-based revenues. Also, the full scale model was hit by severe typhoons
several times but it had not been damaged. Comparison of the measured responses
during the typhoons with simulations can be found in Tanaka et al. [7].

5 Concluding Remarks

This paper introduced the demonstration project on floating offshore wind turbine
held at Kabashima Island, Goto city, Nagasaki prefecture. The half-scale model was
attacked by a very severe typhoon, but it survived with no damage. Comparison of the
measured data during the typhoon event and the power production with the simulation
results confirmed the validity of the simulation tool and the design method.

The full-scale model has also been installed with a great success. It also demon-
strates the feasibility of the spar-type FOWT in Japan. The success of the hybrid
spar combining lower PC precast segments and upper steel part has opened up the
realization of a low-cost floating wind turbine system in near future.
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Adaptive and Variable Building )
Envelops: Formal Methods and Robotic e
Fabrication
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1 Introduction

Building skin functions as a key element that covers the facade of a building. It is
in direct contact with the outer climate, thus playing a significant role in sustainable
techniques for energy saving. Under extreme climate conditions of Middle Eastern
areas, Mashrabiya breaks direct sunlight while allowing natural light to enter the inte-
rior. The climate requires utilizing passive architectural solutions with local materials
and techniques to mitigate the harsh weather in buildings. The fagade structure is
an inevitable part of the external glass wall where it combines attributes of visual
appearance and environmental performance. A well-designed facade can efficiently
regulate physical environmental factors, such as wind, heat and light, while improv-
ing the occupant’s comfort within a building. Recently, Mashrabiya has been reintro-
duced through different forms of designs to keep up with modern technologies. Here,
reviewing the device of the traditional Mashrabiya used in Middle Eastern countries,
presenting its components and techniques, and reviewing the potential usages in the
contemporary context of the architecture are necessary.

The aim of this research is to conduct on the one hand, a systematic study on the
generation of a variety of building facades using the symmetry method, investigating
the visual effect and its design potentials, and on the other hand, a pilot study to
fabricate a mock-up facade model with a robotic arm.
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2 Traditional Screen Techniques

The principal function of Mashrabiya is to break direct sunlight and allow natu-
ral ventilation while preserving privacy for Middle Eastern people. It is typically
composed of a projecting window made of wooden latticework. It is attached to the
exterior wall mainly on the second story or higher of the building. It allows natural
daylight and ventilation to the inner rooms. It also offers an overlooking view of the
street or the inner courtyard. A Mashrabiya is covered by finely turned wood pieces
in a lattice pattern. These fine woods are assembled in different geometrical patterns,
plant ornaments, and some other Arabic patterns. The complex arrangement of the
Islamic patterns seems to have infinite shapes that expand without a start or an end.
It is designed to fit within a frame that surrounded the patterns. Mashrabiya not only
covers openings but also saves occupants from the harsh surrounding environment.
It provides shade inside a room without closing the windows, thus ensuring airflow
to pass through openings and mitigate high temperature (Fig. 1).

It controlled air flow and light through the different size of openings in its lower
and upper parts. The lower part had small openings to break sunlight and to get
constant airflow, as that part was at the eye level, while it provided privacy for the
occupants. The upper part had the bigger openings to ensure the flow of cool air and
light which is away from and above eye level to avoid blurring in vision. Through
the wooden balusters and lattices, direct sunlight was broken to avoid blurry vision.

Fig. 1 Section and exterior view of a traditional Mashrabiya, Bayt Al-Suhaymi, Egypt, 1648
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3 Modern Applications

Several architects have faced challenges in reinterpreting the concept of Mashrabiya,
which characterizes the local identity into a modern architectural language. These
architects have intended to apply Mashrabiya to high-rise towers using Islamic-
inspired geometrical patterns. Two contemporary facade designs inspired by the
traditional Mashrabiya are introduced, that is, the designs of the Doha Tower and the
Louvre Abu Dhabi. Both designs by Arch. Jean Nouvel share the same geometric
aesthetics and functional purposes [1].

3.1 Doha Tower Fagade

The system for the Doha tower is a fixed four-layered aluminium screen that simply
covers the entire fagade. Four layers of the same design but with different scaled
patterns are superimposed together. A unit motif of the pattern appears to have a
triangular shape. The basic pattern shows a rotate, reflected, and translated motif,
which forms the wallpaper group of symmetry. The same pattern is then reduced
consecutively and superimposed in two, three, or four layers. Each design is selected
as a double-layer screen in response to the orientation of the sun and direct light
intensity throughout the year. Considering that Doha is known for its hot weather
and high sun glare, the screen functions as a protection from heat and direct sunlight
and provides interior shading (Fig. 2).

Fig. 2 The facade system for the Doha Tower: a Basic pattern of the screen; b reduced patterns;
¢ superimposed patterns
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Fig. 3 Basic pattern as well as various scaled patterns overlapped for the Louvre Abu Dhabi roof
dome

3.2 Louvre Abu Dhabi Dome

The warm weather in Abu Dhabi prevails throughout the year with the occasional
rainfall in winter. The dome for the group of buildings acts as a shading canopy to
protect the exterior plaza and the buildings below from the daylight. This structure
provides a comfortable working area for visitors around the galleries, open plaza,
and other facilities. The structure for the dome is composed of double layers. The
top outer and bottom inner parts of the dome are each overlapped with four levels
of aluminium designs of different sizes with geometric patterns. Nevertheless, its
fundamental design is simply formed with wallpaper patterns. The dome design
with perforated openings filters light but still allows the sea breeze into the complex.
At first look, the design of the dome looks randomly weaved. However, a closer
look reveals that the dome’s complex pattern is the result of a meticulously studied
geometric design (Fig. 3).

4 New Synthetic Designs

We focus our attention on the geometric designs and fabrication of the fagade screen.
The symmetry principle is used to test the design possibilities of generating different
window screens by arraying a simple motif in accordance with the principle and
overlaying various symmetries of the wallpaper group.

4.1 Formal Method

The geometric patterns of the building facades are created by repeating geometric
motifs in accordance with the symmetry of the wallpaper groups [2]. Planar symmetry
has two types, namely, the finite and infinite groups. The former is called the point
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Fig. 4 Examples of 17 wallpaper patterns based on a simple triangular unit motif

group whose isometric transformations occur in a fixed point or line. In the latter,
isometric transformations occur under unidirectional translations called the frieze
group; the two-directional translations are called the wallpaper group [3, 4]. Here,
only the wallpaper group is considered.

There are 17 distinct wallpaper groups in the plane. Each is classified with respect
to four spatial transformations including translations, reflections, glide reflections,
and rotations, as well as five basic lattices such as square, hexagonal, rectangular,
rhombic, and parallelogram. Basically, a unit motif is recursively transformed and
placed within the lattice frame. Whereas each wallpaper group contains a distinct
combination of the above transformations and lattices, it is characterized by a unique
pattern that periodically repeats [5] (Fig. 4).

4.2 Constructing Potential Designs for Facade Screens

Infinite numbers of the geometric screen designs can be created with respect to
the symmetry of the wallpaper group. The overlay of different subsymmetries in
various layers are methodically expanded to inspire diverse screen ideas. Suppose
that a black-and-white simple motif is selected. The selected motif is repeatedly
arranged as a pattern in accordance with the symmetry of the wallpaper groups.
Initially, the subsymmetry of the wallpaper groups can be strictly applied to generate
distinct window screens, where each screen corresponds to a specific plan symmetry
group. After arranging each motif in accordance with the principles of symmetry,
architects can then manipulate and transform the motifs in accordance with their
functional and aesthetic requirements. Different ways of overlapping and binding the
symmetries of the wallpaper groups in a single screen design can be used. Several
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Fig. 5 Several window screens during the winter: a p4g-p4-p2-pl are superimposed; b p4m-p4-
p2-pl are superimposed

Fig. 6 Morphed screens of the subsymmetries of wallpaper patterns with the square lattice

screens illustrate the symmetry principle that is applied in a pattern, whereas other
screens are visually compelling but are slightly connected to their flat representations
of symmetry (Fig. 5).

The superimposed layers can be morphed together to form a single structural
entity. The aggregated layers are placed in ordered positions with some distance apart.
Contemporary computer technology can generate a multitude of morphed designs.
One layer of patterns mutates into another. Each layer can be set and morphed in a
single axis [6] (Fig. 6).

4.3 Test Fabrication with Industrial Robot Arm

With advanced computer technologies, various designs have tested its technical
details and construction by fabricating the designs offhandedly. Recently, changes
in architectural fabrication systems, such as laser cutters, CNC (Computer Numer-
ical Control) milling machines, 3D printers, and robotic arms, allow us to produce
prototypes economically and easily. In this project, complex free-formed designs are
fabricated using a robotically controlled wire to cut from the Expanded Polystyrene
(EPS) foam. This process involves computing tool paths and rapidly prototyping
potential forms. These processes are efficient devices for creating mock-up models
of computer-generated designs. Most industrial robots work in car assembly lines or
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Fig. 7 Component unit cutting with the hot wire

heavy-duty works. Recently, industrial robots have been implemented to increasingly
creative works because they can operate more efficiently than humans considering
their accuracy. Given that the morphed structure of various layers is an assembly
of the modular unit, we fabricate and assemble the unit while it is applied in a real
building (Fig. 7).

Based on potential designs for facades designs, a full-scale mock-up model of the
building envelope is fabricated with the industrial robot arm. The fabrication of a
full-scale mock-up model of the building envelope aims at verifying and testing the
performance of the design and the suitability of the structure. With the help of such
technology, concept designs can be offhand examined into physical reality so that the
designs can be progressively enriched as well by the reciprocal process. The process
may change our working environment, as the computer has replaced the drawing
tools of the past. It forecasts the change to working environment in which design as
well as fabrication process will be gradually integrated so that both eventually occurs
in one place (Fig. 8).

5 Summary

Mashrabiya with repeated geometric patterns has been revived in contemporary archi-
tecture and further utilized as an integral part of practices for the development of
sustainable architecture. The symmetry of the wallpaper groups was briefly intro-
duced and then applied to test synthetic window screens. The symmetry principle
may serve as a tool for unlimited creativity for screen designs in the hands of archi-
tects, thereby allowing the design of various facade structures. Here, the notion of
wallpaper group symmetry was used to generate different screen patterns. In addi-
tion, methods for overlaying different patterns of screens were tested to generate
various depths of the screens. Therefore, a simple technique has numerous potentials
for generating a diverse range of designs and applying them to sustainable screen
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Fig. 8 Modular unit screen fabricated using a robotic arm where various subsymmetries are
superimposed

designs of architecture. A mock-up model was fabricated with the industrial robotic
arm for demonstration, design evaluation, and constructability.
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An Analysis of Green Building )
Certification Systems in Vietnam er

Le Thi Hong Na and Dang Nguyen Hong Anh

1 Introduction

Over the past decades, Vietnam has witnessed negative impacts on the country’s
development and economy from global warming and climate change. The govern-
ment, organizations, stakeholders and citizens have all joined hands in the mitigation
of this problem. In 2015, the United Nations General Assembly established the 2030
Sustainable Agenda with 17 global goals set to end poverty, protect the planet, and
ensure prosperity for all. In that context, Vietnam has adopted various national strate-
gies for sustainable development, specifically 115 detailed targets, compared to 169
set in the Sustainable Development Agenda 2030 [1]. Of this, the construction indus-
try is placed at a high priority as it exerts great influence on the natural environment,
resource consumption and human health. As a result, the importance of sustainabil-
ity in the construction industry has been recognized and promoted both globally and
locally. In response to the demand for more sustainable buildings, Vietnam has expe-
rienced a significant increase in the number of GBs. This makes GB an emerging
crucial element in the process of reducing the detrimental impacts of the construction
industry.

A GB is a building, of which, its design, construction and operation minimize its
negative impacts on human health and natural environment while preserving precious
natural resources and improving the quality of life. GB plays an important role in
delivering environmental, social and economic benefits to the construction industry,
which contributes to the world’s sustainable development. In Vietnam, GB is becom-
ing increasingly associated with different rating systems, which confuses stakehold-
ers in the promotion of their GB. These include LEED (Leadership in Energy and
Environmental Design), LOTUS, EDGE (Excellence in Design for Greater Efficien-
cies), DGNB (Deutsche Gesellschaft fiir Nachhaltiges Bauen), GO-AIT VN (Green
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Office of Asian Institute of Technology in Vietnam), HQE (Haute Qualité Environ-
mentale), BCA Green Mark, Green Star, WELL and FITWEL. Therefore, to easily
and accurately decide on GB investment, it is of great essence for stakeholders to
differentiate between the main features of different GB rating systems.

In spite of the growing adoption of GB rating tools, there is no study to review
all the certification systems used in Vietnam. Thus, the purpose of this paper is
to systematize, analyze and identify the outstanding features of each certification
system which would assist stakeholders in having a better understanding of these
different GB rating systems in order to make appropriate choices in GB investment.

2 The Development of GB Movement in Vietnam

In 1993, the first United State Green Building Council (USGBC) was founded—
creating a global movement to encourage sustainable adoption in the construction
industry to achieve sustainable development. The GB movement began to attract
more and more attention from green leaders and developers from countries around
the world and Vietnam was not an exception. As a result, to bring together a group
of people with the same views towards GB, the World Green Building Council was
founded in 1999. In the upcoming decades, GB activity should continue to increase
across the globe. In Asia, Singapore and China are ranked as the top performers in
developing GB. Whereas, Vietnam achieved a relatively modest number of certified
GBs at about 100 at the beginning of 2019, compared to 197, 154, 3269 and more
than 1000 GBs in Thailand, Taiwan, China and Singapore respectively [2]. However,
according to the 2018 report of World Green Building Trend, in recent years, Vietnam
saw considerable growth in the level of green activity, and this is predicted to increase
significantly in the next few years [3]. The expected percentage of respondents par-
ticipating in more than 60% of green projects will nearly double from 13 to 24% in
2021. It can be concluded that Vietnam is a potential market for GB development.
The GB movement in Vietnam has just taken the first steps. There has not been a real
action and been interested by community, although the GB movement in the world
has been for 25 years [4].

To recognize a work as a GB, various GB rating systems, which comply with the
combination of sustainability-based factors, have been launched. Currently, there
are 10 different GB certification systems being applied in Vietnam as shown in
Table 1. LEED, which is established by USGBC in 2010, is appropriate for projects
seeking global brand recognition. EDGE, developed by the World Bank Group’s
International Finance Corporation (IFC), focuses on minimizing the usage of natural
resources including energy, water, and materials. Meanwhile, FITWELL and WELL,
both created by the U.S., emphasizes more on human wellbeing and the occupants’
comfort. As an indispensable trend, Vietnam Green Building Council (VGBC) has
created its own domestic GB standard called LOTUS, with its aim to comply with
Vietnam’s construction practices, regulations, and climate. HQE and Green Mark are
anational typical certification of France and Singapore, in which the GB movement is
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Table 1
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Basic information of 10 GB certification systems presented in Vietnam

Year | Country Certification system Organization Target markets

1998 | US LEED U.S. Green Building U.S/International
Council

2002 | France HQE Alliance HQE-GBC Europe and
(France) and Cerway | developing countries
(award HQE in Africa
worldwide)

2003 | Australia Green Star Green Building only Australia
Council of Australia

2005 | Singapore Green Mark Building and Singapore and Asia
Construction
Authority (Singapore)

2009 | Germany DGNB German Sustainable Developing countries
Building Council

2010 | Viet Nam LOTUS Vietnam Green Viet Nam
Building Council

2013 | Switzerland | EDGE IFC — World Bank Developing countries
Group

2014 | US WELL International WELL U.S./International
Building Institute

2017 | US FITWEL U.S. Department of U.s.
Health and Human
Services

2017 | Viet Nam GO - AIT VN (Green | Asian Institute of Viet Nam

Office) Technology in
Vietnam (AIT VN)
Source Authors

strongly developing with the significant quantity of projects. GO-AIT is a certification
for offices and companies which had finished the training course. As there is only
a single project with DGNB certification by German investor, it is not popular in
Vietnam. There is a building in Vietnam which was designed in accordance with
Green Star standard. However, as Australia GB Council only provides Green Star
certification for domestic projects, this building was not certified. The most popular
certifications used to evaluate GB in Vietnam are LEED and LOTUS certification
systems. Some GB developers have started to consider to apply FITWELL for their
project [5].

Over the past 5 years, more and more GB rating tools have been applied in
Vietnam, followed by a significant surge in the number of certified GB especially in
the period from 2016 to 2018. The total figure for certified GB in Vietnam as of early
2019 is 106 certified buildings under LEED, LOTUS, Green Mark, EDGE, HQE,
DGNB and WELL standards (Chart 1). LEED experienced remarkable growth in the
number of certified GB from 2 projects in 2010 to 54 in 2019, which makes it the
most commonly used GB rating tool in Vietnam. Meanwhile, LOTUS is applied the
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Chart 1 Number of certified projects in Vietnam. Source Authors

second most common for GB certification with 23 certified buildings as of 2019. The
number of projects achieving Green Mark certification gradually rise year by year and
has reached the number of 7 in 2019. Despite being lately applied, EDGE certified
buildings witnessed a climb up to 18 buildings in 2019, passing the number of those
certified by Green Mark. EDGE certification monitors the building’s emission rate
through the EDGE App, which is an easy-to-use tool for designers and operators for
buildings.

There are various factors driving this trend upwards. The most significant of which
to the growth of GB in Vietnam comes from the market demands for more valuable
buildings. This indicates the important role of owners’ involvement in green in push-
ing this market. However, there are numerous obstacles interfering with the develop-
ment of GB. The lack of well-trained green experts and political support/incentives
are the biggest barriers to the growth of the green market in Vietnam. In addition, con-
cerns about higher first costs and lack of public awareness should also be considered
as barriers.

3 Remarkable Aspects of GB Movement in Vietnam

The GB certification system provides a recognized third-party verification. It makes
the design, construction and operation of buildings more environmentally respon-
sible. On the other hand, human comfort and health, being affected by GB’s mea-
sures, plays a significant role in the productivity of buildings [6]. GB’s categories
depend on national legal and construction laws so that their criteria are extra require-
ment to make high-performance buildings. Different GB rating systems based on
sustainability-based criteria vary from energy consumption, water efficiency, waste
management, indoor air quality, technology, community to innovation application.
Based on the analysis and synthesis of categories of all GB certification systems
presented in Vietnam, there are 2 groups of criteria including environmental concern
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and human concern. These are considered as 2 main destinations that all criteria are
heading to. However, that aspect is the majority differs from each GB rating tools.
Of which, the environment-related criteria are points about energy, environment
elements, waste, and pollution; while human-related criteria focus on human health
and well-being [7]. The level of concern for each GB certification system is as shown
in Chart 2. Among them, LEED, LOTUS, EDGE, Green Mark, DGNB and GO-
AIT concern more about environmental aspects in minimizing the usage of energy,
natural resources, reducing waste and pollution. Meanwhile, FITWEL, WELL and
HQE seem to care more about health comfort factors by focusing on improving the
quality of living conditions. Accordingly, the cognizance of the dominant aspect of
each GB certification system could assist stakeholders in adopting the appropriate
GB activity in accordance with their prior objectives.

The systematic review of all GB rating systems in Vietnam demonstrates a pros-
perous development of GB and readiness to adopt advanced technology to keep
up with the sustainable development trend of the world. According to Table 2, the
statistic shows all GB certification tools can be applied for most types of building.
However, not all of them are available in the Vietnam construction market.

It is noticeable that industrial projects account for the highest percentage of cer-
tified GB in Vietnam. Industrial works is a major sector of the GB market due to
factory construction laws on energy, environment and health quality that are reg-
ulated by going through the documentation and certification process. In addition,
some industrial constructions, which is administered by international corporations
or complied with import and export enforcement, must be applied for GB certifi-
cation by foreign investment law. These buildings are mostly verified by the LEED
certification system, a long-standing, widely-used global standard.

The next most-rated building types are office and residential buildings. The num-
ber of these categories has been increasing rapidly for the last 3 years due to 4 main
causes. First, following the requirements of construction market about improving
sustainable quality, most new buildings are racing against time to receive GB certi-
fication. Higher building-value is also considered as the primary cause. Also, with
all certified categories from GB organizations, these buildings are all able to provide
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Table 2 Building types in accordance with GB certification systems in Vietnam

BUILDING TYPES LEED |LOTUS| EDGE | DGNB | HQE f/[r::l'(' WELL |Total

1 Commercial/ Office building 13 1 2 1 1 1119

2 Office Interior/ Workplace 1 1

3 Education 1 3 1 1

4 Healthcare

5 Hospitality 1 1

6 Single/ Multi Residential 6 1 5 12

7 Neighbourhood/Urban 0

8 Industrial 37 6 1 1 45

9 Retail 2 6 8
Available in systems Not available in systems
Auvailable in Vietnam 1 [Number of projects

Source Authors

Health & comfort Competitive advantage
for workers | in the market

" £ . Office & 4 -
Client demand : Industrial Residential
N Lower operating cost
O Higher rent/buy rate

Fig.1 The main causes of development of 2 typology projects in Vietnam. Source Authors

Market demand

Environmental
regulations

higher living quality and improve user health. Last but not least, the operating cost of
a GB is lower than that of a normal building, which faster recovers invested capital
[5]. The main causes of development of 2 typology projects in Vietnam is as shown
in Fig. 1.

4 Case Studies

To clarify the status of green buildings in Vietnam, three domestic buildings, recently
built and certified as GB, were chosen to be analyzed in Table 3. The results show
that they all apply basic environment-friendly design techniques and technologies
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to reduce the usage of natural resources and mitigate negative impacts on the envi-
ronment. In particular, apartment Haus Neo, a Bauhaus architecture, which applied
advanced technologies not only achieved but also exceeded the standard assess-
ment of 20% by IFC with figures of 29, 32, 47% on energy savings, water saving
and less-embodied energy in materials respectively. Meanwhile, Genesis School, a
kindergarten and primary school, obtained LOTUS Gold Certification in May 2019
with its various green features. It reduces energy use to only 60.9% thanks to the use
of effective housing shell, AC systems and solar panels. In addition, 94% of occupied
areas have quality views to the outside with vegetation all around the building. In
terms of LEED-certified GB, ATAD Dong Nai was selected as it is the first LEED
factory in Asia invested and built entirely on Vietnamese resources. Despite limi-
tations in knowledge and experience, this project is a factory designed, constructed
and consulted in accordance with LEED by the Vietnamese people. It suggests that
the Vietnamese construction market holds potential for future development in GB
activities.

5 Conclusion

GB is not just a temporarily superficial trend of Vietnam’s construction industry
but also is an inevitable campaign for sustainable development. GB adoption should
be considered as a compelling measure to cope with the increasing challenges of
the Vietnamese construction sector, for example, over-population and urbanization,
natural resources consumption, waste and pollution management and detrimental
impacts of climate change. In the rates of future levels of green activity in Southeast
Asia, Vietnam accounts for a high percentage, which makes it a potential market for
GB in the next 5 years. The number of verified GB have been increasing consistently
over the past 3 years and is projected to witness a dramatic rise in the future.

On the way to further the sustainable revolution by doing GB movement, there is
a wide range of obstacles facing the Vietnam construction market. Besides raising
public awareness related to GB among inhabitants and stakeholders, the government
also plays an important role in promoting GB by adopting the appropriate political
strategies, regulations, and intensives.
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Design Exploration and Fabrication )
Using Industrial Robotic Arm oo

Seung Beom Park, Jin-Ho Park, You Jin Park, and Tuan Anh Nguyen Vu

1 Introduction

Advanced technologies allow architectural design exploration far beyond traditional
ways. However, marginal parts are in the design practice, mainly in the fabrica-
tion toward more complex parametric designs. In architecture, industrial robots have
been frequently used to explore geometrically complex designs with the property of
materials. In construction, robots are used to resolve and construct complex designs.
Robots have slowly become creative tools for architectural explorations [1]. Never-
theless, although the number of industrial robots employed has increased during the
past years, the use of robots in architecture is still far limited compared with tasks
in industrial mass production, such as in the automobile industry. The wide range
use of robots involves difficulties or challenges. The use of industrial robots in archi-
tecture should be incorporated with other fields, such as controlling and modeling
in the software industry and different custom-made end effectors in the mechanical
industry [2]. Many professional architects are not aware of any of these advantages
because they do not commonly use such techniques in their daily practice.
Advanced technology has changed the ways architects work in the office and in
the construction jobsite. Architects can design complex imaginary forms with utmost
precision using computer technologies. By working with a computer and robotic arm,
architects can conceive, design, fabricate, and assemble all building components. The
design data are provided to manufacturing, where components are made with suitable
materials and assembled offhand. This procedure is known as the design process of
recursion that oscillates between design and fabrication. Overall, this technology is
expected to cause a big ripple effect in the design process and construction sites.
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2 Project Description and Concept Design

The project intends to add a new design to an existing internal corridor in an archi-
tectural school building. The corridor is relatively long, yet a skylight is built in
the middle. The corridor serves as a cooperative space for a variety of student daily
activities. At times, students exhibit their works on the corridor wall or students and
faculty interact along the hallway.

Nevertheless, the current corridor looks desolate and noises tends to destroy
speech intelligibility. The use of the corridor seems to expedite circulation or just to
allow movement of people. Direct and reflected sunlight during daytime strikes the
corridor between classrooms and studios. The sunlight reflected off a corridor wall
causes discomfort, strain, and fatigue. Moreover, the reflection of light can lead to
glaring problems.

Accordingly, a symbolic notion of the execution of the project design is concep-
tualized. A human heart is the initial reference point for the design such that the final
design is reminiscent of a heart. To live a healthy life, the circulatory system must
optimally work to support a healthy heart. Likewise, the building hall, vestibule, and
corridor play a significant part in the internal perspective of buildings. The build-
ing corridor is not just a passage way but a public area, which engages users of the
building. Furthermore, the corridor represents user identity to showcase the image
of the building program. The corridor should not be thought of as a bare passage but
should be treated in a variety of ways to assist the peace of mind of the people in the
building.

The heart shape is taken as an image motif and interpret it into a part of the corridor
design (Fig. 1). The heart’s blood vessels allow the controlled admission of natural
light and direct sunlight and facilitate ventilation. The present corridor area that was
selected as a project site was designed where natural light can be interpenetrated
into the corridor and noises can be absorbed as though blood is circulating through a
system of blood vessels. With the installation, the corridor will be transformed with

Fig. 1 Concept image of human heart (left) and concept model (right)
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a new inspirational design that will infuse new vitality into the corridor and create
new activities.

The audio and visual qualities of the corridor are closely related to the dynamics
of the space [3]. While working along the corridor, mixed sounds, noises, lights, and
other visual elements surround the passers-by. The various noises reflecting on the
sidewalls of the corridor are additional design inspirations. Minimizing noise levels
deserves design consideration. Adding a new design will improve the corridor visu-
ally and acoustically. After designing the initial shape, the amount of accumulated
light exposure that fell on the corridor through the new design and permitted angular
adjustments of light emitted by the light inlet tube is tested, as depicted in Fig. 2.
Then, the effective areas of the average cumulative sun-exposure conditions during
different seasons are simulated to observe the effect of sun exposure on the corridor,
and thereafter, the design is finalized (Fig. 3).

Fig. 2 Simulations of the light effect of the corridor during spring, summer and winter

Fig. 3 Final design of the ® -
skylight corridor




138 S. B. Park et al.

3 Tools: Hot Wire Cutter with Robotic Arm

In this exercise, the design from layers of foam that were sliced with the hot wire
attached to the robotic arm is fabricated and then assembled together to form the
intended object. The hot wire heated with electric current allows precise cut-ruled
surfaces of the chosen material. Here, the expanded polystyrene (EPS) foam is used.
The hot wire technique was used because the equipment is readily available and
relatively easy to install and to use. In addition, it is widely accepted for architects
as the most commonly technique for modelling making.

A rigid and hollow frame to properly hold the wire cutter is manufactured. The
frame acts as a base for the 2-axis positioning devices. Cables for powering the hot
wire need to be neatly inserted in the hollow frame to control hazards. A cutting
force acting perpendicular to the wire may bend readily, and thus, the wire needs to
be pulled tightly under high tension provided by a spring that is capable to adopt the
wire current extension. When using a hot temperature, the wire may expand, which
requires the spring to tighten up the loose wire. At the other end of the frame, a
hot protection sleeve for mirror screw is installed to hold the wire. The frame has
to be light enough for the robot’s 10 kg maximum payload, where the weight the
robotic arm can be lifted. The frame is a custom-made frame with C-shaped hollow
aluminum rectangle tubes due to its high strength-to-weight ratio (Fig. 4).

Then, the wire diameter and current strength are considered because of the kerf
left after the cutting. Relying on the strength of the current and the diameter of
the wire, the kerf width influences the loss of the material and thus needs to be
minimized. Adjusting the settings on the power supply and wire cutter takes time.
Cutting different foams are subsequently experiment with because different material
properties have various resistance levels when the wire is pulled through the foam.

ol protection seeve lor mimor soew

Fig. 4 Hot wire cutter components attached to the robot arm in the beginning of the experiment
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In addition, different current temperatures and cutting speeds need to be consid-
ered. Cutting occurs below the melting point of the material. And it requires the
application of force in the direction of cutting to increase the heat input. Any change
in the feed rate affects the kerf width and cut surface. The wire must move smoothly
at a constant speed. Holding the hot wire stationary for a few seconds will generate
a round hole in the material. If the hot wire stays longer, then the hole will become
bigger.

After experimenting with the test cuts with different temperatures and speeds, the
appropriate results to be applied for the fabrication are come up with. The length of
the wire is 90 cm and the thickness of the wire is 0.5 mm. A typical material for
the wire is stainless steel or Nichrome. A Nichrome wire is used, which is fixed at
the end of the two points of the aluminum frame. The wire can be exchanged by
unfastening the nuts and bolts holding them together. The current heats the wire and
the operational voltage ranges from 20 to 40 V in the width and length of the wire.
Slidacs is used to convert input to output voltage and allows continuously adjusting
the input AC voltage output target.

4 Cutting Test

The final design is developed in Rhino’s Grasshopper, and the robotic arm is pro-
grammed using HAL, which is a Grasshopper plugin for the simulation and control of
ABB industrial robots. The plugin allows the creation of toolpaths to enable the wire
cutter to move in a predefined velocity and direction. After developing 3D models in
Rhino, an appropriate size of parts for the final cut can be determined. In accordance
with the sizes of the wire cutter and robotic arm, the ruled surfaces are subdivided
and further dissected into segments for precise cutting (Fig. 5).

The dataset of the dissected parts is linked to the Grasshopper. From the ruled
surface of the parts to be cut, two curves are extracted. Then, the points along the
curve are divided and lines between these points are drawn. As such, the surface
is discretized into several segments by nodes, and the segments are connected and
calibrated to form the smooth path curves. The consecutive lines between the curves
are the areas where the hot wire will pass through (Fig. 6).

The device trims the object using the ABB Teach Pendant. The wire cutter moves
perpendicular to the surface such that the toolpaths are smoothly controlled. The
appropriate cutting speed and strength of the current regulating the wire temperature
that will create a smooth and consistent cut need to be tested. Speed and wire tem-
perature are tested for the different sizes of the material. To control the curvature of
the wire in the cutting process, several ways to get it worked are tested.
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Fig. 5 16 pieces of the
design was sliced according
to the appropriate sizes to be
cut

Fig. 6 Tool path and a component tested to be cut

5 Assembling and Installation

After cutting the components of the model, the pieces are assembled together (Fig. 7).
The locations and specific sizes of all the pieces can vary, and thus, each unit is num-
bered after cutting. The assembled unit components are placed by hand in order.
Although the pieces are cut and unit components are assembled in accordance with
the drawings, discrepancies and mistakes were present during the cutting and assem-
bling processes. Several parts of the unit components needed to be slightly adjusted
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Fig. 7 Examples of components and their test assembly

or re-trimmed. It is assumed that the wire cutter with robotic arm did not reach suf-
ficient cutting accuracy. Nevertheless, the wire cutter demonstrates a wide range of
capabilities for the cutting of refined rule surfaces.

After custom-made plastic screws and foam bond are used to assemble the
trimmed pieces together. After waiting for the final assembled design to harden,
the design is smoothed along the common joining faces until they are both finer and
planer. The pieces are then assembled together and installed into the job site. The
final design is manufactured and assembled out of the EPS foam.

Despite earlier inaccuracies, the pieces fit exactly as the way they are created.
The surfaces lack smoothness at times. The preferred method for surface finishing
involves a thin cementitious polymer mortar or an elastic acrylic-based protective
coating sprayed on the surface. The sprayer for coating the assembled EPS foam
is tested. Finally, by using a piston-type airbrush and compressor, white paint is
sprayed in several layers on the previous primed surfaces. The dried paint will form
the homogenous coating of extraordinary strength and resistance.

6 Summary

This design, fabrication, and installation project is still an ongoing research. The
project is expected to be finished in the next few months and possibly presented in
a conference. At this stage of the research, geometric and fabrication discrepancies
between the simulated form and the trimmed output have been experienced. However,
these issues have yet to be fully described in full detail. Further tests and explorations,
such as detailed analysis of the model for the purpose of optimizing and calibrating the
digital simulation and fabrication, will be a topic for continuing research. Additional
tests on the loss of materials and efficient ways to cut components need further
investigation.

By switching its end effectors, the device can cope with a great degree of task
variability. In this project, the potential of the hot wire cutter is only used. A variety of
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other end effectors may be tested with different materials, such as grippers, welders,
and lasers. The use of robots may open up new possibilities of design and fabrication
of fairly complex spatial forms. Despite the potential of robotic fabrication, the
method has been rarely integrated in architectural practice until now. Most of the
applications are at the level of experimentations for small-scale projects.

One of the major challenges in the design process is the direct integration of
the design software, hardware, and programming ideas with fabrication tools in
the project. To make effective use of the overall process, architects should be fully
equipped with the knowledge of software programming and hardware for the devel-
opment of custom-made end effectors and tools for robots. Each end effector should
be custom-made to meet the particular needs and demands of the design construction.
Relying on the different needs for particular projects, switching its custom-made end
effectors for the specific tasks of the fabrication system is needed.
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Assessment of Roof Architecture )
of Street Houses in Some Central ek
Districts of Ho Chi Minh City

Le Thi Hong Na and Nguyen Dang Hoang Nhat Truong

1 Introduction

The population is increasingly concentrated in urban areas, and it is forecasted that
by 2050, 49.4% of the population will live in urban areas [1]. That is the reason why
SH developed strongly to meet residential and business needs due to high population
density. The uncontrolled development of such dwelling has created various chal-
lenges, especially with the top part of the houses. People tend to pay more attention
to the facade of the house while the roof, which is also an important part of the
house, is the last part to be built, is normally reconstructed and renovated for differ-
ent purposes such as room expansion or be used as technical space. Thus, the roof is
cluttered with different sizes and shapes of technical equipment such as AC outdoor
unit, water tank, solar water heater, etc. Besides, the building envelope, especially the
roof system with large contact area against the sun, remarkably affects the air quality
inside and outside of the house in terms of thermal comfort and glare. On a large
scale, the roof is considered the “fifth face” of the building, which can be seen from
above [2]. Correlation of roof proportions, colors and materials will greatly affect
the overall aesthetic of not only the building but also its surroundings. Moreover, the
surface material of the roof is the major factor of heat island effect which influence
on global warming.

In the world, this issue has been concerned and studied many years ago. In the
Environmental Science and Technology magazine on October 1st, 2009, Kristin L.
Getter’s article “Sequestration Potential of Extensive Green Roofs” analyzed the cur-
rent status of the roof and assessed the ability of green roofs in the area. Midwestern
United States—problems and solutions for the region. World Green Infrastructure
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Fig. 1 Surveyed house location map. Source Authors

Congress 2018 with the theme “Rethinking Sustainability with Green Walls, Green
Roofs and Greening the City” held in Bengaluru, India represents a worldwide con-
cern for roofing issues in general and the benefits of green roofs in sustainable practice
in particular. Nevertheless, in Vietnam, although there are initial steps in developing
standards and regulations for SH architecture, studies of the current situation on typ-
ical parts like roofs to provide appropriate solutions are limited. Little attention has
been paid to the need of reanalyzing the characteristics and assessing the impacts of
the roof on buildings and urban areas.

Thus, this study is aimed to evaluate the current condition of the SH’s roof in
terms of architecture and building physics for the purpose of proposing solutions for
abetter living condition that meets future demands. This study also helps researchers,
planners and policy-makers in realizing the potential for developing rooftop space
and accomplishing the standards for construction and urban management.

In order to analyse the status of SH’s roof, houses from different districts and
vary in style, dimensions and typology were selected. In particular, 120 houses in 10
different locations have been surveyed by direct observation from an elevated point.
Then, five out of such locations are chosen to be measured the physical configuration
including surface temperature and glare. The recorded information is intended to
synthesize and identify the main features of rooftop architecture. Following this, it
is to analyse the correlation between material, colour and the effect of heat and light
radiation to inside and outside of the house. A brief description of these houses is
given below in Fig. 1.

2 Overview of SH and SH’ Roof in HCMC

In the Vietnamese language, this housing type is called by various ways such as
“Nha 16” (lit., block house), “Nha “6ng” (lit., tube house) according to physical and
typological layout. Whereas, “Nha ph“6” (lit., street house) is the most popular name
as itemphasizes a street front position in a busy, commercial area [3]. This is a typical
type of housing in Vietnam primarily with a “tube form layout” and a “narrow frontal
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facade” that can be accessed directly from a street or an alley [4]. It was built mainly
in big neighborhoods and urban areas that meets the demands of residential and
commercial spaces.

Roof covers the top of a building, however, it not only just protect the building
from the effects of weather, but also makes a great contribution to creating the
architectural appearance of each individual house on overall urban area. The roof
plays an important part in forming the shape and style of the building through the
correlation of material, color and the ratio of architectural components. In urban area,
the viewpoint is not only limited to the ground, but it can also be captured from nearby
buildings, skyscrapers at an elevated point or even from airplane. With a diverse
position of view, we can easily observe the roofs of SH and somehow recognize
the urban characteristics and living standards of an area. This proves the significant
impact of the fifth facade of a building on urban image. In HCMC, from those high
points of observation, people can see the clutter, unevenness and inconsistency in
shape, material and color of the roof (Fig. 2). This not only affects the aesthetics
and appearance of a whole area but also the comfort of the people living around.

The roof is directly in contact with natural conditions such as sunlight and rain,
which makes it a shell to prevent the building against harmful agents. Thus, it is
easily affected by external factors such as weather, temperature and time. As
HCMC has a tropical climate with a hot and humid weather all year round, it is a
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Mot unilized 0o eniry) Not utilized MEP equipocen {doped MEP equipiment (flsf)  Oher exquipiest {skylight, anten.

GROL
GROUP IV

Anti-thie! Erame Plasting Family sctivities Relighous activities Recreational activilies

Fig. 3 Functional categories of the SH’s roof. Source Authors
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favorable condition for the development of moss, mold on the surfaces of the building,
especially the roof. Therefore, the design and selection of shape and material should
also be considered accordingly.

3 Architectural Identification of SH’> Roof in HCMC

The usage of space upon the roof of a street house in HCMC is diverse and depends
mainly on the needs of the owner. The roof is mostly used as a covering layer of
a building and a space to put technical equipment such as water tanks, solar water
heaters, AC outdoor units, etc. (Chart 1). These are basic functions appearing in most
houses in the surveyed area. Besides, the roof also serves some essential needs of
homeowners such as laundry, gardening to exploit the narrow living space in the city.
Meanwhile, a few families have taken advantage of the space above the roof as a
relaxing place, family activities or place of worship to improve the quality of life
and increase the aesthetics of the house. However, this function only accounts for a
small percentage of the survey results. Those functions can be classified into four
specific groups, which are temporarily named as I, II, III, IV groups as described in
the Fig. 3.

e Group I: only cover for the building, protect the building from natural conditions
such as heat, rain cover, security, etc.
Group II: space for arranging technical equipment for family activities.
Group III: offer necessary functions in daily life, activities to serve daily needs
such as laundry, storing, planting trees and so on.

e Group IV: functions that require the most artistic needs, selective activities, users
have the right to choose or not to satisfy religious activities, relaxation and
entertainment, improve the quality of life.

The observed results witness the potential of the roof for future vertical expansion.
Based on resident’s specific require, new activities can be added to create more rooms
for entertainment, social interaction and even commercial purposes. In the context

Chart 1 The percentage of 1' a
roof usage for 4 function 1009
groups. Source Authors
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of intense density of over-urbanization, the rooftop space indicates a robust potential
that need to be exploited in the near future.

According to statistics, there are numerous components presented on the roof.
In which, the most used technical component on the roof of a SH is the water tank
(about 45%) (Chart 2). At the same time, it was found that the materials used in the
architecture of the SH’s roof in HCMC are varied: corrugated metal sheet, concrete,
brick, glass, mica, poly sheet, terracotta tiles... The survey showed that a large
proportion of materials is corrugated metal sheet (Chart 3), but most of them are
quite old, rusted and uneven colours. Consequencely, technical utilization without
proper shielding method as well as difference in using roofing materials have made
a cluttered and chaotic perspective of a whole neighbourhood, which greatly affects
the urban appearance. In addition, most of the urban districts in HCMC have no
specific regulations to control the colours, materials and the arrangement of technical
equipment for newly built and existing SH, thus creating the consistency and harmony
for the space at the rooftop level is absolutely challenging. Urban planning and
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development should focus on overcoming these issues to improve the urban image
and enhance the quality of human life.

4 Thermal and Visual Comfort Assessment

The results (Table 1) recorded a disparity between different roof surface and outside
ambient temperature at the same time of measurement. Different types of materials
varied in surface temperature. In specific, the glass surface temperature in the skylight
areas is quite high (40 °C), which increases the indoor temperature (house no. 1). The
results show the temperature difference on terracotta tile surface between house no.
3 and house no. 4 (8.5 °C). It can be observed that the shade from a flower pergola of
house no. 4 reduces the roof surface temperature while the roof of house no.3 exposes
directly to the sun. Besides, the surface temperature of the cold corrugated roofing
sheet is lower than that of the rough concrete surface (house no. 2), which shows the
effectiveness of this heat-resistant solution. In term of glare, the glow from stainless
steel water tank area is quite dazzling, the luminance recorded is 18,000 cd/m?.

These data indicate that the usage of different materials directly affects the tem-
perature of the roof surface and inside of a building. Also, materials of technical
equipment impact on visual comfort of resident living around. Thus, the consid-
eration of using appropriate covering and insulation solutions could contribute to
enhance the indoor and outdoor environmental quality.

5 Proposal Solutions

In order to improve the resident living quality and urban appearance of HCMC
area, some solutions are proposed based on natural, cultural and social condition of
a tropical city (Table 2). The following measures are synthesized from the actual
situation including the control of roofing color and material, technical equipment
arrangement and green roof adoption.

First, color and roofing material management in an area is of great important to
create a consistency and harmonious urban image from above. It is well-known that
roof color impacts on the ability to reflect sunlight. As darker colors tend to absorb
more heat radiation from the sun, the roof with a high reflectivity (light-colored
materials) should be used to decrease the temperature of the air inside the building. It
is to reduce the cost of electricity for air conditioning in rooms. Likewise, materials
used for the roof also should be synchronously controlled, which not only creates
the tidiness but also can characterize the city image. Local materials with economic
and environmental benefits are highly recommended such as unburned tile and cold
rolled roofing sheet. In addition, limiting the use of concrete for the roof helps to
lower the urban air temperature and mitigate the heat island effect. Roof color and
material management has been implemented by many countries around the world.
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Table 2 Proposal solutions for rooftop architecture and management

Material and color Technical layout and Green roof
arrangement
— Use roof with lighter color | — Newly built house: Space for | — Intensive green roof
to reduce heat absorption technical equipment should be | — Extensive green roof
— Color and roofing considered at the design stage | — Roof farming:
materials should be — Existing house: Using hydroponics, geoponics
strictly managed to create shielding solutions to control or container gardens
a harmonious image of the glare of stainless steel.
urban from above Encouraging materials having

low glare and light color to
reduce heat radiation

Source Authors

For HCMC in particular and Vietnam in general, it is necessary to strictly manage
the architectural regulations for newly built SH.

Second, shielding solutions for technical equipment especially water tank need
to be applied to control the glare of stainless steel to surrounding environment and
cover the clutter of such items. In addition, alternative material is proposed to replace
stainless steel currently being used, which encourages materials having low glare and
light color to reduce heat radiation. Furthermore, space and arrangement for technical
equipment should be considered in advance at the design stage.

At present, green roof has been applied by some SH, however small and uncom-
mon. Despite higher first cost, green roof serves various purposes for a building [5].
Green roof not only provides a more aesthetically enjoyable landscape, but also help
to improve the microclimatic condition inside and outside of the building as it filter
rainwater and treat air. Furthermore, roof farming, such as hydroponics, geopon-
ics or air-dynaponics systems or container gardens, may provide food, temperature
control, recreational activities and even ecological benefit. It is recommended that the
government should have more supportive policies or incentives to promote adopting
green roof widely over the city.

In recent years, the outstanding development of science and technology with new
materials, new structures, and modern construction techniques has created various
new forms of roofs applied in construction in different scales. While glass roof is
used to exploit light and enhance interior space, green roof is a growing trend with
a spirit towards nature, environmental protection and energy saving, however, lacks
of uniformity. As the growing desire of residents to have a better living environment
and affordability of new technology in the future as well as stricter management
of the government, there are vast potentials for wide applicability of such proposal
solutions [6].
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6 Conclusion

The research results show that the current aesthetic status of SH’s rooftop architecture
in HCM City is seriously degrading. With such problems and potential that it could
bring, the roof of SH deserves more concern in the context of over-urbanization
and increasing demand for buildings in Vietnam. This presented study should be
considered as a starting point in SH’s roof research and analysis. More detailed review
and investigation is needed for future proofing of this paper’s findings and further
conclusion. Despite limitations, this paper would contribute to provide stakeholders
a “large image” of current SH’s roof condition in HCMC urban area and widen their
understanding about the potential for future urban adjustment at the rooftop level.
The proposal solutions also makes this study helpful for the completion of regulations
on architecture and construction of SH in particular and on urban management in
general.
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Hanoi Old Quarter with Its Historic Tube | m)
House Transition in the Vietnam Context | Gue

Minh Hung Ngo

1 The Environmental Changes of the Heritage

Hanoi Old Quarter has been considered as “National historical relic” since 2004
(at decision No. 14/2004/QD-BVTT of the Ministry of Information and Culture,
dated 5 April 2004) and controlled by the recent regulation on Urban Planning and
Architecture (Decision No. 6398/QD-UBND, dated 24 Oct 2013).

Over last 20 years ago, new and modern buildings, upgrading infrastructure
projects, massive destruction and renovation have made negative changes to the
Quarter. Moreover, paving 11 streets, categorized into 2 groups (first commercial
streets—from Hang Ngang to Hang Dao and Hang Duong; Dong Xuan to Hang Giay;
second food-fair streets—from Hang Buom to Ma May, then Luong Ngoc Quyen;
Hang Giay to Dao Duy Tu), is being considered and proposed by Hanoi Old Quar-
ter Management Board [1]. From what has been gathered, it showed that top-down
approach for current preservation has raised caused more pressure on local economy,
quality of life and facilities than preservation of the significance and authenticity of
the heritage, physically.

The area is described by William [2] as “a living tradition”, Nguyen [3] as “aliving
heritage” or “cultural place” [4] reflecting vernacular lifestyle, architecture and local
culture. There are 79 streets and 83 residential blocks within 10 wards’ boundary
(Fig. 1), which consists of tube-houses built in various periods. There are about 553
valuable buildings, which include 205 special and 348 common values [5]. Physi-
cally, there are a number of valued shop-houses required conservation and restoration
urgently. The HOQ still contains five architectural styles that are Vietnamese tradi-
tional architecture (before 1900), Chinese style (before 1930), and three European
forms (period 1900-1930 and 1931-1945) as considerably as the remaining physical
heritage. In 2013, about 120 historical, religious and cultural relics were officially
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Fig. 1 The boundary of
HOQ (free scale, 2013)

recognized and listed [5], there is regulatory basis towards sustainable development
of residential blocks that have shaped a charming and harmonious HOQ.

In fact, the attraction of economic growth and need of upgrading buildings for
better life and place for tourists are happened within the HOQ. Recent observation
figures out that the modern buildings are illegal, and influencing ancient ones, which
are badly managed in poor quality. These new houses built with modern architectural
styles (aluminium windows, doors and tinted glass curtain wall) contrasts with the
traditional forms of surrounding old buildings. Furthermore, the functional units with
air conditioners negatively changed the elegance and traditional architecture of the
Ancient Quarter. Importantly, contemporary architectural design is unavoidable in
the environment of city core, but those should be paid more attention to details of
housing fagade, scale and dimensions, etc.

From the findings, it shows that the blocks have been structured by typological
variety of the Ancient Quarter streets. Each block contains its own features and
history with diversified tube-houses as considerably as its basic cell. There are three
summarized forms expressing the enlargement of the block: firstly, four outside
directions towards the core of square street blocks; secondly, triple side-direction
and; thirdly, a single direction (Fig. 2).

Meanwhile, the blocks gradually took shape with tube-houses’ typologies, which
expanded to the block core. Thus, these block structures reflect the history of the
urban settings and tube-houses of Hanoian. With 36 old streets were established
spontaneously, it existed unsuitable land-use ratio because of the land-value and
parcels, which were built by private constructions in the block. Consequently, phys-
ical space for public and social activities, kindergartens, primary schools and health
care facilities; dry and wet courtyards and private kitchen in one original tube-house,
for instance, in the history seems to be very limited.
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Fig. 2 Conceptual enlargement of blocks in the Old Quarter [8]

2 The Tube-House Transition in the History

Most of the tube-houses have facades from 2 to 4 m in width and depths changing
from 50 to 60 m. These have been characterized as “two-access” or “one-access”
tube-houses [6]. Because of its typical fagade and section, the tube-house was also
classified as “Chéng di€m” (heaped-up match box) style [7] in pre-1900 to 1930.
This urban type is usually one or two storey in height.

Tube-house developed from early prototypes over a century ago. Its extraordinary
narrow typology can be traced back to the traditional rural house, which is one room
only in depth with a wide front comprising of three rooms (three-span garden house).
A yard in front of the house also contains a “kitchen-house” and the toilet; a pond,
forming the “heart” of the house, is located in the back. The transformation of the
city from agricultural production to commercial activities was gradual. This initial
step towards urbanization of the area resulted in the re-functionalizing of the house
fronts as market stalls, taking advantage of the street. Subsequently, the kitchens
and the toilets were relocated to the back, closer to the pond. In addition, during
the pre-colonial rule (1802-1883), it was prohibited to build a house higher than
the palace of the emperor. In the colonial period, the French accelerated the growth
of the city by introducing two-storey buildings in the Old Quarter. The ponds were
quickly filled up, while the kitchens and toilets were moved further to the rear of the
land plot, producing the characteristic narrow “tube-like” effect, explaining for the
nick name “tube-house”.
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The tube-house, as with other forms of vernacular constructions, contains many
variations. From the beginning, the tube-house was often intended for one family,
generally the owner of the shop-in the front. This space was linked to the living
spaces with a courtyard, followed by a “wet” courtyard consisting of a kitchen and
toilets at the end. The issue of “ownership” was the primary factor in the layout-
pattern. Currently, in the state-owned tube-houses, the living spaces are shared by
several families. The principle of maximizing the utilization of space has exerted
great pressure on the desire for privacy, inside and outside each family cluster. In
the privately-owned tube-houses, the living quarters are used by families, which
extended over. In both instances, the layout of the tube-houses follows a common
pattern. Previously, the different parts, from the front to the back of each house, were
formatted as follow: (1) shop, courtyard, altar, living room, courtyard, kitchen, toilet
(or); (2) shop, living room, courtyard, room for rent, bedroom, room for eldest son
or a teacher, courtyard, kitchen, toilet respectively.

As described above, the transition of the heritage environments of Hanoi city
went beyond the vestiges of layering heritage objects that partially demonstrated the
cultural identity of not only the native inhabitants but also of Vietnamese migrants.
In addition, gentrifying the built heritage elements at the block is, sooner or later,
unavoidable, more specifically, in the areas of conservation grades.

Besides, the Hanoians’ perceptions about significant functional properties of the
built heritages are perhaps not as optimistic as in the previous periods. They are
currently facing difficulties in their everyday lives because of the degradation of the
physical settings of the sub-environments, leading to a “shifting-out” of HOQ. On
the contrary, the presence of a series of buildings that are unused and kept empty and
in poor conditions while new apartment building projects are no longer giving atten-
tion to the heritage users (mainly non-businessmen). Moreover, there is a layering
stratification in the residential blocks: First, degraded block core phenomenon (after
the “first layer”, which refers to space from street front to the first yard of traditional
tube-houses); Second: increase of renovated constructions along the street front and
commercial locations due to pressure from the front on second layer of the blocks
and due to people’s demand in housing expansion for the sake of economic growth.

3 Concluding Remark

The built space of the Old Quarter has been changed gradually. This environmental
transformation figures out cultural behaviour of the local people for architectural
elements and the surfaces of such physical settings to be featured. Actually, this pro-
vides local people and community with a chance of better perception for designing
partial surroundings that are more appropriate to socio-cultural and communica-
tive activities in comparison with designed physical settings designed completely.
In conclusion, the lifestyle of Hanoian made use of functional space and structures
within the blocks and HOQ to develop business society, maximize the level of activ-
ity and produce traditional goods, which were arranged on each locality’s layouts.
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Consequently, the built surfaces, such as facade, pavement, yards and architectural
elements were able to be suitably utilized to establish functions fitting such layers
of every block. In addition, multi-functional development because of accommoda-
tion limitation (transformed from cooperative ownership houses, privately-owned
houses to multi-family houses) shaped various physical setting and space as which
were considerable to belong “collective ownership” in many cases.

Due to these changes, the spatial structures and elements of the Old Quarter will
probably be misused to cause uncontrollable influence to the heritage authenticity
of Hanoi City. Lastly, understanding local community’s behaviour is a key factor
to managing future change towards local built heritage and enhancing sustainable
development of HOQ in the Vietnam context as well.
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Identifying and Assessing )
the Attractiveness of Public Spaces L
for the Youth as a Key Factor to Help

Establish Social Sustainability—Case

Studies from Hanoi

Quang Minh Nguyen, The Trung Doan, Quynh Hoa Ta, Manh Tri Nguyen,
Tien Hau Phan, Ngoc Huyen Chu, and Thi Thanh Hien Pham

1 Introduction

1.1 Current Situation

Just like many other cities in Vietnam and in the developing countries (also known
as the Global South), Hanoi is facing a crisis of public space for all, due to the rapid
urbanisation and population explosion. In fact, new and upgraded/redeveloped public
spaces are planned, built and brought into use every year, but they do not keep up
with the demographic growth rate and therefore fail to meet the increasing demand
of the city residents. In some districts and wards, local people are happy about the
well-designed and well-equipped parks and/or community gardens offered to them,
yet those places are always crowded. In some other district and wards, there are many
public spaces, but not frequently used, as they are rather poor and/or not very safe.
In several living quarters, the inhabitants complain about both the quality and the
quantity of public spaces, especially in social housing projects.

Public space plays a very important role in making a city work. Walking down the
street, talking face-to-face with neighbours, meeting friends in cafés or beer gardens,
playing sports together, etc., which generally take place in public spaces, are all basic
daily life needs. In a post-industrial society, people tend to be busier with their work
calendars, study courses and family affairs. They work harder in the offices, travel
more extensively on the roads, stay longer at homes and spend more time surfing
numerous websites, but they also need to go out at least a few times a week and do
some outdoor activities in order to be healthier and regain the balance.
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A number of research projects conducted by both Vietnamese experts and inter-
national scholars in recent years have reflected various aspects of public spaces in
Hanoi and shown some problems to solve as follows:

e [ack of water bodies: As an essential component of public spaces in Hanoi water
surface decreased quickly while public gardens and parks increased considerably
[1].

e Accessibility: All the public areas should be planned within a short walk from
homes, with 53% of the respondents choosing to walk and 13% of them preferring
to go by bike [1].

e Poor facilities: The number of interviewees who rated the quality of facilities
“average” and “poor” would be 32% and 21%, respectively [1].

o Low level of liveliness: 18% of the residents asked said that it was low, 50%
judged it to be “average” and only 32% regarded it as “good”. Nearly 55% of the
interviewees go to public places to participate in physical activities, about 32%
wanted to relax and the rest (13%) for other purposes. An in-depth interview was
carried out on 60 volunteers and one third of them did not go there very often
(once a week or every two weeks), one fourth of them went alone while one third
was accompanied by small groups of friends. In most cases, they stayed there less
than three hours [1].

e Gender imbalance among users: Young women are sometimes absent, because of
gender-related issues in using public spaces [1].

e TIllegal occupation of public spaces: This can be seen in both old and new living
quarters, in the city centre as well as in the suburbs. Children and teenagers have
almost no playgrounds [2].

e Incompetent management: The top-down management of street space is often too
rigid to respond to the changing needs of citizens, and they have to act “creatively”
in using public spaces that should belong to them, but somehow they are not
allowed to do so [3].

Consequently, many settlements are not liveable. Thus, it is imperative to under-
take more investigations into public spaces in Hanoi and other major cities in Vietnam,
in terms of quantity and especially quality.

1.2 Literature Review

Public space has been quite comprehensively investigated worldwide over the past
20 years. Architect Jan Gehl, in his famous book “Life between Buildings”, classified
outdoor activities into three types: necessary, optional and social activities. Social
activities are activities that depend on the presence of others in public spaces, such as
children at plays, greetings and conversations, communal activities of various kinds
and finally seeing and hearing other people. Social activities occur in many places
throughout a living quarter as well as the city and are called “resultant” activities, as
they evolve from the other two categories. Social activities come mostly from optional
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activities and happen spontaneously as a direct consequence of people moving about
and staying in the same spaces, and are indirectly supported whenever necessary and
optional activities are given better conditions in public spaces. In addition, social
activities are a self-reinforcing process, and social distance of 1.3-3.75 m should
be noted in design. In public spaces, people can assemble or disperse, integrate or
segregate, be invited or repelled, open up or close in, depending on the quality of
design as well as activities organised [4].

Helen Willey took a closer look at public space and analysed the four benefits that
a public space with active recreational activities can bring: (1) Social benefits (with
focus on community life and culture); (2) Health benefits (both physical and mental
health); (3) Environmental benefits (including climate, ecosystem and wildlife) and
(4) Economic benefits (job opportunities and income). In her opinion, public spaces
should be open to all and make a major contribution to social equity through various
kinds of communication and cooperation [5].

Matthew Carmona emphasised “a sense of place” when he talked about public
spaces. At first, people must understand a place through its history and culture, form
and image. Then they will feel a sense of belonging and be emotionally attached to
that place. The human activity refers to diversity and vitality on a basis of events,
culture and local traditions [6]. Public spaces can have a positive impact on property
prices, trade, land value and investment as well as regional economic performance.
If planned into a system, they help boost social contact by providing more learn-
ing opportunities for children and juveniles through creative plays, nurturing their
social and cognitive skills, reducing incidents of crimes and anti-social behaviour,
promoting neighbourliness and social cohesion, offering a venue for social events
and interchanges, and finally supporting the local community life. In order to ensure
the quality, public space must be well-designed and well-managed [7].

The UN Habitat published a Toolkit for Public Space as part of the Global Agenda
towards Sustainable Urban Development, in which public space is interpreted as the
banner of urban civility, promoter of equity, our commons towards urban prosperity,
driving force of great cities, ideal opportunities for citizen involvement, producer of
environmental sustainability, generator of income, investment and wealth creation.
The main idea is that cities become great when they develop great public space sys-
tems with attractiveness of public space as a key point. In this global review, public
space is upgraded to a Charter (Charter of Public Space) and redefined/reconfirmed
as “all places publicly owned or of public use, accessible and enjoyable by all for free
and without a motive for profit”. The essence of public space includes accessibility,
no-cost policy, improvement of the quality of urban life and an integral part of urban
architecture as well as landscape along with a determinant role in shaping the overall
image of a city. There are 16 types of public space: (1) Avenues, boulevards and
streets; (2) Bicycle paths; (3) Squares; (4) Pavements/sidewalks; (5) Passages; (6)
Highways and highway corridors; (7) Riverbanks and waterfronts; (8) Parks; (9) Gar-
dens; (10) Playgrounds; (11) Sports fields and facilities; (12) Beaches; (13) Museums
and galleries; (14) Public libraries; (15) Civic centres and (16) Municipal markets
[8]. Public space offers the following 12 services: (1) Protection against traffic acci-
dents; (2) Protection against crime and violence; (3) Protection against unpleasant
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sense/experience; (4) Possibilities for walking; (5) Possibilities for standing; (6) Pos-
sibilities for sitting; (7) Possibilities for seeing; (8) Possibilities for hearing/talking;
(9) Possibilities for playing; (10) High-quality social services; (11) Comfortable
climate and (12) Positive experience [9].

Alessandro Rigolon argued that socio-economic-status (SES) review and urban
green space (UGS) index should be used to assess the quality of public space in
the Global South cities, because both SES and UGS are fundamental elements of
sustainable, healthy and liveable cities in those countries where development goals
are often largely affected by economic difficulties and social issues as the direct
consequences. Analysing equity in the provision of UGS in the Global South cities
matters for at least three reasons: first, rapidly growing cities might not be adequately
planned for green spaces, thus leaving a majority of the population underserved;
second, informal settlement that are common in many regions generally lack urban
green spaces and other basic public services; and third, people in many developing
countries have relatively shorter life expectancy than those in the Global North. This
fact can however be improved by increasing access to health-promoting environment,
such as green spaces. Proximity is described as part of quality of public/green space.
The findings suggest that by enhancing proximity, quantity and quality of green
space, it would be possible to ensure health benefit for the public in the Global South
cities, if all SES groups had equal access to it [10]. Equity as an aspect of public
space is also advocated and supported, no matter where it may happen, in the Global
South or in the Global North. The quality of public space contributes immensely to
the city’s liveability and international competitiveness. Public space works best when
it does not offer intended uses, but rather provides equal opportunities for different
groups of people to make use of it in a way that suits them, which can be seen in the
motto “place for everyone”. This principle shall be applied first to high-density urban
areas where a hybrid style for inclusivity, efficiency, cost effectiveness and liveability
needs to be incorporated in all development and redevelopment programmes. The
six types of main public space (main streets, promenade routes, districts with some
special features and identity, transportation hubs, city open markets and central city
parks) could be chosen as case studies for the reconceptualisation and revitalisation
of public space [11].

1.3 Research Objectives

Public spaces in Vietnam’s major cities, particularly in Hanoi, should be more inten-
sively investigated with specific case studies with particular factors and conditions,
rather than in general. With these in mind, the research team aims to:

e Understand how a public space works and interacts with different groups of users,
especially the youth (aged from 16 to 30) in reality;
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¢ Find out what attracts the youth the most or what they expect from a public space,
and recommend that these factors of attractiveness should be integrated in urban
design;

e Improve the quality of a public space in terms of re-designing the space and
re-organising the activities;

e Help consolidate social contacts/relations and achieve social sustainability in each
living quarter as a basic unit of urban studies.

1.4 Research Methods

In order to reach these objectives, the following research methods have been used in
Phase One of the group’s research project:

Site survey and observation;
Data analysis;

Case studies;

Mapping.

(9]

Public Space in Hanoi—A Review from Five Case-Study
Wards

As stated above, public space in view of spatial design and activity should be exam-
ined (practically considered) case by case—in a comparative study among several
living quarters, rather than just theoretically analysed, in order to find out similarities
as well as common problems, and to highlight differences simultaneously. Attrac-
tiveness of the local public spaces in the opinion of the youth—as a very important
factor—is emphasised. In this regard, five wards have been selected as case studies
(Table 1).

In total, 94 sites have been systematically surveyed on one weekday and two
weekend days. The five wards selected are presented in chronological order and
quite typical for the urban development in Hanoi over the past five decades. Truong
Dinh ward is characterised with an early socialist housing programme by the state
based on 2.0 industrialisation as a driving force in the blueprint of the French urban
planning while Chuong Duong ward is noted for spontaneous urban development
with self-built family houses shortly before and after the Economic Reform came out
(in late 1986). My Dinh 1 is an outstanding example of project-based housing devel-
opment plan closely connected with large-scale urban public buildings (National
Sports Centre). The other two wards (Thuy Phuong and Sai Dong) are adjacent to
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Table 1 Data of five case-study wards (Hanoi Statistical Yearbook 2017, 2018)

Ward Truong Dinh | Chuong My Dinh 1 Thuy Phuong | Sai Dong
Duong

Land area 39 103 228 287 91

(ha)

Population 23,000 22,000 26,000 15,000 16,000

(2017)

Population 590 214 114 52 176

density

(residents/ha)

Location Inner city Inner city Periphery Periphery Outlying

Major urban In the 1970s In the 1980s In the 1990s | In the 2000s | In the 2010s
development

period
Original Mixed urban | Mixed urban | Village Village Village
status residential residential
area area
Level of Very high Very high High Medium Medium
urbanisation
The number 26 20 18 18 12
of public
spaces
surveyed

new industrial zones in the 3.0 era and becoming more and more populous with thou-
sands of migrant workers either settling in dormitory buildings or renting villagers’
houses (Table 2).

In general, as the statistics have shown, the number of groups of residents using
public spaces on each of the three different days of the week did not change (in My
Dinh 1 ward) or did not change so much (in the other four wards). In all the five
wards investigated in the survey, there is a vast difference between the two groups
of young public space users (local and migrant), except for migrant students in two
wards (Truong Dinh and My Dinh 1), because migrant students have more free time,
especially in the evening and at the weekend. They are active to share the public
spaces available with the local inhabitants. Other migrant groups, on the contrary,
work from 7 am to 8 pm or 9 pm, and have therefore almost no time nor in the
mood to go to public spaces. They tend to spend the evening on their own, with their
roommates or within a closed group of their country fellows. On Sunday, they cook
together or to go back to their home towns/villages within 50-60 km and visit their
family members there. Although the public spaces in these five wards vary in size,
density, frequency of use, etc., they have two things in common: (1) Spontaneous
development if privately organised or delivered and (2) Uneven distribution as a
consequence of lacking a long-term planning vision [12] (Table 3; Fig. 1).

In Truong Dinh ward, thousands of boarding students from the National University
of Economics and the National University of Civil Engineering form a majority of
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Table 2 Characteristics of public spaces in five case-study wards [12]
Ward ‘ Truong Dinh | Chuong Duong | My Dinh 1 | Thuy Phuong | Sai Dong

Type of public space

A. Streets with | 21 13 05 06 02
pavements

B. Official - 03 04 04 06
public spaces
(public parks
and gardens,
playgrounds)

C. Yards within | — 01 03 02 -
religious
buildings
(temples,
pagodas)

D. Vacant land - - 01 - -
plots for other
purposes
temporarily
used as public
spaces

E. Sports fields | 04 02 04 02 -
(football,
volleyball,
tennis, etc.)

F. Others 01 01 01 04 04
(school yards,
office yards
used after 6 pm
as additional
public spaces)

Total 26 20 18 18 12
Groups of users (weekday)

Used by youth 12 04 00 01 00
only

Shared by youth | 02 07 11 11 06
and others

Not used by 12 09 07 06 06
youth

Total 26 20 18 18 12
Groups of users (Saturday)

Used by youth 12 01 00 00 00
only

Shared by youth | 03 09 11 07 05
and others

(continued)
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Table 2 (continued)

Ward Truong Dinh | Chuong Duong | My Dinh 1 | Thuy Phuong | Sai Dong
Not used by 11 10 07 11 07
youth

Total 26 20 18 18 12
Groups of users (Sunday)

Used by youth 15 02 00 01 00
only

Shared by youth | 02 08 11 07 04
and others

Not used by 09 10 07 10 08
youth

Total 26 20 18 18 12

Table 3 Characteristics of public spaces in five case-study wards [12]

Ward Truong Dinh | Chuong Duong | My Dinh 1 | Thuy Phuong | Sai Dong
Youth (aged 16-30)

Local young X X X X X
people

Migrant X X

students

Migrant X X
workers

Migrant manual | x X

labourers

Migrant street X X

vendors

public space users. Their most favourite public spaces include street restaurants and
pavement iced teashops near their dormitory buildings. They also share two nicely
designed open-air cafés and two out of three sports facilities in the area (except
the tennis court) with local young residents after 6 pm on five weekdays, early in
the morning and after 4 pm on two weekend days. The most outstanding purposes
of public space use are drinking, eating and sports training. The precincts of two
religious buildings in this area (one church and one pagoda) are not opened for
public use.

In Chuong Duong ward, there are many migrant manual labourers and street
vendors. As aforementioned, most of them have to earn their living all day and just
return to their homes/rental houses very late, even on two weekend days. Therefore,
they do not participate often in the local communal activities. Public spaces here
are narrow streets and pavements with many small shops or some yards within old
residential blocks mostly used by young permanent residents along with middle-aged
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'_I'huy-P_huogg‘."
C oY

City centre
My Dinh 1

Truong Dinh. &

Location map of five wards

Chuong Duong ward

.

My Dinh 1 ward
Streets and pavements Yards in religious buildings Sports fields
Official public spaces - Vacant land plots to be used Others (school/office yards)

Fig. 1 Types of public spaces in five wards and their distribution [12]

Sai Dong ward
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and senior people. The most exceptional public space in this ward is a large open land
area located on the riverbank overlooking the Red river used as an ideal playground
for children and juveniles, as well as a favourite meeting point for the youth who
love farming and photography.

In My Dinh 1 ward, just like in Truong Dinh ward, the public spaces are shared
between young permanent inhabitants and migrant students of Vietnam National
University and the University of Social Sciences and Humanities. Young people
living here, especially migrant students, enjoy a very large square around and a well-
designed park in front of the National Stadium. They can also make use of many
small shops in several streets nearby. The most important activities here are walking,
sitting and chatting, relaxing, eating and drinking.

In Thuy Phuong ward, most of the public spaces available are rather small. How-
ever, they are quite diverse, since this is a newly urbanised village, with one temple
yard, one communal house front yard, four public parks, one football field, one
playground for children jointly invested by the local authority and community, three
school yards which are opened after 6 pm for local children to play football and even
for some adults to play badminton. But only a few migrant workers go there. Many
pavement shops can be found here like elsewhere.

In Sai Dong ward, similarly, there is a community of migrant workers living next
to villagers. Some of them are living in rental houses provided by local residents.
These migrant workers just go out for a walk in the evening around their houses.
In the meantime, those living in dormitory buildings offered at reasonable prices by
the industrial zone management unit enjoy relaxing and communicating with one
another in open spaces and small flower gardens in the middle of their residential
blocks as the first meeting point. A few more options, such as office yard, police
station yard and schoolyard, are primarily used by local permanent residents.

Activities Ward
Truong Dinh | Chuong My Dinh 1 Thuy Sai Dong
(26) Duong (20) (18) Phuong (18) | (12)

0: None 0 0 0 0 0

1: Very few 1-5 1-4 1-3 1-3 1-2

2: Some 6-9 5-7 4-6 4-6 34

3: Quite 10-15 8-12 7-10 7-10 5-8

many

4: So many 16-26 13-20 11-18 11-18 9-12
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Inall five wards, talking/chatting is the most popular activity, taking place through-
out the day in public spaces. This kind of activity does not require so much space
or any special context, even a small street corner or a narrow pavement with a few
square metre iced tea shop can be just enough for a few people to meet and have
conversations. Such an “informal” space is ubiquitous in the city, except in some
compounds. The second most popular activity is drinking/eating, most notably in
Truong Dinh, Chuong Duong and My Dinh 1, even in the other two wards—Thuy
Phuong and Sai Dong, where many residents are migrant workers with low income,
thus preferring to cook at home instead of eating out. It is apparent in most cases
that there is no big difference (three grades) in the number of activities in each cate-
gory (from No. 1 to No. 9 in Table 4) between one weekday and two weekend days.

Table 4 The use of public spaces for different purposes in five wards among site studies [12]
Ward Truong Dinh | Chuong Duong My Dinh 1 Thuy Phuong Sai Dong
ACTIVITY 1 2 3 4|1 2 3 41 2 3 4|1 2 3 4|1 2 3 4

1. Talking/chatting

Saturday

. Sitting/relaxing
Weekday
Saturday
Sunday
Training sports
Weekday
Saturday
Sunday
Walking/running
Weekday
Saturday
Sunday
Playing games
Weekday
Saturday

hed

hal

bl

Sunday
Reading
Weekday
Saturday .
Sunday
. Eating/drinking
Weekday
Saturday

Sl

Sunday

. Selling/buying
Weekday
Saturday
Sunday

el

. Special activities
Weekday
Saturday
Sunday
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Interestingly, Thuy Phuong tops the list in the number of sitting/relaxing activities
(category No. 2), thanks to the beautiful waterfront landscape, four public parks, one
pagoda and one traditional community house with a large yard and so many shade
trees. In terms of sports training (category No. 3) and special activities (category No.
9), My Dinh 1 outperforms, because many sports facilities are open to the public.
Moreover, a well-planned public space system invites people to take part in various
special activities, such as pop/rock music concerts, propaganda campaigns and action
programmes for the environment, etc. which often attract a large number of students
and youngsters.

Note: In consideration of the quantity of public spaces in each ward, the level of
use per space for grading the frequency of activities should be adjusted to ensure
equivalence as follows:

3 Quality Will Definitely Become an Essential Issue

Apart from quantity, quality of public space has always been a great concern to
the community. People decide whether or not they should go to a public space in
consideration of the quality it offers. In terms of quality, a wide range of factors will
be taken into account. Based on the observation of the most frequently visited public
spaces in the five selected wards, a good public space must be well-designed and
well-equipped (Table 5).

Table 5 Physical aspects of a good public space [12]

Design Equipment/facilities

Hard and soft ground cover (permeable for Park benches and other kinds of seats

rainwater)

Decorative lighting at night and on special Trash bins

occasions

Water surfaces Lighting systems

Walk ways Watering systems

Shade trees and ornamental plants Other technical systems (parking, firefighting,
etc.)

Artworks (sculptures, mosaic wall pictures, Sports facilities (for adults)

etc.)

Kiosks and pavilions Play facilities (for children: swings, see-saws,
etc.)




Identifying and Assessing the Attractiveness of Public Spaces ... 171

4 Attractiveness Should Be Regarded as Another Crucial
Issue in Organising Public Spaces

In addition to the above-listed components of quality, people as users, especially the
youth, pay attention to the following nine factors: safety, accessibility, diversity, flex-
ibility, convenience, comfort, friendliness, inclusive services and interactive/creative
atmosphere. Each factor contributes to the overall concept—attractiveness (Table 6;
Fig. 2).

For young migrant people in five wards, a no-entrance-fee and no-fence pub-
lic space policy, particularly adopted and/or supported by private developers, is an

Table 6 Attractiveness of a public space from five study cases [12]

Component of attractiveness Interpretation

Safety No injury or accident happening, including security (no
threat/violence)

Accessibility Easy to access for all people. Centrally located and/or
evenly distributed

Diversity Many mini-spaces are combined. Many different
activities are organised

Flexibility One space can be suitable for many people and activities

Convenience Easy to use all the equipment/facilities available

Comfort Pleasant feelings. Protected from excessive sunlight,
rain, hot/cold winds

Friendliness Easy and happy to make contact and communicate with
people

Inclusive services Meeting the demands of the public (playing, drinking,

relaxing, etc.)

Interactive and creative atmosphere | Ready to exchange and share with other people.
Encouraging arts/talents

Fig. 2 Informal but preferred public space in Hanoi, where attractiveness means crowded, chaotic
and happy to many migrant young people and even local permanent residents. Taken by NUCE
students, 2019
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important feature of an attractive public space. They tend to choose “informal” public
spaces with “popular” services, primarily pavements with tea and vermicelli stalls,
street cafés and mini-parks, where they sometimes just need a place underneath a
shade tree to sit and relax for hours. Another option is vacant land temporarily used
by the local communities as a playground or a sports field. In their opinions, “attrac-
tive” means “crowded and happy” in short, even when it goes without basic facilities
for public use [12].

Among these nine factors of attractiveness, diversity and flexibility should be
understood in both spatial design and organising activities. A small public space will
look nicer with several design concepts for the foreground and background, corners
and sides. It is advised to combine water surfaces and green areas in semi-public
and public places in view of creating better landscape and maximising the cooling
effect against the urban heat island effect in a densely constructed city like Hanoi.
Simple facilities, such as trash bins or park benches, also require new designs rather
than déja-vu patterns, if urban designers really think about users first. Similarly, a
variety of activity scenarios can be developed for each case study, so that different
groups of users can share the space at the same time and all of them would like to go
there several times a week. Each time, they will find something new and interesting
in the activities organised. Creating an interactive and creative atmosphere is a new
idea, enhancing the attractiveness of a public space, especially when the creativity
is emphasised as a key factor. Then, not only professional but also amateur artists
in the community will have the opportunities to contribute their talents to the spatial
design with their installation artworks which can change over time and intensify
the interactions between artworks and users, as well as among users. In fact, this
has been successfully applied in many countries worldwide, as seen in the Top 20
liveable cities like Vienna, Melbourne, Copenhagen, Toronto and Tokyo, and also
penetrated into Vietnam in recent years, promising to be a future development trend.
The Creative City project in Hanoi has already demonstrated this potential.

5 Conclusions

In five wards investigated in the survey conducted by NUCE academic staff and
students, it is noted that even the best public spaces to date have not yet been able
satisfy the urban design and social planning requirements, as far as living quality and
social sustainability are concerned. Key factors to attractiveness of public spaces,
such as safety, accessibility, diversity, flexibility, convenience, comfort, friendliness,
inclusive services and interactive/creative atmosphere, will soon be regarded as fun-
damental criteria and incorporated into rating systems. The quality should be offered
to people from all walks of life and also targeted at migrant young people, because
they have made major contributions to the socio-economic development and socio-
cultural diversity of a city, and thus they have the right to use well-designed and
well-organised public spaces with all the services available to improve their spiritual
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lives and succeeded in integrating into the local communities. Hereby it is possible to
establish and achieve social sustainability as an ultimate goal of urban development.
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Public Park Behavior Relationship )
in Danang: An Impact of Physical i
Environment on User’s Behaviors

Duy Thinh Do and Thi Vy Phuong Vo

1 Introduction

1.1 Background

Endeavors in improving quality of life in urban area have obtained certain achieve-
ments in terms of theory and practical results. An assessment framework with more
informed, coherent and transparent evaluation method has been proposed with the
aim of measuring different parameters involving multiple disciplines. The disciplines
include health and safety, happiness, transportation and services, environment and
surrounding spaces and biodiversity, and so on [4]. Other quantitative approaches,
urban indicators (e.g. green landscape, urban sprawl, fragmentation, spatiotemporal)
and density are also considered in identifying urban problems[5]. Therefore, devel-
oping, improving environment should consider taking account into environment-
behavior objective, psychological, scientific and comprehensive manner that con-
tributes an opportunity to develop a cumulative body of knowledge for evidence-
based design [10]. Urban public space is a key factor in achieving the quality of life
in urban areas with high densities of buildings and population [6]. Urban open space
has been studied as to its uses, purposes and perceptions of citizens that can be a
fundamental basic for sustainable city-developing. In Asia, research on relationships
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between physical factors in spatial environment and users’ behaviors is of interest to
scholars as well. Notably, Neto et al. [8] discovered impacts of physical factors on
users’ impression about public space and proposed the prediction model of desire to
stay and rest in public spaces [8]. Zeng (2018) investigated relationships between chil-
dren’s behaviors and residential landscape elements [13]. Do (2018) studied physical
elements set up along the street space that drew the attention of pedestrians [3]. The
government attempts public space planning solutions to increase the area of urban
open space such as upgrading the existing parks, streets and pseudo-public space.
Indeed, there are not many parks in urban areas, most of which are district parks
and serve daily activities of the people. Currently, the already proposed solution for
district park is simply arranging benches, providing children’s playgrounds, lawns,
putting up such artistic statues as carved stones, huts or fitness equipment to attract
people’s access. There is a question about the efficiency of these plans that remain
unclear as too much public open space has yet to be used and fully exploited [7].
While Vietnam is located in Asia, it has the different society, cultures and economy;
thus, it is difficult to develop a standard development model for all Asian countries.
The understanding of problems and feedback mechanism to environment use still
depends on each country for its development [11]. In Vietnam, studies on such rela-
tionships have yet to be well known, and most scholars just pay attention to research
on theories about space landscape planning in a large scale [7]. The gap between
theory and practice are still vague, there are no established, technical standards or
specific instructions on methodology as the basis for planning and design in practice.
Almost no research on the interaction between user’s behaviors and environment,
especially public open space, is conducted. Indeed, given approaches to the devel-
opment and improvement of open space, especially places that have been recently
upgraded, have yet to be evaluated and examined in practice. Hence, this research
attempts to fill the knowledge gap for the development of urban open space in Viet-
nam. More specifically, this study aims to discover physical setting characteristics of
a district park and the users’ behaviors. Analysis is made to provide the correlative
evidence for relationships between environmental factors and behaviors in this space
by providing a prediction model of physical elements that affect user’s satisfaction.
This study contributes towards the understanding of user-environment interaction
mechanisms in the park. This understanding helps urban designers/planners develop
evidence-based designs and minimize the difference between practical effectiveness
and expectation for Vietnam.

2 Materials and Methods

2.1 Object of Study

Da Nang is the third largest city in Vietnam. With the high potential growth of
economy, Da Nang population is predicted to double to approximately two million
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in 2030. The authors chose 29-3 Park located in Da Nang as a large open space for
study. This district park is located in Thanh Khe district with the area of over 20
hectares and established after 1975. It is the largest and oldest public open space in
Da Nang; the park has various distinct sections for recreational, cultural and sporting
activities. This space has been historically upgraded and renovated several times,
most recently in 2014-2015. Generally, among all existing green, open space in Da
Nang, 29-3 Park is a useful to, and accessed by, residents across the district whom
undertake a wide range of activities; and also a local gathering place for nearby
residents (Fig. 1a). 29-3 Park plays an important role as a pilot model for other
development projects. It is with the usage characteristics mentioned above, the place
is considered a suitable case for this research.

2.2 Outline of Investigation

The observation was conducted within 29-3 Park from October 14th to November
11th,2018, with the aim to understanding all the park’s users in term of their behaviors
and surrounding environments. Observers were assigned and recorded all activities
on paper-based map by using the place-centered behavior mapping method [12].
In addition, all physical elements of the park were also investigated and measured
based on the encounter survey method and remote sensing technology in measure
greenery cover by using satellite image (Two Landsat 80OLI) [2, 9]. The survey was
undertaken at four different times: (1) Morning (6:00 a.m.—10:00 a.m.), (2) Noon
(10:00 a.m.-2:00 p.m.), (3) Afternoon (2:00 p.m.—6:00 p.m.) and (4) Evening (6:00
p-m.—8:00 p.m.). Survey data of two weekdays and two weekend days were collected
to check the objectivity of the survey. Owing to complex features of the space and
its boundary, user’s behaviors can be affected by various environment factors. The
behavior setting can be defined by the boundary of space characteristics and space
functions. A total of 19 sections were included and specified in Fig. 1b; (1) First zone
was split into seven sections, (2) second zone with seven sections, (3) Third zone
with two sections, and (4) Fourth zone with three sections based on characteristics
of initial environmental characteristics such as functional, topographical area within
each zone. In addition, other information of each section was captured (Fig. 1b).
Although there is a different use pattern in various events in this park, people mainly
use the park for their daily activities. Therefore, this study focuses on understanding
relationship between users’ daily activities and physical environments in the district
park. The research frame work is illustrated in Fig. 2 identifying the connections
between the procedures in the research.
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Fig. 2 The research framework diagram

3 Results and Discussion

3.1 Behavior Characteristics of Users

All user’s behaviors were collected and classified into main and sub categories as
listed in Table 1.

As the main focus of the study involving user’s behaviors and surroundings, the
maintenance/service activities carried out by staffs such as taking care of plants,
cleaning, selling food or beverage, and guarding the park are considered out of the
study scope. The results showed that most of the user’s activities in the park were
for (1) relaxation (e.g. Fishing, Strolling, and Idling), (2) health-related (e.g. Doing
exercise, and jogging) and (3) social interaction (e.g. Children playing, Chatting,
and Couple Dating). This finding identified the significant role of this open space
to daily activities, especially recreational ones, of local residents. Although various
previous studies of other countries involving urban parks indicated that the district
park are more related to weekend and holiday activities (e.g. picnicking) compared
to small parks next to residential, this finding shows that, in context of Vietnamese
city, most people tend to participate in this district park for their daily activities and
relaxation due to the lack of residential parks in surrounding residential areas. There
are obvious differences between behavior categories and their frequency recorded in
various sections that was explained the next part of this paper.

Table 1 Categories of user behaviour found in the park

Health-related Social interaction Recreation Service
Doing exercise Children playing Walking baby Maintenance
Jogging Couple dating Watching animals Selling
Doing Taichi Camping/picnic Idling
Chatting Strolling
Fishing
Resting
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3.2 Spatial Environment Analysis Based on Physical Setting
Characteristics

Physical Environment features such as amenities, interface, the relative boundary
of the space, functional physical elements, shady trees, lawns or pavement were
counted and tabulated (Fig. 3a). The data of those characteristics of this space were
analyzed by Principal Component Analysis; accordingly, the cumulative contribution
rate shows that the hefty 83% means if the data are represented from the 1st to the
4rd column. The cluster analysis results indicated three kinds of space within the
park and visually illustrated each space feature in Fig. 3b, c.

3.3 Physical Environment-Behavior Relationship

The environmental behaviors relationship pattern of this park could be classified into
three types, as shown in Fig. 4. In Group 1, most activities often take place in some
lake-adjacent space that has public facilities such as bench, trash bin, vegetation and
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visual objects, or has the medium level of openness, which has a high frequency of
couples dating and people fishing. However, this space has the low accessibility level
and no recreational setting such as game facilities for fee, and fitness equipment.
As can be seen, despite the low quality of public functions and the low level of
accessibility, most activities still take place in this space. In addition, for contributing
private activities like couple dating, the openness factor in the space also needs to
be considered in developing public space process. Natural or artificial water bodies
are prerequisites in the design of open space for human activities as water is a
compelling factor as it reflects their ego [1]. Group 2 attracts almost no activities.
That is, although these spaces in the group are equipped with amenities of open space
such as square, huts, flower garden, and good quality pavement, the high level of
openness and accessibility deters user’s activities. Park users appear to want some
privacy. Also, the accessibility to this researched place is seen as a buffer zone to
allow outsiders’ access using motorbikes, bikes or going by foot. As a buffer zone for
park entry, users tend to find other spaces for their activities instead of using the entry
space. However, as small squares or common playgrounds well paved are inevitably
open space, some activities like doing Taichi/exercises which require the ground,
have the highest frequency, concurrently some activities that require lengthy line of
sight such as watching animals, or birds, often takes place in this space. In Group 3,
minimal activities take place as the space is neither adjacent to the water nor of good
quality. This space is simply a vacant place or lawn without public facilities. Some
recreational amenities as game facilities for fee and fitness equipment are set up
here, but almost no one uses them very often. More importantly, such space has very
limited use for activities like sitting and idling or couples dating. Figure 5 depicts
the distribution of users’ activities within each type of space.

(a) Group 1 (b) Group 2 (e) Group 3

Fig. 5 The user’s behavior distribution on each spatial type of 29-3 Park: a Group 1—the sec-
tions are adjacent to the water surface or provided fundamental facilities; b Group 2—the sections
prevailed by play-ground areas; ¢ Group 3—the sections are not adjacent to water surface or low
quality/lack of facilities
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The current situation of open space in 29-3 Park revealed that apart from improving
quality of such amenities set up for public space as bench, trash bin, vegetation and
well paved paths, the development or renovation of open space needs to take openness
and privacy into consideration; the entrance zone/gate also needs to separate such
accessible space as parking lots from buffer zone between streets and inside space.
The maximal development of water-adjacent space opens more avenues for people
to get closer to the water. Also, research findings identified that whether the removal
of the boundary between the inner part of the park and surrounding street space is
necessary as the current spatial border of 29-3 Park is formed by the high degree of
disparity between inside and outside spaces that leads to no activities in the street-
adjacent space. Thus, the increased interaction between open space and street space
would encourage much more activities, to exploit unused spaces.

3.4 User’s Behavior and Physical Environment Density
Analysis

Physical Environment features indicated in Fig. 3a were measured by their density on
each sub-section. The density of physical environments was defined as open space’s
area or perimeter occupied by physical elements. A correlation test for physical
elements and behaviors would be applied, any behavior that did not correlate well with
physical environment element was omitted (the correlation index <0.5). There were
11 behaviors out of 13 that had the good correlation with 13 physical environments
of the total 25. When it comes to the integration of environment behaviors, except
for fixed relationships like watching animals, visiting the zoo, doing Taichi, or doing
exercises and sports, other notable relationships may help to predict the number of
users’ behaviors accordingly. Analysis results of the user behaviors and physical
environment density provided a calculation model for evidence-based designs. The
positive correlation between activities in the space and physical environment density
plays a role as a reference value for input data of the design and renovation process.

4 Conclusions and Implications

Although the Vietnamese government is seeking to increase urban open space area
and to attract more users in various ways. The optimal way to improve or create
an open space that can attract human activities remaining an unanswered question.
In this paper, the relationship between physical environment and user’s behavior is
explained systematically, contributing a theoretical basis for creating a successful and
user-friendly park. The design and development of urban park should consider three
main functions serving recreational purposes, health-related activities and social
interaction. For thoroughly exploiting and making the park more attractive, it is
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required to (1) improve quality and quantity of public amenities; (2) separate acces-
sible space/buffer zone from used space near entrance zone/gate inside the park;
ensure privacy in the space; (3) provide walk path to approach the water surface;
and (4) remove obstacles (e.g. walls around the park) to give a clear view from the
inside park to streets outside and vice versa. The calculation model for evidence-
based designs provides input data for reorganization of public space/park is suggests
in accordance with area density of corresponding physical environment to human
activities. In addition, the frequency of users’ behaviors can be adjusted based on
the ratio of physical environment in each section, which helps designers, planners,
and authorities to improve or design open space in the near future. The findings
provide information for the design and renovation, although with limitations. The
survey time should be extended to a whole day to discover all activities in this space,
including negative activities at night. Activities need to be surveyed in different sea-
sons and events to explore the change in activities. Moreover, this investigation does
not account for the contextual aspects of the park such as location in the city, trans-
portation models, and other surrounding social factors that influence on the behavior
pattern of the park. Future studies should consider the mentioned recommendations
and compare the relationship between behaviors and the environment in different
climates, cultures, user profiles and affordability. Behavior mapping method needs
improvement by using Google-based GPS to minimize errors when data are col-
lected. Measurement of indicators as to green trees, lawn and other objects through
Google and Landsat images with low resolution was carried out, so it wasted much
more time to collect data. IKONOS (1 m) images with higher resolution will facil-
itate the data collection for the faster and more precise calculation of the density
of physical settings. In addition further improvements can be made by collection
of feedback from professionals, experts, administrators and users. This can help to
prepare input data for subsequent studies in the future. Such research can deeply
explore the environmental quality of open space to users’ impression.
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Studies on Household Water )
Consumption and Water-Saving L
Solutions for Four Cities in the Red River

Delta (Hanoi, Hai Phong, Hai Duong

and Nam Dinh)

Quang Minh Nguyen

1 Introduction

Water efficiency forms an integral part of all green building criteria and rating systems
worldwide. For example, in LEED rating system developed by the United States
Green Building Council (USGBC) as the world’s most popular and influential green
building work tool, water efficiency in home design is given 12 points out of 110
points in total. Vietnam Green Building Council (VGBC) has established its own
criteria called LOTUS. Water efficiency in the LOTUS scorecard for residential
buildings makes up 13 points out of the maximum 108 points (Table 1).

Table 1 Water efficiency in LEED and LOTUS systems for home design (comparative study)

International (LEED rating system) [7] National (LOTUS rating system) [9]
Category Points Points Category (equivalent)
Integrative process 2 8 Management

Location and transportation 15 20 Site and environment
Sustainable sites 7

Energy efficiency 37 32 Energy efficiency
Water efficiency 12 13 Water efficiency
Materials and resources 9 13 Materials and resources
Indoor environmental quality 18 14 Health and comfort
Additional score (innovation and 10 8 Exceptional performance
priority)

Total score 110 108 Total
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In LEED system, water efficiency is divided into three sub-categories, namely
Water metering (required—no score), Indoor water use (eight points) and Outdoor
water use (four points) [7] while in LOTUS system water efficiency consists of four
criteria: Water-efficient fixture (five points), Water-efficient landscaping (two points),
Water monitoring (one point) and Sustainable water solutions (five points) [9].

Water efficiency ranks fourth in terms of importance in both systems, but its
share in LOTUS total score is slightly higher than in LEED (12.04% compared
to 10.91%). Household water consumption, probably due to this “modest” mark-
ing, has not yet been systematically or comprehensively investigated in Vietnam’s
major cities. Most of the research projects ever undertaken and outcomes related to
green building in Vietnam nationally/internationally published so far have focused
on energy efficiency, indoor air quality/bio-climatic comfort and materials/resources
as key indicators No. 1, No. 2 and No. 3 respectively. Water issues, such as clean
water supply capacity, water resource management and protection, water quality and
sanitation, wastewater treatment process and technology, water landscaping, reduc-
tion of flooding in cities, etc. are mentioned in various reports annually/periodically
published by either international organisations (World Bank—WB, Asian Devel-
opment Bank—ADB, Japanese International Cooperation Agency—IJICA, etc.) or
state agencies (Ministry of Construction, Ministry of Natural Resources and Envi-
ronment, etc.). One water supply problem in major cities, apart from input water
contamination with arsenic compounds or heavy metals in some regions, is a high
rate of non-revenue water: 23% in Hanoi and 32% in Ho Chi Minh City [6]. Another
problem to solve in urban areas across the country is wastewater, when only 15% of
a total daily wastewater amount of 750,000 m? could be properly treated [3]. It is
apparent that these water issues are considered and analysed at urban planning level.
At building level, very few research projects have ever chosen to go into household
water consumption along with the possibility of substituting (and hereby saving) tap
water in daily use. An individual study conducted in 2014 on 56 households in central
Hanoi from March to July that year with a water meter attached to every household
water-consuming fixture. The average water consumption was 85.9 litres/person/day
(I/p/d) for four purposes from most to least: pre-cooking, cooking, drinking and dish-
washing (31.2 1/p/d), toilet flushing (21.7 1/p/d), clothes washing (18.9 1/p/d) and
showering (14.1 1/p/d), [8]. The data in this study were precise and detailed as the
measurement was both technically and financially supported, but collected within
four months only and thus did not represent the water consumption in a whole year.
The types of households in that survey were not given either. In reality, the demand
can be higher, as other purposes of use, for example plant watering, floor cleaning,
etc., should be taken into account. Another independent survey undertaken based on
household monthly water bills in 2009 collected from 75 families in Hanoi revealed
that tap water consumption ranged between 130 1/p/d (apartments and row-houses)
and 200 I/p/d (villas and some shop-houses) [5].

In the context of on-going climate change, vigorous city development, increasing
air temperature and greater urban heat island effect, city residents tend to consume
more water while underground water has been depleted as a consequence of over-
exploitation. Surface water continues to be polluted by solid as well as liquid waste
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from industrial zones and residential areas. In this circumstance, water resource pro-
tection and water saving have become urgent matters and it is necessary to carry out
more research on water issues in cities, especially household water consumption and
wastewater reuse as an important part of ensuring water sustainability.

The study primarily aims to better understand how city residents in different cities
and different housing types use water in daily life, what they often do to economise
on clean water and how they are aware of the importance of water sustainability in
particular from a broad spectrum of sustainable urban development.

In order to fulfil this objective, the author used the following research methods in
this academic paper:

e Survey: In total, data on water consumption and several water-related issues from
198 households in four cities in the Red River delta (Hanoi, Hai Phong, Hai Duong
and Nam Dinh) were collected;

e Data analysis: Data were categorised, analysed and compared with one another,
where appropriate;

e In-depth interview: In-depth interviews were conducted to gain more information
that helps explain why the results are similar or different, if necessary;

e C(Case studies: Ten case studies (from No. 1 to No. 10) out of 198 households with
special or typical needs were selected.

2 Household Water Consumption

Households selected for research should be as diverse in patterns and widely dis-
tributed as possible. In total, 198 households in four main cities in the Red River
delta were located as follows in Table 2.

In Hanoi as the most intensive case study, 152 households are surveyed and
distributed by district as follows in Table 3.

Statistics shows that household water consumption per capita in 2018 varied
immensely, from 51.1 I/p/d (the lowest) to 365.5 1/p/d (the highest) and can be
divided into three levels:

Table 2 Distribution and types of households surveyed [4]

City Type 1: villa/garden Type 2: row-house Type 3: apartment Total
house

Hanoi 14 82 56 152

Hai Phong 03 20 02 25

Hai Duong 03 08 00 11

Nam Dinh 02 08 00 10

Total 22 118 58 198
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Table 3 Distribution of number of households surveyed in Hanoi by district [4]

Q. M. Nguyen

No. District Number of households
01 Thanh Xuan 34
02 Hai Ba Trung 33
03 Dong Da 21
04 Hoang Mai 12
05 Long Bien 10
06 Cau Giay 09
07 Ha Dong 08
08 Hoan Kiem 07
09 Ba Dinh 06
10 Thanh Tri 04
11 Tay Ho 03
12 South Tu Liem 02
13 Hoai Duc 02
14 Me Linh 01
Total 152

e High level of water consumption: more than 200 1/p/d with 34 households (Group

A—17.2%);

e Medium level of water consumption: from 100 1/p/d to 200 1/p/d with 105

households (Group B—53.0%);

e Low level of water consumption: less than 100 1/p/d with 59 households (Group

C—29.8%).

In Group A with 34 households, the main reasons for a considerably higher amount
of tap water are given below:

e Private swimming pools and/or large gardens with many trees and plants to be
watered every day: five villas and 18 row-houses;
e Water-consuming services (restaurant, hair salon and laundry, beauty parlour):
three shop-houses;
e Office for rent with over 20 staff: one row-house;

e Special needs: seven high-end apartments.

In most cases (157 out of 198 households—79.3%), the monthly demand for
water from May to September 2018 as five hottest months of the year was 20%
higher than the average consumption, because the demands for showering, clothes
washing, toilet flushing, floor cleaning and plant watering all increased in this period.
Among the rest, 24 out of 41 families had monthly water consumption levels that
stayed almost the same (as the difference between the highest and lowest monthly
amount of water consumption did not exceed 03 m?, or 20-25 1/p/d). There were 17
families which had considerably lower water consumption in those summer months,
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since they went on business or holiday for several time, each time for two or three
weeks [4] (Table 4).

There are two criteria used to choose three typical case studies: (1) Reaching
the upper baseline of daily water consumption per capita (All three groups) and (2)
Having a specific water-consuming activity (Groups A and B) (Fig. 1).

The water consumption levels stood above the average line in February, April,
May, June, July and August (Case study No. 1 from Group A), in February, May, June,
July, August and September (Case study No. 2 from Group B), and in May, June and
July only (Case study No. 3 from Group C). In group A and group B case studies, the
water consumption levels in February were equally high to a summer month, because
Vietnamese traditional New Year’s Festival took place in mid February 2018, and
many households consumed a larger amount of water than usual for cooking special
meals. This fact could be found in further 93 households [4].

The breakdown of household water consumption could be obtained with assistance
of a collaborator and her family (three adults and one child) living in one 110 m?
apartment with one kitchen, three toilets/bathrooms and two loggias. Water was
100% provided from the pipeline. No rainwater was used. On three consecutive days
in May 2019, this family helped calculate the input/output amount of water for every
water-consuming fixture and need with one stick note, one 1.5 1-jug and one 10-1
bucket. The results are summarised in Table 5 (Fig. 2).

3 Water-Saving Scenarios for Households

Just like energy efficiency, water efficiency is an essential requirement and a key
indicator in a green building. Water saving can be achieved by installing water-saving
washing machines, dishwashers and shower heads at home which can economise on
water by 10-25% subject to product types [1]. In addition, using rainwater instead
of tap water in categories No. 6, 7 and 8 from Table 5 is another good option,
because super clean water is not really needed for toilet flushing, plant watering and
floor cleaning. Before grey water can be treated on-site which requires an initial
investment in technology/equipment and then reused, the collection of rainwater
should be considered and applied wherever appropriate. In four cities Hanoi, Hai
Phong, Hai Duong and Nam Dinh in the Red River delta, the annual rainfalls are
reported to be abundant: 1600 mm; 1700 mm; 1500 mm and 1750 mm, respectively
[10]. Therefore, collecting rainwater for daily use would be highly recommended.
However, in fact, using rainwater has not yet been popular in Vietnam’s major cities,
especially in central districts. Out of 198 households surveyed, only 21 households
(seven villas and 14 row-houses/shop-houses, mostly located 5 km or further from
city centres) used rainwater to a certain extent with one 500-1 plastic tank in 16
cases and one 1000-1 inox tank in five others. The most common locations for such
a rainwater tank are in the garden, in the front/back yard and on the top terrace [4].
Rainwater is used for the following purposes in Table 6.
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Fig. 1 Monthly water consumption (1/p/d) in three typical households from groups A, B and C [4]

Table 5 Specific data on daily household water consumption—case study No. 4 [4]

No. | Purpose of | Friday, May 10th 2019 | Saturday, May 11th Sunday, May 12th
use (three 2019 2019
adults fmd Amount | Percentage | Amount | Percentage | Amount | Percentage
one child) 1 ) (%) ) (%) 0 (%)
01 Cooking 36 6.3 42 5.6 45 6.3
02 Drinking 10 1.8 12 1.6 11 1.5
03 Dish 36 6.3 45 6.0 45 6.3
washing
04 Showering 320 56.0 350 46.3 340 472
05 Clothes 95 16.6 190 252 190 26.4
washing
06 Toilet 60 10.5 72 9.5 75 104
flushing
07 Plant 14 25 14 1.8 14 1.9
watering
08 Floor 0 0.0 30 4.0 0 0.0
cleaning
Total 571 100.0 755 100.0 720 100.0
amount (1)
Per capita | ~143 ~189 180
(p)
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Showering 47.2%

Friday consumption Saturday consumption Sunday consumption
571 14 persons 755 U4 persons 720 /4 persons

Fig. 2 Specific data on daily household water consumption in May 2019—case study No. 4. The
top three purposes of tap water use are showering, clothes washing and toilet flushing [4]

Table 6 Purposes of rainwater use among 21 households surveyed [4]

Purpose(s) of use | Quantity | Purpose(s) of use | Quantity | Purpose(s) of use | Quantity
Plant watering 04 Cooking, hand 03 Towel washing 01
only washing only
Floor cleaning 04 Cooking, tea 03 Fish raising only | 01
only making
Cooking only 04 Dish washing 01 Total 21
only

It is surprising that rainwater is not used for toilet flushing, although a simple
pipe system connecting two or three toilets to one 1000-1 plastic rainwater tank with
some auxiliary appliances does not cost so much, less than 300 USD per full set
in the market [4]. Rainwater is often collected from roofs and stored in tanks that
require a certain floor or ground area. In high-rise residential buildings, it is difficult
to install a rainwater tank within an apartment. Furthermore, one unit of roof area
from 70 to 100 m? (equal to a floor area of a typical apartment) is shared by 20 or
more households, thus insufficient for use either. In this regard, it is advised to apply
a water-saving strategy first to low-rise housing. In a villa or a row-house as well as
a shop-house, the roof area is large enough for one family to collect rainwater. The
amount of rainwater collected from the roof depends on roof type and roof material,
apart from roof area, and can be calculated as follows:

V tain water = @ X1 X S (1)

in which ¢ is run-off co-efficient (including splashing, evaporation and surface wet-
ness grade) of water on the roof, depending on material (0.9 for metal roofs, 0.8 for
tiled roofs and 0.5 for green roofs) and also on slope;

r is annual rainfall (m) falling on 1 m? roof area;
S is total roof area of the building to be investigated (m?) [2].
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Table 7 Household tap water using and saving possibility through rainwater—case study No. 5

[4]

Location Hoang Mai district Roof area 70 m?
(Hanoi)
Function For living only Roofing material Metal
Type of housing Row-house Using rainwater Yes
Business/service No Main purpose of use | Plant watering

Number of persons

06 (04 adults + 02
children)

Other purpose of use

None

Number of people Morning (06-12 h) Afternoon (12-18 h) | Evening and night

staying at home (18-06 h)

Monday to Friday 02 02 06

Saturday 06 06 06

Sunday 06 06 06

Defecation (total) 42 times (within one | Urination (total) 174 times (within
week) one week)

Toilet flushing for 2521 (06 1/time) Toilet flushing for 5221(03 I/time)

defecation urination

Total flushing 774 1 (within one Total plant watering 35 1 (within one
week) week)

Total demand for 809 1 (within one Amount of collected 100,800 I (within one

rainwater week) rainwater [Formula year)

)

1938 1 (within one
week)

Level of meeting the demand for rainwater

239.5% (toilet flushing and plant watering)

Weekly surplus amount

11291

The possibility of tap water saving (by means of using rainwater) can be illustrated
and demonstrated with further six case studies in Hanoi (from No. 5 to No. 10)
(Tables 7, 8,9, 10, 11 and 12).
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Table 8 Household tap water using and saving possibility through rainwater—case study No. 6

[4]

Location Long Bien district Roof area 62 m?

(Hanoi)
Function For living only Roofing material Tiled roof
Type of housing Row-house Using rainwater Yes
Business/service None Main purpose of use | Plant watering

Number of persons

03 (02 adults + 01
child)

Other purpose of use

Fish raising (one
aquarium), 01 m?

(1000 1) per week
Number of people Morning (06—12 h) Afternoon (12-18 h) | Evening and night
staying at home (18-06 h)
Monday to Friday 01 00 03
Saturday 02 03 03
Sunday 03 03 03

Defecation (total)

21 times (within one
week)

Urination (total)

95 times (within one
week)

Toilet flushing for 126 1 (06 1/time) Toilet flushing for 2851 (03 I/time)

defecation urination

Total flushing 4111 (within one Total plant watering 701 (within one
week) week)

Total demand for 1481 1 (within one Amount of collected | 79,360 1 (within one

rainwater week) rainwater [Formula year)

(D]

1526 1 (within one
week)

Level of meeting the demand for rainwater

100% (toilet flushing and plant watering)

104.5% (fish raising)

Weekly surplus amount

451
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Table 9 Household tap water using and saving possibility through rainwater—case study No. 7

[4]

Location Hai Ba Trung district | Roof area 40 m?
(Hanoi)
Function For living and service | Roofing material Metal
Type of housing Row-house Using rainwater Yes
Business/service Shop for rent (mobile | Main purpose of use | Plant watering

phones)

Number of persons

08 (04 adults + 02
children as family
members and 02 staff
employed from 08
am to 06 pm,
Monday to Saturday)

Other purpose of use

None

Number of people Morning (06—12 h) Afternoon (12-18 h) | Evening and night

staying at home (18-06 h)

Monday to Friday 04 04 06

Saturday 06 08 06

Sunday 06 06 06

Defecation (total) 48 times (within one | Urination (total) 258 times (within
week) one week)

Toilet flushing for 2881 (06 l/time) Toilet flushing for 7741 (03 I/time)

defecation urination

Total flushing 1062 1 (within one Total plant watering 351 (within one
week) week)

Total demand for 1097 1 (within one Amount of collected 57,600 1 (within one

rainwater week) rainwater [Formula year)

(H]

1107 1 (within one
week)

Level of meeting the demand for rainwater

100.1% (toilet flushing and plant watering)

Weekly surplus amount

101
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Table 10 Household tap water using and saving possibility through rainwater—case study No. 8

[4]

Location Thanh Xuan district Roof area 54 m?
(Hanoi)
Function For living and service | Roofing material Metal (30 m?), tiled
(24 m?)
Type of housing Row-house Using rainwater Yes
Business/service Hair salon and Main purpose of use | Plant watering

beauty parlour

Number of persons

06 (04 adults + 02
children)

Service: 30
customers per day on
average

Other purpose of use

Towel washing:
04 m® per
month—01 m? or
1000 1 per week

Number of people Morning (06—12 h) Afternoon (12-18 h) | Evening and night

staying at home (18-06 h)

Monday to Friday 03 02 06

Saturday 03 03 03

Sunday 04 04 04

Defecation (total) 37 times (within one | Urination (total) 189 times (within
week) one week)

Toilet flushing for 2221 (06 l/time) Toilet flushing for 5671 (03 l/time)

defecation urination

Total flushing 789 1 (within one Total plant watering 701 (within one
week) week)

Total demand for 1859 1 (within one Amount of collected 73,920 1 (within one

rainwater week) rainwater [Formula year)

(H]

1421 1 (within one
week)

Level of meeting the demand for rainwater

100% (toilet flushing and plant watering)

56.2% (tower washing)

Weekly surplus amount of rainwater

01

Weekly amount of rainwater to be supplied

more

4381
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Table 11 Household tap water using and saving possibility through rainwater—case study No. 9

[4]

Location Thanh Xuan district Roof area 120 m?
(Hanoi)
Function For living only Roofing material Tiled roof
Type of housing Villa Using rainwater Yes
Business/service None Main purpose of use | Plant watering (for

back-side garden)

Number of persons

04 (03 adults + 01
adolescent)

Other purpose of use

Front yard cleaning,
twice a week, 1501
each

Number of people Morning (06-12 h) Afternoon (12-18 h) | Evening and night
staying at home (18-06 h)
Monday to Friday 04 01 04
Saturday 04 02 04
Sunday 04 04 04
Defecation (total) 28 times (within one | Urination (total) 162 times (within
week) one week)
Toilet flushing for 1681 (06 l/time) Toilet flushing for 4861 (03 l/time)
defecation urination
Total flushing 654 1 (within one Total plant watering 350 I (within one
week) week)
Total demand for 1304 1 (within one Amount of collected 153,600 I (within one
rainwater week) rainwater [Formula year)
(D] 2954 1 (within one
week)

Level of meeting the demand for rainwater

226.5% (toilet flushing and plant watering)

Weekly surplus amount

1650 1
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Table 12 Household tap water using and saving possibility through rainwater—case study No. 10

[4]

Location Hoan Kiem district Roof area 60 m?
(Hanoi)

Function For living only Roofing material Tiled roof

Type of housing Villa Using rainwater Currently no

Business/service None Main purpose of use | Currently no

Number of persons

04 (02 adults + 02
children)

Other purpose of use

Currently no

Number of people Morning (06-12 h) Afternoon (12-18 h) | Evening and night

staying at home (18-06 h)

Monday to Friday 02 00 04

Saturday 04 04 04

Sunday 04 04 04

Defecation (total) 28 times (within one | Urination (total) 136 times (within
week) one week)

Toilet flushing for 168 1 (06 1/time) Toilet flushing for 4081 (03 1/time)

defecation urination

Total flushing 576 1 (within one Total plant watering 70 1 (within one
week) week)

Total demand for 646 1 (within one Amount of collected | 76,800 1 (within one

rainwater week) rainwater [Formula year)

)

1477 1 (within one
week)

Level of meeting the demand for rainwater 228.6% (toilet flushing and plant watering)

8311

Weekly surplus amount

Using rainwater in a city saves tap water. In each of the six case studies from No.
5 to No. 10, the amount of rainwater collected from the roof can cover 100% of the
demand for toilet flushing and plant watering. The remaining amount of rainwater
in five out of six case studies Nos. 5, 6, 7, 9 and 10 (1129 1—45 1—10 1—1650 1—
831 1, respectively) can be used for other meaningful purposes, or to provide some
neighbouring families where the amount of rainwater collected is not sufficient due
to a special need (for service), such as in case study No. 8.

4 Conclusions

Water indeed plays a very important role in shaping a city and making every building
much greener for a more sustainable future. It is therefore necessary to emphasise
and facilitate water efficiency, not only by giving bonus points in green building
certificates or encouraging people to buy household water-saving washing machines
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and/or dishwashers, but also by changing the public behaviour and persuading them
into instantly using rainwater instead of tap water in some categories of use for
various good reasons, and later by on-site recycling and reusing grey water, when
innovative environmental engineering is transferred and applied in Vietnam’s major
cities.

The data collected and analysed in this study are quite diverse (with different
housing types and various purposes of rainwater use), typical (as case studies could
be easily selected) and reliable (directly taken from monthly water bills and measured
with water containers when water meters were not available), proving that there
is a high potential of using rainwater in cities, even in a densely constructed city
like Hanoi. However, more case studies from other cities/districts should be added
to the database to ensure the equivalence between groups of sites and objects of
research, and probably to find out more interesting or special case studies. For further
investigations into household tap water consumption and rainwater utilisation, the
author will broaden the scope of research and hopes to consolidate the database as
well as to make a more significant contribution to sustainable urban development in
view of water issues.
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The Inter-relationships Between LST, )
NDVI, NDBI in Remote Sensing L
to Achieve Drought Resilience in Ninh

Thuan, Vietnam

Nguyen Quoc Vinh, Nguyen Trong Khanh, and Pham Thi Anh

1 Introduction

Due to the Industrial Revolution, the rapid industrialisation and population growth
in urban regions have become a global problem and a huge challenge. More than half
(54%) of the world’s population live in cities and is expected to increase. While the
cities occupy only 2% of the planet’s surface, their population consumes 75% of the
total amount of energy generated and is responsible for 80% of the greenhouse effect.
The impacts of CC on the earth systems include melting ice, altered hydrological
systems, shifting species, migrating patterns, and so on. Additionally, global warm-
ing has led to the fact that extreme weather events: heat waves, drought, extreme
precipitation, inland and coastal floods, landslides, cyclones, etc., occur more and
more frequently [1]. The natural hazards are more severe in riverine, coastal and even
urban areas across the world and particularly in Asian countries. In vulnerable areas
of Ninh Thuan province, current findings show high pressures of drought, particu-
larly in Phan Rang-Thap Cham city, the worst area in the province. Drought intensity
is often accompanied with above-normal temperatures, and would increase due to a
large part of the recent surface warming attributed to human-induced GHG increases
[2]. Increasing land surface temperature is ecologically and socially considered as a
main part of drought.

With such increase in environmental stress on urban regions, scholars started
to focus on urban sustainability and resilience. These concepts are ecology-based,
where a city is basically considered as a complex of Social-Ecological Systems
(SES) [3]. Urban information has become increasingly complex by that trend. To
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help understand the complexity of the SES, RS and GIS are the most effective tools
and methods to make a more appropriate approach to the planning and design of
cities, particularly in geo-spatial database [4].

As LST was considered the main part of drought, other relevant factors such
as NDVI and NDBI will be extracted from RS images for analysing their inter-
relationships. The results will show that LST is raised by NDBI and in contrast, is
reduced by NDVI. Therefore, green spaces and their structure will play a large role
in spatial planning to achieve drought resilience.

2 The Notions of Resilience and Study Methodology

2.1 Resilience Spatial Planning

The notion of resilience first appeared in 1973, when the author referred to systems
and their ability to cope with external shocks and disturbance while former structures
and functions remain [5, 6]. Later, various scholars considered it in terms of the
adaptive cycle [7, 8], which focuses on the dynamics of systems that do not have a
stable or equilibrium condition but repeatedly pass through four phases: growth and
exploitation; conservation; collapse or release; renewal and reorganisation.

The concept got attention of urban planners much later in the 1990s. It considered a
city as “SES”, which is supported by natural services, including: (i) provision of food
and water, (ii) regulation of floods, drought, and disease, (iii) supporting soil forma-
tion and nutrient cycling, and (iv) culture such as recreational, spiritual, religious and
other nonmaterial benefits [9]. Among many definitions, Sendai Framework defined
resilience as the ability of a city exposed to hazards to resist, absorb, accommodate to
and recover from the effects of a hazard [10]. S. Meerow described urban resilience
as the ability to maintain or rapidly return to desired functions, to adapt to change
and to transform systems that limit current or future adaptive capacity [11].

With regard to urban planning, a number of studies acknowledge that spatial plan-
ning plays an important role in promoting urban resilience [12—14]. In a research
showing a proper urban structure which can mitigate multi-hazards, authors intro-
duced several indicators for the assessment of the resilience in spatial planning [13].
Among them, keeping areas free of development, such as green open space, as the
form of ecological diversity in the city, is part of the strategies for resilience through
“nurturing conditions for recovery and renewal after disturbance” [15]. Moreover,
enhancing green spaces in urban areas was identified as an appropriate mitigation
approach of UHI [16], and increasing biodiversity and vegetated land cover will
increase resilience to drought risk [17].

In Vietnam, these emerging concepts have so far only been introduced in seminars
and policies. Resilience oriented spatial planning to mitigate urban heat is a necessary
step moving toward drought resilience in Ninh Thuan.
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2.2 Study Methodology

The most relevant factors related to drought conditions and the key urban components
that help increasing capacity of an urban environment to deal with the risk of CC
and disaster are how urban green open space, and built-up areas spatially structured
[15]. These factors will be examined for Phan Rang-Thap Cham city from the year
of 1990 when urbanization started up till 2019. Final outcomes help analyse their
inter-relationships, transformations and define the main ways to reduce LST and
achieve drought resilience through spatial planning.

However, traditional approaches and techniques designed for cities may prove
to be inadequate to meet the challenges of rapid urban development. They require
timely and reliable information [18], that lacks in Vietnam. RS and GIS technologies
could very much help.

RS and GIS in urban planning Robustresults of LULC could be extracted from RS.
Satellite RS with repetitive and synoptic viewing capabilities, as well as multispectral
capabilities, is a powerful tool for mapping and monitoring the ecological changes
in land use. It may help to reduce unplanned urban sprawl and the associated loss of
natural surrounding and biodiversity.

RS and GIS for studying ecological services Spatially explicit ecosystem service
values are important for its management. RS provides images covering the Earth
surface, which can be useful for quantitative assessment of ecosystem services [19].
Several important categories of information can be directly extracted from RS data
as water, barren land, vegetation, built-up areas, etc. The spatial and temporal infor-
mation, which is one of the key elements in ecosystem management [20], is stored
in a geospatial database and used in GIS.

RS and GIS for studying LULC, LST, NDVI and NDBI in Phan Rang-
Thap Cham City LULC maps of Phan Rang-Thap Cham city in three years (1990,
1997 and 2019) is firstly examined through RS images to explore the overall land cov-
ers. Based on that, LST, NDVI and NDBI maps are extracted from which we obtained
key figures of heat, green spaces, and built-up areas, respectively, transformed
through years.

LULC The multispectral Landsat satellite images of the following table were used
(Table 1). The Landsat images were registered to Universal Transverse Mercator
projection, zone 49 N, WGS84 Datum, spatial grid of 30 m resolution. The dates of

Table 1 Detailed characteristics of the Landsat Satellite images used in the study

Path/row Acq. date Dataset Producer Attribute Type

123,052 26/03/1990 ™ USGS Ortho, GLS2000 Geotiff
123,052 29/03/1997 ™ USGS Ortho, GLS2000 Geotiff
123,052 11/04/2019 OLI-TIRS USGS Ortho, GLS2000 Geotiff




204 N. Q. Vinh et al.

the Landsat images were chosen to be as close as possible to the same vegetation
season. The methodology used includes the following stages: image pre-processing,
the design of classification scheme, image classification, accuracy assessment and
analysis of the LULC changes.

e Image pre-processing: including cloud masking, layer stacking, sub-setting by
administrative boundary;

e (lassification scheme: utilising four classes (Urban—Built Up, Water, Barren
soil, Vegetation);

e Image classification: training data was used for Maximum Likelihood Classifica-
tion (MLC) and accuracy assessment. In this research, colour composites; ratio
images (MNDWI, NDBI, NDVI); Google Earth, topographical map was used to
generate training data.

e Accuracy assessment: such assessment was performed for the classified maps of
all three steps. Error matrices were used to assess classification accuracy using
two measures: overall and Kappa statistics.

NDVI NDVI is used to quantify vegetation by measuring difference of near-infrared
(vegetation reflects) and red light (vegetation absorbs) [21]. The NDVI algorithm
subtracts the red reflectance values from the near-infrared and divides it by the sum
of near-infrared and red bands.

(NIR — Red)

NDV] = ————
(NIR + Red)

The NDVI values are represented as a ratio ranging from —1 to +1, negative values
represent water, around zero is bare soil, built-up areas, from 0.2 to 0.5 is for shrubs,
grassland, and over 0.6 is dense green vegetation.

LST The temperature at the interface of the earth’s surface up to the height of 2-3 m
of the air can be measured. The steps to calculate the final LST are as followed:

e Converting the Satellite Digital Number (DN) to Radiance value;
e Conversion of Radiance to At Sensor Temperature;
e Conversion of Satellite Brightness Temperature into LST.

NDBI Among land cover surfaces, built-up areas have higher reflectance in middle
infrared wavelength than near infrared. Thus, NDBI is useful to extract urban built-up
areas and calculated with the following formula:

(MIR — NIR)

NDB] = — %
(MIR + NIR)

The NDBI algorithm subtracts the NIR reflectance values from the MIR and divides
it by their sum. NDBI value lies from —1 to 41. Negative values are water bodies,
the higher is built-up areas, and the lower is vegetation.
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3 Results and Discussions

3.1 Natural Conditions of Ninh Thuan Province
and Phan Rang-Thap Cham Capital City

Ninh Thuan is the coastal province in the Southern central part of Vietnam, located
at the co-ordinates: 11° 18" 14" to 12° 09’ 15" Northern latitude, 108° 09’ 08" to
109° 14’ 25" Eastern longitude.

Hydrology: total area of rivers basin is 3092 km?, including 46 rivers, main streams
and four main aquifers, of which the Dinh river basin covers the majority of the
area 3000 km?, and others - 92 km?

Meteorology: dry (75-77%), hot (26-27 °C) and strong wind (2.3-5 m/s, the
strongest is of 25 m/s) and high rate of vapourisation.

Extreme weather events: the climate alternates from drought to floods. However,
floods are reduced thanks to many reservoirs, dams and dikes.

Three climate sub-regions can be distinguished. The coastal area (IIT) has the worst
droughts with an average rainfall of around 500-700 mm/year, here the studied site of
Phan Rang-Thap Cham city is located. The plain area (II) also suffers from drought
with rainfall from 750 to 1200 mm/year, here Phuoc Dan and Tan Son cities are
located. The mountainous area (I) has a rainfall of 1000—1700 mm/year (Fig. 1).

3.2 The Mutual Relationships of LST, NDBI, NDVI

Results of RS images—LST, NDVI, NDBI maps To quantify the research, three
key drought relevant factors (LST, NDVI, NDBI) of the Phan Rang-Thap Cham will
be extracted from LULC (Figs. 2 and 3), as the methods described above.

The mutual relationships All data collected from above RS images related to LST,
NDVI and NDBI is then generally analyzed in pairs on the following correlation
graphs.

LST versus NDBI As seen at the Fig. 4, the maximum LST is found in built-up
areas, showing values higher than zero. They generate much surface temperature
variations and are the key contributor to UHI. The lower values represent vegetation
areas, where LST is reduced enormously. A strong positive correlation existed in
LST-NDBI with R? = 0.9619, 0.9529, 0.9879 in each of the three years 1990, 1997
and 2019, respectively.

LST versus NDVI The correlation is strongly negative, particularly in 4/2019, with
R?2=0.9621,0.957,0.981 in three years 1990, 1997 and 2019 respectively. It means
that low LST is found in dense greeneries (>0.6) (Fig. 5).

NDBI versus NDVI The relationship is extremely negative, with R%=0.9982,0.9999,
0.9982 in the three years 1990, 1997 and 2019 respectively (Fig. 6). It is proven that
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() 2. TAN SON CITY
© 3. PHUOC DAN CITY

Fig. 1 Three climatic sub-regions of Ninh Thuan. Source Authors

) _ - - - - -
Overall accuracy: 86.6 %  Overall accuracy: 87.5% Overall accuracy: 91% Mean LST (°C): 30.3 Mean LST (°C): 29.6 Mean LST (°C): 28.6
Kappa statistics: 0.8 Kappa statistics: 0.84 Kappa statistics: 0.82

Fig. 2 LULC and LST maps of Phan Rang-Thap Cham in 1990, 1997 and 1999, respectively.
Source Authors

A

iy — 1=

. - o — - -
Mean NDVI: 0.32 Mean NDVI: 0.4 Mean NDVIL: 0.44  Mean NDBI: -0.028969 Mean NDBL: -0.052821 _Mean NDBL: -0.098049

Fig. 3 NDVI and NDBI maps of Phan Rang-Thap Cham in 1990, 1997 and 2019, respectively.
Source Authors
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vegetation plays a very important role in cooling LST.

Relationships among LST, NDBI, NDVI

From the results above (Table 2), the three main factors relevant to UHI and drought
conditions, such as LST, NDVI, NDBI, are mutually intertwined. Comparing the
figures in the three years, slightly increased NDVI has reduced LST remarkably. In

Table 2 The relationships
LST DBI DVI

between LST, NDBI, NDVI S N N

of Phan Rang-Thap Cham Built-up in 1990 | 30.613073 0.047276 0.188402

City in 1990, 1997 and 2019 Built-up in 1997 | 30.499507 | 0.034283 | 0.266400
Built-up in 2019 | 29.662003 | 0.048447 | 0.234729

Source Authors
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1990, NDVI (values < 0.2) demonstrated that the land cover was mostly bare soil;
LST was quite high accordingly (30.6). In 1997 and 2019, when NDVI were higher
(>2), LST started to decrease. Logically, built-up areas are the main factor generating
UHI, but green spaces in a city are the key driver in reducing land surface temperature,
particularly in dense vegetation (>0.6). As a result, how green spaces and vegetated
land covers are spatially planned and structured would be an appropriate mitigation
approach of UHI to increase resilience to drought risk [17] for Phan Rang-Thap Cham
capital city.

4 Conclusions

City—‘SES’ as a complex adaptive system, is not only dynamic but also self-
organising and actively adjusting to cope with all predictable and unforeseeable
shocks. With spatial planning, a city can be ecologically and socially managed.
Besides traditional approaches, this paper introduces an ecological point of view
where spatial planning for drought resilience of Ninh Thuan with RS techniques and
GIS should be effectively utilised. The geo-spatial database of three drought relevant
factors at the city of Phan Rang-Thap Cham scale: LST, NDVI, NDBI extracted from
RS images prove that they are interrelated. LST is increased by increasing NDBI but
is reduced by enhancing NDVI. It proves that vegetated areas in urban areas could
remarkably reduce urban heat. Urban extension seems to be a never-ending pro-
cess, how citizens experience heat and drought will very much depend on how its
green open areas are organised and structured. Spatial planning focusing on urban
greenspace structure plays a key role for achieving drought resilience.
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Urban Appearance in the Industry )
4.0—In Case of Ho Chi Minh City L

Le Thi Bao Thu

Abbreviations

Al Artificial Intelligence
CBD Centre Business District
HCM Ho Chi Minh City

IoT  Internet of Things

1 Introduction

Industry is the determinant of urban appearance, caused by its role as growth pole in
consuming of resources, energy, labour, invention and finance.

Along with society evolving and science/technology advancing so far, Industry
has developed over four periods, which have prompted urban formation by each’s
characteristics, that reflecting the correlation of Industry with social context (Fig. 1).

One impact from industry to urban structure is the way that man/stuff/materials
move to and from in production and consumption.

The era of Al’s role in operating, moving in industry certainly change and then
in turn, the urban appearance under impact of Industry 4.0 should change.

Ho Chi Minh City is the key industry region in Vietnam. This city has resources enough to develop
I0T/Al, and the trend moving to industry 4.0 is inevitable. In that trend, above arguments need to
be discussed to contribute to policy maker, urban planner.
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INDUSTRY 1.0 INDUSTRY 2.0 INDUSTRY 3.0
100 years - in 18th century 50 years - in 19th
(1750-1850) century (1870-1920)
Mechanization Assembly Line
Steam Power Electric engine
Weaving Loom Automobile Vehicle

Manchester of Great Britain [ Detroit-USA

Transferred from rural to
urban with immigration for
labor in workshops

Highway system
developed

Fig. 1 Four periods of Industry development. Re.: Authors

2 Research

2.1 Overview

Industry has affected to form the city along routes to circulate its massive load
of resources for production and distribution. Achievement in transportation from
requirement of Industry decided structure of urban. Those were railway and waterway
in I.1.0; federal highway in 1.2.0; ring road and multi-level traffic in 1.30.

a. Industry 1.0: consumption of coal for steam engines lead to invention of train.
System of railway and canal were the main axis to locate urban functional zones
in Manchester-where so call workshop of the world (Fig. 2).

b. Industry 2.0: high-speed road in traffic—based on the invention fossil fuel engines
vehicles—had played role in expansion of urban scale. Detroit—the thriving
industrial metropolis of USA was an example (Fig. 3).

c. Industry 3.0: in the latter half of twentieth century, achievement in Information
Technology has triggered global trend, FDI in manufacturing flew to Asia that

Fig. 2 a Canals, rivers, and the industrial city: Manchester’s industrial waterfront, 1790-1850.
https://www.jstor.org/stable/23271699. b Manchester City Google map 2019
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Residental pasces 18808 Residential Parce's 19208

Fig. 3 Map of Detroit-USA Re: https://www.wsupress.wayne.edu/books/detail/mapping-detroit

led to requirement of vast plots for industrial use. In Ho Chi Minh City, key
economic zone of Viet Nam, more than 20 Industrial Parks appearing in 10 years
(1996-2006). Those have clung to outskirt of the city, promoting to upgrade
surrounding traffic system, then form the spatial structure of the city (Fig. 4).

In 3 initial periods of Industry time, massive load for producing has been the
main reason for government to build and develop traffic system. Those traffics have
formed main frame for buildings grow up, then, sketching the urban appearance.

Industry 4.0 may have some difference, base on Conclusions of UNIDO as below:

Industry 4.0, as part of smart city initiatives, will make cities and human settlements more
inclusive, safe, resilient, and sustainable, and will help address global challenges.

(in Conference of BRI 2017—UNIDO) [6, 7]

City cerigrs

121 Buffers

L1 District bimgdary
Lisban land inZF1 |
i Jrban land jn T2
. Lirban land in T3
= Water bodies

Fig. 4 Urbanization in HCMC in Industry 3.0. Re: Understanding urban expansion combining
macro patterns and micro dynamics in Southeast Asian megacities from 1990 to 2014: Bangkok,
Ho Chi Minh City, and Manila (2019). Gang Xu, Limin Jiao, Jiafeng Liu, Zhongkui Shi
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Fig. 5 a Urban functional structure. b Eastward city in traffic system of HCMC. Re: www.planic.
org.vn

2.2 Research

2.2.1 Experience of Industrialization in Ho Chi Minh City

Within 10 years (1996-2006), there are 3 Export Processing Zones, 16 Industrial
Parks, 1 Hi-Tech Park, initially locate in the outskirt rural area of HCMC. With
massive load of moving to and from, each industrial park become node that connected
together to form centric ring roads. Along those roads, buildings for other use grew
up and that draw urban appearance.

In the global trend of IoTs and Al, bases on ability of relevant resources from
National University and Hi-Tech park, HCMC Authorities plan to develop 1.4.0 in
the next period of development.

The government plan to develop eastward city as Creative city on existing
resources:

e Social resources: National University; Hi-Tech Park and new urban areas in
District 9; District 2

e Infrastructure: Hanoi highway road, metro, SaiGon river waterway and Cat Lai
port (Fig. 5).

2.2.2 Case Study

a. Life Science Center Schlieren-Zurich, Switzerland

The Swiss Federal Institute of Technology Zurich (ETH) and the University of Zurich
are building up a number of spin-off establishments in the Life Sciences. The top-
class proximity academic base on modern facility in convenient location will be the
essential asset for high scientific research (Fig. 6).
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BTH - ZURICH: FROM SCHENCE CITY TO CITY OF SCENCE
SCALABLITY REGIONAL & ACROSS LOCAL INSTITUTIONS

32 ha masterplan with 450.000 sqm for education and research, congress centre, library,
commercial facilities, housing and leisure as extension of the campus capacity

Fig. 6 ETH and regional relationship with institutes. Re: https://www.kcap.eu/en/projects/v/
science_city_eth/

With space of 55.000 m?, Center provides tailored infrastructure solution for
more than 40 companies and some academic institutions, to support and promote the
exchanges about life science among organizations located on the premises [2].

b. Pennsylvania Advances Plans for Innovation and Research Park

Considering research as a new power of economy, the University of Pennsylvania has
developing an asset of 23 acre, located along the Schuylkill River in the Grays Ferry
section of Philadelphia for their plan of a research park. From this park, research and
innovation can be commercialized into new products or services [5] (Fig. 7).

f
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Fig.7 aLocation map. b Preliminary land use concepts. Re: https://www.pennconnects.upenn.edu
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3 Analysis

3.1 Situation of HCMC

3.1.1 Population

HCMC’s population reach 10 millions in 2018 survey with 60% in age of labor.
That means HCMC need to continue with Industry 3.0 that can absorb massive
labor. Existing Industrial premises supply 3.2 million jobs and creative 3 times in
secondary fields (GSO).

3.1.2 Infrastructure

Industrial park is a growth pole that absorbed labor and service and finance as initial
elements to change from rural to urban status in its region. In fact, Industrial park is
well developed based on its owner’s plan; but all the outside of its fence hadn’t been.
Many slums appeared quickly to provide temporary settlement and related services
for workers. The traffic are always in vulnerable situation, that can be stuck by any
reason.

In this existing condition, it’s difficult for HCMC to move all its Industry to
Industry 4.0, because 1.4.0 need the infrastructure of logistic 4.0, based on AI’s
control.

3.2 Potential for 1.4.0 in HCMC

While Industry 1.0, 2.0, 3.0 had based on invention of tool, engine and advanced
technology, Industry 4.0 has been defined on achievement of Al and IoT devices.
It has expected to reach an ideal result: controlled processes under algorithm bring
more efficiency, less waste.

Companion of Industry 4.0 is Logistic 4.0. When processing are optimized in
smart factories, stream of goods can be flown in an optimal way with smart infras-
tructure. In the scenario of 4.0, containers, vehicles, ... just move when they know
their goods and the route from—to are ready with the help of Al on data from traffic
camera, report of port/railway station, ... and report of processing result of factory
[1]. In the scenario, it seems warehouse can replaced by smart vehicles. Then, the
urban appearance can be changed [3].

In this case, the 2nd phase of Hi-Tech Park, or “Creative Science Park”—an
asset of 195 ha, seems a potential key to set-up a project like ETH-Switzerland or
SouthBank project of Pennsylvania-USA. The problem is, which scenario be right
for HCMC ambition of 1.4.0.
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4 Discussion

4.1 Legal Issue

On June 3rd, 2019, Ho Chi Minh City People’s Committee submitted a report to the
Prime Minister on the policy of adjustment. HCMC general construction planning
project to 2025 according to the Decision No. 24/QD-TTg of the Prime Minister,
proposed to the Prime Minister to approve the adjustment of 194.84 ha land use plan-
ning in Long Phuoc Ward, District 9 from the function of tourism land, monuments
and landscapes into the function of science and technology parks.

4.2 Feasible Scenarios

a. Expansion of Hi-Tech park phase 1

In this scenario, the main obstacle is the legal standard for Industry park, that prohibits
all kind of civil buildings such as residence, entertainment, ... located inside boundary
of the premises. Meanwhile, labor in Industry 4.0 need a comfortable and convenient
space to work.

b. Satellite of National university

In this scenario, the premise play the role of workshop or Lab of National University,
with multi-fields approach to cover. With no key field to focus, the scenario seem
not to align to aim of the government.

In case study of ETH or Penn. University, they choose the key field to develop,
i.e. Life Science of ETH. To follow the paradigm of case study, HCMC authorities
need to decide which field to be fundamental strength.

c. Paradigm of smart city

Smart cities requires integrated interventions in planning, investment, and the uptake
of new technologies. Al can help to enhance urban transportation, to manage waste
or water supply, to allot energy through smart grids efficiently.

In the scenario of smart city, creative science park of HCMC has some important
advantages to develop. Here is a non-vacant plots so far, it seems still in natural
condition with river, lawn, damp environment with some wild animal. It seems now
the right time to study of design the masterplan for the smart city in context of HCM
megacity.

Four principles guide designers, planners, and policy makers in creating the sus-
tainable cities of the future, as reference for authorities: (1) Restore Natural Systems;
(2) Densify Urban Districts; (3) Diversify Land Uses; (4) Connect Communities [4].
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5 Conclusion

Industry 4.0 should not put its footprint on urban appearance widely as former
Industry. Industry 4.0 in case of Ho Chi Minh City should be found at the Creative
Science Park.

To identify the urban appearance in Industry 4.0 can help avoiding disarranged
belt surrounding Industrial premise as existing.

Industry 4.0 technology and its related services enhance city to smart governed.
In partially, logistics 4.0 defines urban spatial structure with 2 main route of trans-
port. One route for Industry use with constant situations, operated automatically
by Al and one route for Civil use with random situation.

e Two route are planned separated to avoid congestion with different funda-
mentals such as vehicles, speed, stops, ....

e In the structure of 2 systems of traffic infrastructure; the city may exist 2
types of moving: one of Al controlled with programmed moving, one of
nature controlled with seasonal moving.
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A Study on Strain Contour Plots )
and Crack Development L
for Reinforcement Concrete Beams Based

on the Application of DIC Technique

Anh Thang Le, H. T. Tai Nguyen, N. T. Hung, and Quy Duc Le

1 Introduction

Due to the increasing dramatically of steel slag in Vietnam, there are several
researchers attempting to apply these industrial wastes as material in concrete. Steel
slag is usually studied to replace for the natural materials in asphalt or cement con-
crete. However, the question is whether replacing materials would change the perfor-
mance of the concrete. In this study, steel slag replacing for the natural stone is used
in the concrete mixture. The Digital image correlation (DIC) method is selected for
the exploration of crack development. It is selected because DIC is a cheap, exact
and powerful approach.

Digital image correlation (DIC) is an image-processing method capturing dis-
placement and deformation of an object bearing load. DIC needs the digital images
of an object at different loadings using digital imaging devices. Differentiation analy-
sis is approached to quantitatively extract full-field displacement and strain responses
of materials [8]. The colorful image of an object’s surface is transformed to the grey
image. The DIC method will use the grey scale distribution characteristics to compare
the deformed and un-deformed images in order to obtain relative positions. These
variations of points on image at difference load levels are utilized to infer the normal
strains, shear strain and Von-Mises strain field [9].

For concrete, strain localization and crack sizes are two key parameters needed to
estimate the permeability, strength and durability of structural concrete components
[2]. A direct observation of surface deformation or a crack development process is
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difficult because of the small values of them. The DIC approach could overcome the
issue. The method gives high-resolution measurements of a displacement field [4].

Chu et al. [5] reported the application of digital-image-correlation techniques to
experimental mechanics. The huge number of studies and its application marked the
historical developments of DIC techniques over the past 35 years. Huang and Xu
[6] proposed a method of cracking inspection, and detection applied for pavement.
Yamaguchi et al. [11] introduced an image-based approach to detect cracks in con-
crete surfaces. Valenca et al. [10] studied on the properties of concrete cracks during
experimental tests using image processing. Kozicki et al. [7] conducted a study to
apply digital image correlation techniques to measure displacement on the concrete
surfaces. In the same year, Shih and Sung [9] conducted an applied study of the
digital image correlation method in the analysis of cracks changing in reinforcement
concrete beams. Adhikari et al. [1] proposed a method to determine the proper-
ties of cracks to detect and quantify cracks in concrete based on image processing
techniques.

For the study, there are two types of concrete grades denoted by B22.5 and B15.
The B22.5 have the minimum strength of 30 MPa, while the B15 has the minimum
strength of 20 MPa after 28-day construction. Besides, there are two differences
types of aggregate in the concrete mixture, including the natural stone aggregate and
steel slag. Thus, three groups of reinforcement concrete beams were produced. They
are the beams of B22.5 with and without steel slag, and the other group is the beams
of B15 with the natural stone. The beam bending test is the three-points bending
test. Canon EOS 7D digital camera takes photos for the DIC method. The observed
analysis results for discussion are strain contour plots at the crack tip and the crack
mouth opening displacement.

2 Experiment

2.1 Experimental Material

Materials used for the concrete mixture include aggregate, sand, Porland cement
and water. The natural aggregate used for casting specimens is the stone obtained
in the Dong-Nai province. Aggregate is cleared, dried, and sieved before they are
composited according to the TCVN 7570:2006. The average aggregate size is of 20 x
10 mm; uniform particles size. Steel slag replacing for natural stone is collected by
a factory in Phu-My-1. They are categorized and screened before being sold to the
market. The steel slag properties are similar to the steel slag utilized in concrete in
the world. They are used in many studies in southern of Vietnam. Sand is river sand.
They were cleared, dried, screened to obtain the size of sand particles in accordance
with TCVN 6227:1996. The sand composition and the cleanness of sand satisfy the
TCVN 7570:2006. Water of the concrete mixture is domestic water ensured good
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quality, does not affect the curing time of the concrete. Portland cement (PC40) was
used meeting the specification of TCVN 2682:2009.

2.2 Experimental Equipments

Strain gauge, Fig. 1a, was used to measure deformation of the structural surface. In
this experiment, the strain gauge was placed in the middle of span of the beam and
at 100 mm from the upper edge of the reinforcement concrete beam. Strain gauge
was located near the top edge of the beams so that the crack development due to the
bending does not damage strain gauge. On the other hands, strain gauge was placed
at a certain distance from the top of the beam so that the directly bending force on
the concrete beam does not destroy the strain gauge.

The steel bending frame, shown in Fig. 1c, has the ability bending force up to
50 tons. The piston is placed at mid-span of the beam controlling the load follow-
ing vertical direction. During testing process, data logger collects automatically the
synchronization values of strain from the strain gauge, the bending load, and displace-
ment at mid-span of the reinforcement concrete beams. Linear Variable Displacement
Transducer (LVDT) is used to measure the beam deflection.

The cannon EOS 7D digital camera was used to take images for the DIC analysis.
The images with the resolution of 5184 x 3456 were captured in the room lighting.
The camera was placed on a fixed tripod, perpendicular to the beam, and located at
a meter from the reinforcement concrete beams. Images were collected at different
load levels. The taken image was synchronized with the testing data obtained from
the data logger by time. The time was matched based on the time recorded on the
image and the counter clock of data logger.

NNERNERN I._'[.'T NARRRERN TI g e

(a)

] ] 200 |

0;

(b)

(c)

Fig. 1 Experimental equipments: a Strain gauge, b experimental reinforcement concrete beams,
and c the bending frame
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2.3 Experimental Reinforcement Concrete Beams

Figure 1b presents the geometry of a reinforcement concrete beam and the loca-
tion of steel bars. The beams had the size of 3300 x 200 x 300 (mm). The basic
concrete properties were tested by the Vietnamese standard. The longitudinal steel
reinforcement was the steel All grade, f; = 280 MPa. As a reinforcement, steel bars
of the diameter 12 mm and 14 mm were used. The experimental investigation was
performed on the beams in which the reinforcement was of 5¢14 at the tensile part
of beam and 2¢12 at the compressive part of the beam. The stirrup bars of ¢6, the
steel grade of Al with f; = 225 MPa, were arranged along the length of the beam at
the distance of 150 mm.

3 Strain Contour Plots

3.1 Comparison of Strain Values Obtained by Strain Gauge
and the DIC Method

The photograph, which obtained from the camera of Canon EOS 7D, may need to be
processed before of the applying DIC analysis. The IMAGE]J software was used for
cropping photos so that the images were uniform in size, and the studying object was
in the right position to be processed. The NCORR, an open-source program running
on Matlab environment [3], was selected to perform DIC analysis.

At first, the sub-images extracted from the photograph capturing the side of a
beam was selected at the time before loading. The position of the sub-image is also
the position of the strain Gauge. This image is called as the original image. Next, the
sub-images in the same position at different load levels were selected for comparative
analysis of the pixel’s position changing. Based on the changing of pixel’s position
in the sub-image compared to the original sub-image, the strain on the beam surface
within the sub-image could be calculated corresponding to the certain load level.

Figure 2 shows the deformation results on the surface of the reinforcement con-
crete beam with the same load-level based on two different methods. The strain value
showing in the left-hand side figure is determined by the DIC method at the position
of strain gauge. The right-hand side figure is the deformation directly measured by
strain gauge and recorded by the data logger. DIC gives a result of —207.61 e,
shown in Fig. 2a.

Figure 2b shows the value obtained from the screen of data logger. The observed
value is —206.72 pe. The negative value indicates the strain determined in the com-
pressive concrete area. This value was approximately equal to that estimated by the
DIC method, because the strain gauge was attached to the same position of strain
evaluated by DIC. The error was less than 1%.

If it were assumed that the strain value measured by the strain gauge is the real
value, then the error of the DIC method compared to the actual result is negligible.
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Fig.2 Deformation on the beam surface estimated by the different methods: a DIC, b Strain gauge,

¢ errors of DIC method at various strain values

Besides, the small error of DIC method indicates that all input parameters required
for DIC analysis, including the parameters of a photograph such as the resolution,
the brightness, the size of sub-image, etc. could be used for the next analysis steps.

3.2 Exploration the Sensitive of Error

Table 1 summarizes the comparison of strain induced by different load levels. During
the beam testing of B22.5, fourteen images were taken for the reinforcement concrete
beams with the aggregate. The beam was failed at loading level of 94.64 KN. Table 1
also shows the error of estimate deformations by DIC method varying following the
value of strain. The DIC method could measure the small deformation at low loading
level to the larger deformation at the loading level corresponding to the destruction of
the reinforcement concrete beams sample. The deformation, that DIC can accurately
determine, is about 500 pe. DIC still gives good results as the strain greater than

Table 1 Comparison of beam’s deformation at different load levels

RC beam of B22.5 RC beam of B22.5

Load Strain DIC (pe) Error Load Strain DIC (pe) Error
(KN) gauge (jLe) (%) (KN) gauge (%)

(ne)

6.19 —1.93 -2.10 8.1 86.84 —915.77 —922.70 0.8
54.93 —482.03 —491.90 2.0 87.22 —966.00 | —972.40 0.7
58.02 —514.88 —519.80 0.9 89.94 —1043.28 | —1046.60 0.3
60.15 —619.21 —625.50 1.0 90.31 —1047.14 | —1052.90 0.5
69.65 —655.97 —663.20 1.1 92.78 —1294.44 | —1304.50 0.7
83.63 —844.28 —852.10 0.9 93.28 —1317.62 | —1325.40 0.6
84.88 —864.57 —871.80 0.8 94.64 —1411.33 | —1421.50 0.7
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1400 pe. The errors of the DIC method corresponding to fourteen load levels of the
B22.5 beams are shown in Fig. 2c. In the initial, the value of strain is very small
resulting in large errors due to noise.

3.3 Strain Contour Plots

The strain contour plots were explored for the various beams of B22.5, B15, and
B22.5 with steel slag. The photos captured the cracks located at mid-span of the beams
and developed bottom-up due to the three-points bending test. The strain contours
were plotted at the crack tip areas corresponding to different value of loading. The
chosen loading levels were the load levels as the beam failure. For the reinforcement
concrete beam of B22.5, the strain contours of crack was captured at the load of
93.28 KN (Fig. 3a). Besides, the strain contour was plotted at the crack tip as the
load reaching to 77.81 KN for the reinforcement concrete beam of B15 (Fig. 3c).
The load of 101.81 KN was selected to explore strain contours at the crack tip for
the reinforcement concrete beam of steel slag (Fig. 3b).

Based on the strain contour plots, the plastic zone near the crack tip might be
observed. For the concrete grade of B22.5, the plastic zone in front of a crack tip
could be observed clearly such as Fig. 3a, b. They are the light color areas locating
at the head to the crack tip. However, that zone could not be observed clearly in case
of the concrete grade of B15 (Fig. 3c). It indicates that the area of plastic zones in
front of a crack tip were strongly depended on the concrete grade rather than the
source of aggregate. The plastic zones in front of a crack tip are related to the crack
development. The crack development will be considered in the next sections.

(a) (b)

Fig. 3 The strain contour plots at the crack tip: a the reinforcement concrete beam of B22.5, b the
reinforcement concrete beam of steel slag and ¢ the reinforcement concrete beam of B15
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4 Crack Development of Concrete Beams

Figure 4 shows the crack mouth opening displacement (CMOD) varying with the
bending load of beams. CMOD is measured at the position of the outer layer of the
tension steel bars. CMOD might be effected by steel reinforcements. With the layout
of the steel bar reinforcements as in Fig. 1b, the CMOD was estimated at the 30 mm
from the bottom of the beams.

For the beam of B22.5 (Fig. 4a), CMOD was observed through the image-
processing results. When the load P was less than 60 KN, there had not been cracking
seen on the beam. At this loading level, the beam still worked in the elastic phase.
As the loading over 70 KN, the lower part of the beam started to appear cracks. The
initial CMOD could be observed as 0.102 mm. The CMOD did increase gradually
with the increasing of the load. At the load of 94.64 KN, the ultimate loading of
the beam, the CMOD was 1,085 mm. For the beam of B15 (Fig. 4c), the beam still
worked in the elastic phase as the load P was less than 38 KN. As the loading level
over 38 KN, the initial CMOD could be observed as 0.113 mm. The CMOD also did
increase gradually with the increasing of the load. At the ultimate load of 77.81 KN,
the largest CMOD was 0.185 mm.

There is the comparing of the crack development in the reinforcement concrete
beams with the same steel reinforcements and difference concrete grades. The devel-
opment crack in the B15 beam appeared earlier than that of the B22.5 beam. The
initial observed CMOD of both beams was the same, CMOD = 0.1 mm. Besides,
the CMOD corresponding to the ultimate load of the B15 beam is ten times smaller
than that of the B22.5 beam. It indicates that the grade of concrete in a reinforcement
concrete beam effects to the initial development and the width of crack, although the
crack might be control by the steel reinforcements.

For the beam of steel slag (Fig. 4b), the beams still worked in the elastic phase as
the load P was less than 70 KN. As the loading level over 70 KN, the initial CMOD
could be observed as 0.119 mm. The CMOD kept the increase with the increasing of
the load. However, there was a jump of CMOD as the load reached up to 94.89 kN.
At the ultimate load of 101.81 KN, the largest CMOD was 1.922 mm. The aggregate
affected the bending load capacity of a beam. The steel slag beam had the loading
capacity higher than that of the B22.5 beam.

101.81
~ 94.64 -
§ 92.78 é 99.46 > 7781
S 89.94 —— | S — g nn
T 8684 — g 89.19— T 6124
S 83.63 = S 8177 = g o
60.15 62.35 = 21.65
0 05 1 LS 0 0.5 1 1.5 0 0.1 0.2
Crack opening (mm) Crack opening (mm) Crack opening (mm)
(a) (b) (©)

Fig. 4 The CMOD: a the reinforcement concrete beam of B22.5, b the reinforcement concrete
beam of steel slag, and ¢ the reinforcement concrete beam of B15
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The crack development might depend on the stone aggregate. As comparing beams
having the same concrete grade with and without steel slag, the initial CMOD was
the similar, but the process of crack development of the beam containing steel slag
was a little different from the conventional beams. With the steel slag beam, the
CMOD corresponding to the ultimate loading was increased 77% comparing to that
of the natural aggregate beams with the same concrete grade. The crack development
speed accompanying the increasing of load was also increased. On the other words,
the steel slag aggregate did affect in the crack development of the reinforcement
concrete beams.

5 Conclusions

The three-point bending test was performed on the reinforcement concrete beams
with dimensions of 3300 x 200 x 300. This test was for exploration the strain contour
plots at the crack tip and crack development of beam structure with and without steel
slag replacing natural stone aggregate. Besides, the beams with difference concrete
grades were tested for the comparison. DIC method was chosen for analyses the
deformation of the reinforced concrete beams. At first, the method was calibrated
and verified by the comparison between the deformation determined by DIC and that
measured from strain gauge. The following conclusions could give as:

e The areas of plastic zones in front of a crack tip were strongly depended on the
concrete grade instead of the aggregate. The lower the concrete grade we have,
the smaller the area of the plastic zone at a crack tip could be observed.

e The crack development in a reinforcement concrete beam might not depend on
the stone aggregate; it depends on the concrete grade. CMOD corresponding to
the ultimate load in case of B15 is smaller than the CMOD in case of concrete
grade of B22.5.

e The steel slag aggregate did effect to the crack development of the reinforcement
concrete beams.
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Application of Modified D-Value Method )
Considering Plastic Strain Hardening L
Effect to Prediction of Structural

Mechanics of Steel Moment Resisting

Frames with New Column Support

System

Naoki Tamura, Sachi Furukawa, and Yoshihiro Kimura

1 Introduction

As a connection type of column bases of steel moment-resisting frames to reinforced
concrete base beams, embedded type column base is commonly adopted in Japan.
With embedded type column base, or fixed column base, column bases of the first
story columns for frames designed following current design codes may yield, because
it cannot be avoided that the bending moment become substantially large at the base.
Kimura et al. [2, 3] has proposed the concept to realize beam yielding mechanism
of a steel moment-resisting frame by applying a pin-support column base system
to midpoints of the first story columns. With this system, or mid-story pin column
system, moment at the top and base of the first story columns are adjusted to be
uniform. Therefore, the first story columns are designed to be remained in elastic until
the maximum story drift of the frame exceeds 0.03 rad. In practice, structural design
requires multiple trials to optimize selection of structural components whether their
combinations meet designated seismic demands on a frame. The D-value method [5]
is a design method based on fundamental structural mechanics to predict story drift
distribution of a moment-resisting frame under designated lateral force distribution.
The D-value method has advantage to predict structural performance directly with
respect to structural properties of members.

This paper evaluates seismic performance, especially flexural demand on columns
for a moment-resisting steel frame adopting a mid-story pin column base to maintain
them elastic until a frame reaches the ultimate limit state. Because the original D-
value method is only applicable to a frame with linear structural behavior and to that
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with a conventional column base, it is extended to predict elasto-plastic behavior of
frames [5]. In addition, this paper furtherly develop the modified D-value method,
originally developed by Ando et al. [1], to consider strain hardening effect of beams
on seismic structural mechanics.

2 Prediction of Elasto-plastic Mechanical Behavior
of a Steel Moment-Resisting Frame with Mid-story Pin
Column Base by Modified D-Value Method

2.1 Bending Moment Distribution Prediction

In calculation of bending moment distribution of elastic stories, the original D-value
method is adopted by Muto [5], i.e., calculating them by determining the height
ratio of inflection points of all stories (Fig. 1). In the D-value method, the height
ratio of inflection points y; is estimated considering mechanical characteristics of the
frame: distribution of lateral load, Py (yo; in Eq. 1), distribution of beam-to-column
stiffness ratios (yy;), story height of all stories (y,; and y3;), and restrained condition
of the column base at the first story (y4;). The last term of y,4; is newly introduced
to consider a change of a column base system from a conventional, to which the
original D-Values method is applicable, to a mid-story pin column base. Each term
is determined in terms of a column-to-beam flexural stiffness ratio.

Yi = Yoi + Y1 + Y2 + y3i + Yyai (D

h : Height of column he; i=3

Iz : Length of beam

y; : height ratio of inflection points =

P, : Lateral load he; i=2

O, : Story shear force

M : Bending moment —

s.c : Beam and Column B2

bs - Bottom and Top i=1
heil2

Fig. 1 Definition of stress distribution of moment-resisting frame with mid-story column base
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2.2 Story Drifts Prediction

Because the original D-value method is only applicable to a frame with linear struc-
tural behavior and with a conventional column base, it is extended to predict elasto-
plastic behavior of a moment-resisting frame with mid-story pin column base. In the
modified D-value method, increments of stress and deformation of a post-yield frame
are calculated every after additional beams are yielded as lateral forces increases.
Here, beams are assumed to be yielded sequentially from the bottom to the top sto-
ries, while columns are assumed to remain in elastic. In some calculational step, a
frame mechanical model is divided into two groups, as shown Fig. 3: One is the
‘post-yield’ lower stories where beams have been already yielded, and the other is
the ‘pre-yield” upper stories where beams are remained in elastic. The former lower
stories are defined as ‘a plastic story,” and the later as ‘elastic stories,” hereinafter.
The mth-story in Fig. 2 represents the top story of a plastic story, where beams are
going to be plastic in the current incremental calculation step.

(i) Elastic stories

A Story drift of elastic stories are estimated by following the original D-value method

[5].
(i) Plastic story

To predict bending moment and story drift distributions, a plastic frame is modeled
as a story with a long continuous column extending multiple stories and with elastic
beams on the top, after removing all yielding beams (Fig. 2). Where perfect elasto-
plastic flexural behaviour is adopted for beams. Bending moment, story drifts of a
plastic story and rotational angle of yielded beam ends are calculated by applying
a virtual work theory. Lateral deformation of the continuous column at the ith story
AD,; is assumed to be given by the summation of the cantilever bending deformation
of the column ADp; and the sway deformation restrained by a rotational spring at
the top whose notational stiffness is provided by elastic beams ADg; (Eq. 2). The

H, :Height from pin to top at the it" AD: displacement A@: rotational angle E: young’s modulus
A incremental # by cantilever bending deformation 7: moment of inertia of area
M,,;; : beams full plastic bending moment - by sway deformation
o : : 4D,
_— 17 [AY rAY
AaD,, dA6. elastic story
=] "% a6,

i v sy T
mld AD; HA6, H, = 4Dp A6,
pBm : -

. AD the continuous AD
iJ L1160, TH‘ column " A6,

(a) Bending moment (b) Deformation pattern of a (c) cantilever-bending (d) sway deformation
distribution post-yield lower story deformation

Fig. 2 Lateral deformation of a post-yield frame (in the case of m = 3)
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rotational angle of beam end A6p; is assumed to be equal to that of the column Af¢;
at the ith story, which is also obtained by the summation of the cantilever bending
deformation of the column A6 g; and the sway deformation Afg; (Eq. 3).

AD; = ADp; + ADg; 2

Abc; = AOp; + Abg; 3)

3 Prediction of Elasto-plastic Mechanical Behavior
of a Steel Moment-Resisting Frame with Mid-story Pin
Column Base by Modified D-Value Method Considering
Plastic Strain Hardening Effect of Beams

3.1 Bending Moment Distribution Predicted

Redistribution of bending moment of a frame due to plastic strain hardening of beams
is additionally considered in the formulation of the modified D-Value method.
Figure 4 shows column moment distribution with and without considering strain
hardening effects of beams (Fig. 3a, b respectively). As shown in Fig. 4, The incre-
mental column moment distribution (Fig. 3b) at a some frame plastic condition is
assumingly obtained as the summation of incremental column moment distribution
(Fig. 3b), calculated for a perfect elasto-plastic frame model described in Sect. 2,
and redistributed column moment AM’¢; (Fig. 3¢) due to strain hardening of beams.

(i) Increment of beam moment due to strain hardening of beams

Giving the skeleton curve of beam’s plastic moment with respect to a rotational angle
of a beam end, the increments of beam moment due to strain hardening (Fig. 3c)
can be determined if a frame’s flexural deformation is determined. Here, flexural

Ymrihc

AM’(‘\
(a) with elasto-plastic behavior (b) with perfect elasto-plastic behavior (c) increment due to strain-
considering strain-hardening effect hardening effect of beams

Fig. 3 Column moment distribution of moment-resisting frame (in the case of m = 3)
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Fig. 4 Moment—plastic MM, k,=0,0.03,0.1

rotation relationship

f il T amyM,

PpBi

i G5/ Gy

deformation of a frame, including rotational angles of beam ends, is assumed to
be equal to that of a frame, whose beams have perfect elasto-plastic behaviour.
Therefore, the incremental rotational angle of beams Afp; can be calculated by
Eq. 4.

The rotational angle 6 ; of the ith-story beam end is calculated by Eq. 4. Where
0pi s the rotational angle of the ith story’s beam-to-column connection when the
beams reach their full plastic bending moment M .

Mpilp

Opi = AOp; +0p,pi, Oppi =
i 51+ Opsis Opbi = o

4)

Assuming a bilinear mechanical behaviour of a beam, as shown in Fig. 4, the
increment of the ith story beam moment due to strain hardening of the beam is given
as follow:

Opi
AMpy; = Mp; — Myp;i, MBiZMpBi{<9i—1)-kp+l} 5)
pBi

(ii)) Column bending moment distribution in ith story beams become plastic

Redistributed column moment due to strain hardening, AM ¢; (=2AM’g;) obtained
from Eq. 4, acts on the ith story’s beam-to-column connection of the continuous
column as concentrated moment (Fig. 3c). The moment at the top of the continuous
column of a plastic story is calculated as the summation of AM'¢; fori =1tom — 1.
The moment that propagates to the upper elastic stories are calculated by considering
a carryover factor r;. Where a carryover factor r; is a coefficient of transmitting ratio
of redistributed moment from the ith story to the adjacent stories proposed in [5].
Here, r; is determined considering change in height of the lower story, or a plastic
story, comparing with elastic stories, following [5].
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3.2 Prediction of Bending Moment Distribution
of Fishbone-Shaped Frame

The lateral displacement AD; of the ith story considering the strain hardening effect
of beams is obtained based on Eq. 2. Where the lateral displacement induced by
AM ¢; is additionally included in the cantilever bending deformation of the column
in the ith story AD; in Eq. 2.

4 Analytical Model: Static Analysis of a Six-Story Steel
Frame

Figure 5 shows the analytical models for a six-story fishbone-shaped steel frame
model with mid-story pin column base. Beams and columns are modelled by beam
element based on Bernoulli-Euler theory. ABAQUS version 6.13 is adopted for ana-
Iytical simulation. The frame model is designed following the current Japanese design
standards. Lateral force distribution is determined following Ai distribution, i.e.,
design shear distribution designated in the Japanese design code. Element sections
with a beam-to-column stiffness ratio of 1.8 are assigned. However, columns are set
to be elastic in analysis until frame mechanism is formed to clarify the maximum
flexural moment demand on the columns. Young’s modulus E; and yield stress o, of
steel are 205,800 (N/mm?) and 235 (N/mm?), respectively. Young’s modulus E. of
concrete is 27,300 (N/mm?). As shown in Fig. 4,0,0.03 and 0.1 is given as a param-
eter of the secondary stiffness of yielding beam members due to strain hardening
kp. k, = 0 means perfect elasto-plasticity, while k, = 0.03 is considered as standard
secondary stiffness of H-shaped steel beams [4].

1,/2=4500
P — X
s— =2 Column Beam
[0-480x 18 H-640Xx200X%X 12X 16
Steel —t
Member
—
Column Beam
- = | h=3600 [0-520x 19 H-640%X250X 12X 19
RC L ~ = Column Beam
Member - el 17271890 1800800 1200 x 800

Fig. 5 Model of 6th-story frame
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5 Results of Static Analyses: Verification of D-Value
Method and Strain-Hardening Effects on Frame
Behavior

Figure 6 shows the increments of column moment when the 4th-story beams starts to
yield, comparing the results of the modified D-value method and those of the numer-
ical analysis. The parameter is the secondary stiffness of yielding beam members k,,.
The vertical axis shows the story number and the lateral axis shows the increments
of column moment. The modified D-value method successfully predicts the results
obtained by numerical analysis.

Figure 7 shows The changing the required value due to changes in k,. Figure 7a
the relationship between k, and the maximum story drift, and Fig. 7b shows the
relationship between k), and the maximum column moment normalized the full plas-
tic moment of beams M /M ,p at initial yielding of each story beams. Figure 7b
shows the flexural strength demand on columns in order to keep them elastic. The
results obtained by the modified D-value method are shown by lines, and the results
of numerical analysis are shown by plots. The modified D-value method success-
fully predicts the results obtained by numerical analysis. Figure 7(a) shows that the
maximum story drift decreases as k, increases. This is because yielded beams keep
resisting further deformation by strain hardening effect, and the deformation of the
frame becomes smaller. On the other hand, M /M in Fig. 7b does not change
regardless of k,,.

Modified D-value
Static analysis

# of story # of story # of story
6 6 ] 6 t
5 5 - 5
s /BN B VA i A
3 — 3 - 3 /
2 A 2 ; 2 %
1 / 1 Z/ 1 §
/ 4 7
/ Al o
-500-250 0 250 500 -500-250 0 250 500 -500-250 0 250 500
AM(KNm) AM(KNm) AM(KNm)
(a) kp= 0 (b) kp =0.03 () kp= 0.1

Fig. 6 Increment of column moment (in the case of m = 4)
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Fig. 7 Effect of k, on mechanical characteristics of frames at initiation of beam yielding of ith

story

Figure 8 shows the comparison of column moment at initial yielding of the second,
4th and 6th story for different k. As k, increases, the moment of the first- and second-
story columns increase, while larger column moment of the top side of the 3rd to 6th
stories scarcely change. This results shows that strain hardening effect of beams do
not cause further increase in the moment of the upper stories’ columns.

k=0 == k=003 — k=0.1 ‘
P P
# of story # of story # of story
6 ‘ 6 L
| / ° Vi
5 ‘L 5 /‘ - 5 ]
4 . ;‘f 4 ,é 4 AA
3 ‘[ 3 A 1 3 4/ ,
2 2 -« S S— - 2 i I
P! - —
1 | 1 [ 1 !
P 5 |
-5000 0 5000 -5000 O 5000 -5000 0 5000
M(kNm) M(kNm) M(kNm)
(a) case of m=2 (b) case of m=4 (c) case of m=6

Fig. 8 Comparison of column moments for different &,
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6 Conclusions

(1) Based on A modified D-value method proposed by Ando et al. [1], a method
was proposed to predict bending moment and story drift distributions of a steel
moment-resisting frame with a mid-story pin column base when considering
strain hardening effect of beams.

(2) Considering strain hardening effect of beams, the maximum story drift decreases
because plastic beams resist further deformation every after they are yielded.

(3) Strain hardening effect of beams do not cause increase in the moment of the
upper stories’ columns.

Acknowledgements This works is supported by JST Program on Open Innovation Platform with
Enterprises, Research Institute and Academia.
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Calibrating the K& C Material Model )
for Fiber Reinforced Concrete Structures | oo

Duc-Kien Thai and Duy-Duan Nguyen

1 Introduction

Fiber reinforced concrete (FRC) has been widely used in construction. A number
of studies concerning about structural behavior of FRC have been carried out. For
numerical analysis approach, the problem comes from the fact that, while there have
been numerous material models for conventional concrete, none of the model has
been developed specifically for FRC structures. Actually, the need to simulate FRC
structures is increasing. This requires the improvement of material models relevant
to structural behavior of FRC under both static and dynamic load conditions, which
is very urgent.

The commercial software, LS-DYNA, provides several material models for con-
crete such as Karagozian & Case Concrete (K&C) model (MAT#072r3), Win-
frith Concrete (MAT#084), and Continuous Surface Cap (CSC) model (MAT#159).
Among them, K&C model, which was initially proposed by Malvar et al. [7], has
been widely chosen by researchers for simulation of FRC structures subjected to both
static and dynamic loading conditions. Since the structural behavior of FRC is quite
different from the conventional concrete, it is required to calibrate the input param-
eters using test data. Lin and his colleagues [4, 5] calibrated this material model for
high performance and ultra-high performance fiber reinforced concrete. However,
the most significant limitation in these works is lacking of tri-axial test data, which
directly support the calibration of the input parameters of the K&C model. Moreover,
none of the given calibration provided calibrated input parameters that are capable
to modeling of FRC. This fact gives a strong motivation to conduct this study.

This paper presents the calibration of K&C model for simulating the structural
behavior of FRC structures under different loading conditions. For this purpose,
various experimental data on tension, compression, and high-rate behaviors of FRC
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material using axial and tri-axial tests are used to calibrate the input parameters.
Numerical simulations of single tests on compression and bending subjected to static
loading and of a FRC beam under blast loading are carried out to illustrate the
performance of the calibrated material model. It is shown that results induced by
the calibrated material model proposed in this study are in good agreement with the
experimental data.

2 Calibration of Material Model

2.1 Three Failure Surfaces

The K&C material model [7] is a three-invariant model, in which the three indepen-
dent shear surfaces are the functions of the hydrostatic pressure, as shown in Fig. 1.
These three failure surfaces are determined based on three specific points yield (Pt. 1),
maximum (Pt. 2), and residual (Pt. 3) strengths on the typical stress-strain relationship
of compression test of concrete, as presented in Fig. 2.

The yield strength surface Ao, maximum strength surface Ao, and residual
strength surface Ao, are expressed as the function of pressure as

Aoy, = agy + L; Ao, = ag + L; and Ao, = _r (D
. ayy + axyp ay +ap ayf+axp
Fig. 1 Three failure surfaces A >0
in K&C model 4 B2 Max. strength
Yield strength
frd Pt.1
Residual strength
Pt. 3

Residual strength
vl

Yield strength

Max. strength
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Fig. 2 Typical stress-strain I\
curve of concrete

Pt. 2: Maximum strength

Stress

Pt. 1: Initial Yield

Pt. 2: Residual strength

Y

Strain

where p = —(0| + 02 + 03)/3 is the pressure and a;; are defined failure surfaces

parameters, which are determined based on the tri-axial compression test data. The

current stress limited by the deviatoric stresses is determined by mean of linear

interpolation between the two surfaces, governed by the user-defined curve (7, ).
The modified effective plastic strain is defined by the damage functions as

epP

/ deP f -0
— g forp=0,
) rf(l+p/rff,)

a

deP
/—bZ for p < 0.
s ri(L+p/rif)

where de? is the increment of effective plastic strain; 7t is the strain rate enhancement
factor; f; is the tensile strength of concrete; and b; and b, are the damage scaling
parameters for the case of compression and tension, respectively.

To control the volumetric damage in tri-axial tension, a volumetric damage incre-
ment is added to the deviatoric damage whenever the stress path is close to the
tri-axial tensile path. A ratio of |m / p| is measured to be closeness to this path.
The incremental damage now is multiplied by a factor f;, given by

3
1= LB2I o < | AT yp| <01,

0, |v37%/p| = 0.1. ®

fa=

The modified effective plastic strain is incremented by

Al = b3fdkd(£v - 8v,yield) 4
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where b3 is a damage parameter; k, is the internal scalar multiplier; ¢, and ¢,,y;014 are
the volumetric strains at current and at yield, respectively.

The volumetric behaviour of this material model is governed by a pressure—
volumetric strain curve, described by a tabulated compaction equation of state (EOS)
function, expressed as

p=Ce)+yT(e)E (&)

where p is the current pressure; €, is the volumetric strain; C(e,) is the tabulated
pressure evaluated along the isotherm at 0.0 K; T'(e,) is the tabulated temperature-
related parameter; y is the specific heat ratio; and E is the internal energy.

2.2 Calibration of K& C Material Model

K&C model has total of 49 input parameters, which are defined by the user [6]. This
section presents the calibration of input parameter for FRC based on the test data.
The parameters on (1) failure surfaces, (2) damage function, (3) equation of state
function, and (4) damage evolution are determined.

A series of compressive tests of FRC under active confining pressure, conducted
by Gholampour and Ozbakkaloglu [1], is used. They provided the test data of axial
stress-strain relationship with different levels of confining pressures of 0, 5, 10, 15,
and 25 MPa. Two FRC mixes C50-1 and C100-1, corresponding to compressive
strengths of 50 and 100 MPa, containing hooked fiber at a volume ratio of 1%, are
selected for the purpose of this study.

A calibration procedure presented in Markovich et al. [8] is adopted in this process.
Based on the stress-strain curves from the test data, the yield strengths, maximum
strengths, and residual strengths are defined. Figure 3 shows the fitting curves for
three independent strength surfaces. While, the calculated failure surface parameters
for two different FRC mixes are summarized in Table 1.

200 - 250 _ _ _

180 Maximum surface Maximom surface

160 §| — — Yield susface 200 4| — — Yield surface

140 4L ===== Residmalsurface | == =" | =} ==== Residual surface
= )= R Hrace . - = _
g 1204 _=—1 & 1501 -
< 100 - &
& 80 & 100
=1 604 =

40 50 1

20

0 + + ; 4 ' ; ; | 0 H e ey
0 10 20 30 40 50 a0 70 80 o 10 20 30 40 50 60 70 B0 90 100
Pressure p (MPa) Pressure p (MPa)
(a) C50-1 (a) C100-1

Fig. 3 Three independent strength surfaces
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Table 1 Calculated failure surface parameters for FRC mixes

FRC Failure surfaces parameters®
mix

ap aj a agy apy azy af axf
C50-1 10.32 | 0.40,181 | 0.00085 8.46 | 0.47128 | 0.00281 | 0.38268 | 0.00102
C100-1 | 16.68 | 0.37027 | 0.00076 | 14.26 | 0.41249 | 0.00254 | 0.36272 | 0.00091

2The unit used for strength of FRC is MPa

Table 2 Defined rate

enhancement factors Strain rate DIF Strain rate DIF
—1000 3.60 0 1.00
—500 3.09 0.00001 1.04
—100 1.90 0.0001 1.08
-53 1.33 0.001 1.12
-30 1.32 0.01 1.16
-20 1.31 0.1 1.21
—10 1.29 1 1.25
-1 1.25 10 1.30
—0.1 1.20 20 1.32
—0.01 1.15 30 1.60
—0.001 1.10 50 1.94
—0.0001 1.05 100 2.53
—0.00005 1.03 500 4.66
0 1.00 1000 6.07

The effect of strain-rate is taken into account by inputting the dynamic increment
factor (DIF). In this study, the model of Sun et al. [10] is chosen for compression,
whereas the model of Park et al. [9] is employed for tension. The input data for
strain-rate enhancement factors are summarized in Table 2.

The damage function n(1) is a user-define function inputted as a series of 13 (n,
M) pairs. In this study, based on fitting with the test data, the calibrated input series
of 13 (n, A) pairs is presented in Table 3.

Table 3 Input parameters of damage function

Fairno. | A n Fairno. | A n Fairno. | A n

1 0 0.000 6 7.0e—4 | 0.920 11 5.0e—3 0.099
2 5.0e—6 | 0.200 7 8.0e—4 | 0.780 12 1.0e—0 0.001
3 1.0e—=5 | 0.250 8 1.2e—3 | 0.520 13 1.0e—10 | 0.000
4 1.0e—4 | 0.660 9 1.8e—3 | 0.350

5 6.0e—4 | 1.000 10 3.0e—3 | 0.180
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Fig. 4 Modified pressure 800
versus volumetric strain 700 -
curve for EOS

Presure (MPa)

100 +

0 0.02 0.04 0.06 0.08
Volumetric strain

In LS-DYNA [6], the EOS used for MAT072r3 material model is the tabulated
compaction equation of state, or EOS 8. Ten fairs of data points are required for
input to define the equation of state function. Due to lack of test data on volumetric
strain versus pressure of FRC, a modified curved from Unosson [11] is adopted in
this study, as shown in Fig. 4.

3 Results and Discussion

3.1 Static Compression

To evaluate the performance of the calibrated model, a compression test conducted
by Lee et al. [3] is selected and analyzed. The cylindrical specimen has diameter
of 150 mm and length of 300 mm. The hooked fibers with aspect ratio of 63.6 and
fiber content of 1% are used. The design compressive strength of the matrix is set to
50 MPa.

The solid element is used for FRC specimen model. The mesh size used in this
study is 10 mm. Relevant boundary condition is applied to the specimen. This anal-
ysis uses the static option. Figure 5 shows the stress-strain curves of FEA and test
results. Different values of damage parameter b, are varied to control the softening
behavior of the compressive stress-strain curves. It is shown that the FEA curve fits
well with the test curve at the damage parameter b; = 0.53. The comparison also
emphasizes that the calibrated material model induces the compression behavior of
FRC specimen accurately.
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50 -

Test curve
————— FEA curves
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Fig. 5 Comparison of stress-strain curves

3.2 Blast Loading on FRC Beam

The dynamic performance of the calibrated model is also evaluated by simulating
the FRC beam subjected to blast loading conducted by Lee et al. [2]. The specimen
has section dimensions of 125 mm x 250 mm, and the length of 2438 mm, as shown
in Fig. 6. Two longitudinal bars with diameter of 19.1 mm are installed in the tension
face of the beam. Hooked fibers with content of 1% and aspect ratio of 60 were used
in the test. Other detailed information of the test can be seen in Lee et al. [2]. A
blast-like loading, which was generated using the shock tube system installed in the
University of Ottawa, is adopted in this numerical analysis in terms of pressure-time
history.

Solid elements are used for modelling of the FRC beam, whereas beam elements
are utilized for modelling of the rebars. The mesh size of the finite element model
is approximate 10 mm. Relevant boundary conditions are applied to the specimen to
describe the realistic reaction of the support system. The dynamic analysis solver is
used in this case.

Table 4 compares the maximum mid-span displacement between the test and FEA
results. The comparison shows that the FEA result agrees well with the test datum

Load point
743 " 736 . 743 1

[ g _ﬂ [

f f
%I [ | FRC BEAM 2d-19 | J m %[
o x . o
| |

\
108 2222 hog| 219V
| 2438 |

Fig. 6 Detail of specimen
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Tabl.e 4 Corpp arison of Method Load Max. mid-span displacement
maximum mid-span
displacement Test Blast No. 1 7.67

FEA Blast No. 1 7.04

Difference - 8.2%

since the difference of the maximum mid-span displacement is only 8.2%. It can
be concluded that the FE modelling using the calibrated material model described
in Sect. 2 can predict the dynamic behaviour of FRC beam under blast loading
accurately.

4 Conclusion

A calibration of a material model implemented in LS-DYNA for analysing the static
and dynamic behaviour of fiber reinforced concrete is presented in this paper. FE
analyses of a FRC single specimen under static compressive loading and a FRC
beam under blast-like loading are carried out to illustrate the performance of the
calibration model. The results reveal that the FE analyses using the calibrated material
model predict the structural behaviour of FRC components under both static and
dynamic loading accurately. Thus, this calibrated material model can be used for
further analyses of FRC structures under a wide range of loading rate.
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Cyclic Loading Tests of Steel Pile Filled m
with Concrete at Pile Top Subjected L
to Tensile Axial Force

Tomoya Saito, Toshiharu Hirose, and Yoshihiro Kimura

1 Introduction

In Japan, for real structures with the steel pile foundation, the steel pile top is filled
with concrete in order to connect it to the RC footing beam rigidly [1]. At the pile
top, slip stoppers are usually attached to the inside of the steel pile to help stress
transmission between concrete infill and the steel pile. However, there is a risk that
tensile axial force by overturning moment of structures acts upon steel piles during
earthquake. Then, steel piles may have huge damage, which is caused by the pile’s
fracture or the infilled concrete’s crack at the pile top.

In previous papers, the structural capacity of steel piles filled with concrete at the
pile top subjected to compressive axial force was clarified [2].

In this paper, cyclic loading tests of steel piles filled with concrete at the pile top
subjected to tensile axial force are carried out, and this paper clarifies the ultimate
flexural strength and stress transfer mechanism between steel pile with the internal
ring and the concrete infill.

2 OQOutline of Experiment

Experimental equipment is shown in Fig. 1. Test specimens are placed so that pile
top is vertically downward.
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Fig. 1 Experimental equipment and specimen

A test specimen consists of a steel pipe with different cross-section and a concrete
member at the pile top.

For the steel pipe, the outside diameter and thickness of a-a’ section are 488 and
9 mm, and those of b-b’ section are 508 mm and 19 mm respectively. Concrete is
filled at the pile top up to 488 mm height same as the diameter of a-a’ section.

In this paper, thickness of a-a’ section is thicker than that of b-b’ section to clarify
the local buckling behavior at the pile top filled with concrete. In addition, slip
stoppers are attached on the inside of the steel pile at 122 and 244 mm height. The
distance from the pile top to the loading point is 1852 mm. As described in this paper,
itis assumed that the point of contrary flexure occurs at quadruple height of the pile’s
diameter from the pile head subjected to the horizontal force.

Strain gauges are placed as described in Fig. 2.

Fig. 2 Strain Gage’s point Section a-a”  Section b-b’
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Fig. 3 Loading protocol of )

horizontal force
24, M |.|'| H

0;

The horizontal load and axial load are applied by 1000 kN and 2000 kN hydraulic
jack, respectively. The horizontal load is controlled with normalized horizontal
displacement 6/5,= 1, 2, 4, 6, 8, ... regardless the magnitude of axial force.

Where, §, denotes the nominal full-plastic displacement of the specimen as
described in Fig. 3. The loading is given until the load decrease to 80% of the
ultimate strength after maximum load.

Table 1 presents the specimen specifications. Where, N, represents the yield
strength and N stands for the initial axial force.

For the tests, there are 3 specimens with different initial axial forces of 0, 500 and
1000kN. However, Case0 is a test specimen tested in reference 1). Each specimen
has same length and pile thickness.

Material properties are tabulated in Table 2. Here, E;: the steel elastic modulus,
o the steel yield stress, ¢,: the steel yield strain, E.: the concrete elastic modulus,
op: the concrete ultimate compressive stress.

Table 1 List of specimens

Specimens | Specimens length | Pile thickness ¢ Axial force ratio Axial force Ng
Ly (mm) (mm) No/N,y (kN)

Case 0 1852 9 (a-a’ section) 0.0 0

Case 1 19 (b-b” section) | ¢ 13 500

Case 2 0.26 1000

Table 2 Material properties Steel E, oy &y
(N/mm?) (N/mm?2) (%)
2.11 x 10° 287.9 0.136
Concrete E. op -
(N/mm?2) (N/mm?2)
2.76 x 10% 273 -
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(a) Case0 (b) Casel (c) Case2

Fig. 4 Hysteresis curves of specimens

3 The Experimental Result

3.1 Hysteresis Curve and Fracture Characteristics
of Specimens

Figure 4a, b, c show the hysteresis curve of specimens with axial force of 0, 500 and
1000 kN.

Figure 4a portrays the result of Case 0 specimen without axial force (Ng = 0 kN),
and Fig. 4b, c represent those of Case 1 under Ny = 500 kN and Case 2 under Ny =
1000 kN, respectively.

Here, M: the bending moment with P-§ effects, M,,,,: the ultimate strength, M,.:
the full-plastic strength considering axial force, 6: the deflection angle. As shown in
Fig. 4, the white triangle symbol indicates the ultimate strength.

The ultimate strength of Case 0 specimen has 960.5 kNm at # = 0.0286 rad, those
of Case 1 and Case 2 reaches 942.2 kNm at & = 0.0576 rad and 870.6 kNm at 6
= 0.0579 rad, respectively. The ultimate strength of Casel and Case2 is about 1.6
times that of M.

3.2 Fracture Properties of the Specimen

Photos 1a, b, ¢ display local buckling of the specimens around the pile top after the
loading test.

Regardless of the magnitude of the axial forces N, local buckling occurs in the
region below the lower slip stopper located at 122 mm from the base plate. The
fracture of steel pipe occurred in both of Case 1 and Case 2 when the displacement
reached 8/8, = 16.

Photos 2 shows the damage of filled concrete after loading.

From the Photos 2, the damage of the concrete between upper and lower slip
stopper is small, but the damage between fixed end and lower slip stopper is large.
This crack extended to the inside of the concrete issued from bending moment. The
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(a) Case0 (b) Casel (c) Case2

Photos 1 Local buckling of the specimens

Upper Slip Stopper
(244mm from the Bottom)

Upper Slip Stopper
(244mm from the Bottom)

Lower Slip Stopper
(122mm from the Bottom)

Lower Slip Stopper
(122mm from the Bottom)

(a) Case 1 (b) Case 2

Photos 2 Damage of filled concrete

crack is also caused by the tensile force of the contact region surface of the upper
slip stopper.

Figure 5 shows the axial strain distribution when the axial force carried. In this
figure, white triangle symbols indicate the height of slip stoppers and the black
triangle symbol shows the concrete filling height, and the gray line indicates the strain
distribution of hollow steel pipe under the axial force action, which is calculated from
the elasticity theory.

As described in Fig. 5a, stain gauges are placed at the points of A-E. The cross-
section at the points of E and F is same to b-b’ section of the steel pipe only. On

z(mm) [ —O— Experimental Result — Elastic Theoretical Ling z(mm)
700 T 700 Section
600 600 F
E
500 500 |
400 400 D
300 300
200 200
100 100
A
0 | | 0 Il 1
(a) Casel (b) Case2 B Strain Gage

Fig. 5 Axial strain distribution at the completion of axial force introduction
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the other hand, the cross-section at A-D is composed of the steel pipe and the filled
concrete. The cross-section of the steel pipe at C and D is b-b’ section, and that
of the steel pipe at A and B is a-a’ section. The strain of the experimental result is
smaller than the theoretical line at the A and B cross sections, and the strain is almost
constant from the B cross section to the A cross section. Therefore, it is considered
that the tensile axial force is mainly transmitted to the filled concrete through the
upper slip stopper.

4 The Ultimate Strength and the Deformation Capacity

Figures 6 and 7 show the ultimate strength and deformation performance of each test
specimen. Then, the test specimen of No/N, = —0.3 and —0.6 is the test specimen
of reference 2).

"M, is the ultimate flexural strength calculated as Concrete Filled Tube (CFT)
member [3]. §,, .8, are lateral displacements of the loading point at M, and ;M ,,
when the test specimen is assumed to be a hollow steel pipe having the same section
as the a-a’ section.

As shown in Fig. 6, the M ,.c/cz M, is larger when the tensile force is subjected.
M. 1s maximum in the non-axial force, and the value tends to decrease as the axial
force increases. It is considered that the concrete carries no stress in the case of under
the tensile axial force, so that .; M, is lower than that under no axial force. However,
in the specimens of this experiment, it is considered that the strength was increased
because the concrete carried the stress in the case of under the tensile axial force. As
aresult, the ratio of M ,,../.zM, increased under the tensile axial force, even though
¢*M,, is lower than that under no axial force.

Fig. 6 Ultimate strength of M IM.M | M
specimen max‘ p n‘mx ofi u1
1.6 e
m
m O
12 W © |
O
0.8 e
04 I . Mmax/Mp
O max cft " u

0 | | | |
-0.6 -03 0 0.3 No/Nv
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Fig. 7 Deformation o /0, )
performance of specimen mex P me o
14 \ I T ]
Hm 5 /5 O
12 H max p ]
O 6198
max cft u
10 7
gk i
||
L O i
6 |
al O .
| B |
O | | |

|
-0.6 -03 0 0.3 N/N
0y

As shown in Fig. 7, the deformation capacity is higher than others regardless of
the dimensionless value when the tensile axial force is acting. It is considered to be
due to delay of the generation of the local buckling by the action of the tensile axial
force.

5 Conclusion

This paper carries out the cyclic loading test of steel pile filled with concrete at pile
top in which tensile axial force and bending act.

The ultimate strength is due to the fracture of steel pipe after the occurrence of
local buckling, and is higher than the full-plastic strength of steel pipe.

It was clarified that the deformation capacity becomes the largest when the tensile
axial force is acting.
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Effect of Indentation Strain Rate )
on Plastic Properties in SS400 Steel Weld | @i
Zone

Thai-Hoan Pham and Ngoc-Vinh Nguyen

1 Introduction

The excellent weldability and machinability of structural steel, which caused by it’s
high strength, stiffness, toughness, and ductility, have led to the common usage of
this material in many construction fields including buildings, bridges, tunnels and
in the manufacture of machinery parts and equipment [13]. Welding is considered
as the preferred method to form the strong and continuous joints between the steel
members, where the structural steel is used. However, the welding joints are also
considered as the weakest parts of structures [15]. The heating or cooling stages
influence the microstructures in the weld zone, including the weld metal (WM)
region, the heat-affected zone (HAZ), and base metal (BM) region near the weld
due to the transformation of solid-state phases, leading to the change of material
properties in the weld zone [2, 12]. Thus, the properties in the local regions of weld
joints need to be evaluated, especially plastic properties that are important for design
of structures. It has also been pointed out that the plastic properties of structural steel
are governed by the metallurgical aspects and strongly dependent on the conditions
of strain rate [5, 6].

Indentation has been known as an efficient method in extracting properties of mate-
rials at both the macro- and nano-scales [16]. For characterization of the mechanical
properties under different strain rate levels, it has also proved to be reliable and
efficient since this approach can not only provide accurate results [4, 7, 8] but also
overcome the uneconomical and time-consuming dynamic tensile tests.

This work aims to evaluate the strain rate influences on the plastic properties in the
weld zone of SS400 steel using indentation tests. Two types of indentation test were
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performed at a number of strain rate values from 0.03 to 0.2 s~! in the WM, HAZ, and
BM regions of the weld zone. The plastic properties including o, n, and « values in
WM, HAZ, and BM were then determined from the combination of Berkovich and
spherical load-depth curves by utilizing a proposed method. The indentation strain
rate effects on plastic properties in all regions of the weld zone were then evaluated.

2 Method

The load-depth (P-h) curves of indentation provides an opportunity to access the
elastic-plastic properties of materials by correlating these properties with the param-
eters obtained from the curves, which can be typically illustrated in Fig. 1. As is
seen in this figure, the maximum load (P,,), the maximum depth (%,,), the residual
depth (,), the residual plastic work (W), the elastic work (W,), and the total work
(W) can be directly measured from the P-h curve, whereas some necessary other
parameters such as the initial unloading slope (S) and the projected of contact (A.)
can only be computed based on the characteristics of unloading and loading portions
of the curve.

By correlating the material properties with the aforementioned parameters, several
methods have been developed for the extraction of both elastic and plastic properties
of indented materials from indentation curves [10, 11, 14]. For the extraction of
elastic property (i.e. elastic modulus E) of materials, the Oliver and Pharr’s method
[10] has been considered the most popular one for both Berkovich and spherical
indentations. In this method, the following relations allow extracting E:

VTS

E=_——— )]
28 VA,
Fig. 1 Illustration of f
indentation load-depth ,‘I u
(P-h) curve o e dh)|,
-
: |
Wi=W,+ W, Unloading :
|
|
L= i (
= (|
S Loading :
= oa
A, \ I
|
I
Wy |
W, :
= = i
hy P

h (Penetration depth)
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1—v2  1—vi2]!
E, = z + T 2)

In Egs. 1 and 2, E, is the reduced modulus owing to the effects of elastic defor-
mation of the indenter. E, v, E;, and v; are the elastic modulus and Poisson’s ratio
of the material and indenter, respectively. S =dP/dhl|,_, = mB(h, — h)ym1
where B(h,, — h,)" is the fitting power-law function of the unloading portion of
P-h curve, B is a factor related to indenter shape, and the projected contact area A,
can be computed from the contact depth /.. According to Oliver and Pharr method
[10], A, = 24.5h% where h, = h,, — ¢*P,/S and ¢* = 0.75 for sharp inden-
ters, whereas A, = rr(ZRhc — h?) where R is the radius of spherical indenter and
he = (hy, + h,)/2 for spherical indenter.

Considering E as a known property of materials, numerous studies have proposed
method to determine the material plastic properties from indentation [11, 14] includ-
ing method for the extraction of o, n, and o values of structural steels. This kind
of steels shows the plastic plateau in their stress —strain curve and « value is defined
as the ratio between the strain at beginning-point of strain hardening and the yield
strain [11]. The details of true stress-strain behavior of structural steel can be found
in previous works [11, 14]. Recently, a method [9] that allows to extract not only
strain hardening exponent, yield strength, and « value of structural steels but also
these properties at different strain rate levels has been proposed by combining the
relationships between strain rate level, elastic-plastic properties of materials, and
indentation parameters from both Berkovich and spherical indentation curves. In
present study, this method was used to evaluate the plastic properties in SS400 weld
zone with respect to different strain rate levels.

3 Experiment

The indentation specimen consists of SS400 steel weld zone was first cut out from
the welded plate, which was formed from two 12 mm-thickness plates of SS400 steel
by metal arc method with suitable weld material. The specimen was then mounted in
epoxy and polished in seven stages by silicon carbide papers, poly diamond particles,
and colloidal silica with the fineness of the last stage about 40 nm to obtain a flat and
smooth surface.

Indentation testing was carried out using a Nano Hardness Tester at room tem-
perature conforming to standard [1]. Two types of indentation test with Berkovich
and spherical indenter tips were undertaken in three regions, WM, HAZ, and BM
of the weld zone by using the displacement control mode without a holding time at
a number of strain rate values from 0.03 to 0.2 s~!. For each type of indentation,
5 indenting points were performed at each strain rate value of 0.03 s~!, 0.06 s,
0.1s7 !, and 0.2 s~! forindividual region of the weld, leading to the total of 40 and 120
indenting points in individual region and in all regions of the weld, respectively. Both
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Fig. 2 Indentation specimen and images of Berkovich and spherical indentation

Berkovich and spherical indenter tips are made of diamond with elastic modulus of
E; = 1141 GPa and Poisson ratio of v = 0.07. All Berkovich indentations were car-
ried out with a maximum applied depth of 2000 nm, whereas spherical indentations
were conducted with a maximum applied depth of 0.3R (R is the radius of spherical
indenter tip, R = 5 wm). Figure 2 shows the specimen surface after polishing, on
which the weld regions can be clearly observed, and the optical microscope images
of Berkovich and spherical indentation.

4 Results and Discussion

Figure 3 shows the representative P-h curves at different levels of strain rate obtained
from indentation tests in BM. For both indentation types, the loading curvature tends
to be reduced with the decreasing strain rate, leading to the higher maximum load
with the higher strain rate level due to the constant maximum displacement in all
the tests. The same trend was observed from the curves of both indentation types in
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—-- £=010s"1 —-- £=010s71
z iy = . sy
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= 100 4 2 40
B 2,
50 4 20 4
0 — ——— . 0 - : -
0 500 1000 1500 2000 0 400 800 1200 1600
1 (nm) A (nm)
(a) Berkovich indentation (b) Spherical indentation

Fig. 3 Representative P-h curves in BM of weld zone
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HAZ and WM regions of the weld zone but they are not presented in the text due
to the limit of space. This effect of strain rate levels on the indentation P-h curve
is consistent with the change of plastic properties in the weld zone, which will be
discussed below.

Based on the necessary parameters measured and calculated from the P-4 curves,
the elastic modulus E in individual region of weld zone can be easily extracted by
using Eqgs. 1 and 2. The calculated results of E exhibit that Berkovich and spherical
indentations provide similar value of E in individual region of the weld zone and
indentation strain rate does not have effect on the elastic modulus of material in
the weld zone. This observation is also a well-known knowledge, which has been
reported in literature [10]. Due to the fact that elastic modulus of individual region
of weld zone is not governed by neither indentation types nor strain rate level, the
mean value of all obtained E values from all strain rate levels and indentation types
(i.e. from 40 indentation tests) in individual region is considered the representative
elastic modulus, which is 216.3 GPa, 211.5 GPa, and 205.8 GPa for WM, HAZ, and
BM region, respectively. Once the elastic modulus is known, the proposed method
[9] was applied for the determination of strain hardening exponent, yield strength,
and « value at different strain rate levels in the weld zone.

Figures 4 present the determined results of yield strength (o), strain hardening
exponent (n), and « values in the weld zone in such the way to show the change of
oy, n, and « values with respect to different strain rate levels in all regions of the
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Fig. 4 Strain rate effect on plastic properties in the weld zone
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weld as well as the distinguishable o, n, and « values in the three regions. In this
figure, each presented o, n, and « value is the mean of 25 corresponding o, n, and
« values obtained from 25 combinations of 5 Berkovich and 5 spherical indentation
tests in individual region, together with the corresponding error bar of +1 standard
deviation. The best fit curve of the changing trend of o, n, and « values in each region
is also accompanied. From Fig. 4, the effect of strain rate on o, n, and « values in
individual region of weld zone are clearly observed. For o, and n, the same trend is
that higher strain rate level leads to the higher o, and n values for all regions WM,
HAZ and BM of the weld zone. This trend is recognized that the o', and n values quite
rapidly increase as strain rate level increases from 0.03 to 0.1 s~! and the increment
of o, and n values reduce when strain rate levels change from 0.1 to 0.2 s~! It is
interesting to observe that the change of o, and n values in individual region with
respect to different strain rate levels seem to be obeyed power-law functions. It is
also noted that the o, and n in BM are lower than the corresponding ones in HAZ
at a certain strain rate level, while the corresponding o, or n in WM are highest in
the weld zone. Contrary to o, and n values, the higher strain rate level leads to the
lower « value for all regions BM, HAZ and WM of the weld zone. The reducing
speed of a values when strain rate value changes from 0.03 to 0.1 s~! is greater
than the corresponding one of « values when strain rate value changes from 0.1 to
0.2 s~!. Similar to o, and n, the change of « value in individual region with respect
to different strain rate levels seem to be obeyed a power-law function. Considering
the correlation between the o values in each region, the o value in BM is highest
in the weld zone, while the « value in HAZ at a certain strain rate level is higher
than the corresponding one in WM. These obtained results are consistent with the
reported trend for weld zone of other structural steels [3, 13].

Since the necessary properties to construct the true stress-strain curves of materials
in the weld zone at different strain rate levels are determined, these stress-strain curves
are established and presented in Fig. 5. From this figure, an overview of the effect
of strain rate on the plastic properties in individual region of SS400 steel weld zone
are clearly exhibited.

In order to demonstrate the reliability and accuracy of the present results, the
obtained yield strength, strain hardening exponent, and « value at a certain strain
rate of 0.03 s~ were compared with the corresponding values in the same weld zone,
which are available in the literature [3], as listed in Table 1. It is obvious that the
obtained results in this work are acceptable and reliable.

5 Conclusion

In this study, the influences of strain rate on the plastic properties in SS400 steel
weld zone was investigated using indentation. The following conclusions can be
withdrawn:

Strain rate level has strong effect on the plastic properties for all regions in the
weld zone. The o, and n values quite rapidly increase as strain rate level increases
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Fig. 5 Strain rate effect on true stress-strain behaviour of materials in the weld zone

from 0.03 to 0.1 s~! and the increment of o y and n values reduces when strain rate
levels change from 0.1 to 0.2 s~

The higher strain rate level leads to the lower « value for all regions BM, HAZ
and WM of the weld zone. The reducing speed of « values when strain rate value
changes from 0.03 to 0.1 s~! is greater than the corresponding one of o values when
strain rate value changes from 0.1 to 0.2 s7.

In conclusion, the plastic properties in the investigated SS400 steel weld zone are
influenced by strain rate and the relationships between these properties with strain
rate obtained in present study provide an assessment of plastic properties in the weld
zone at a specific strain rate level without conducting any additional tests.
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Elastic Buckling Load of Continuous m
Braced H-Shaped Beams with Fork oo
Restraint

Yui Sato and Yoshihiro Kimura

1 Introduction

InJapanese design code [1], the boundary condition of beams against lateral buckling
is provided as simple support. Meanwhile, beams are often jointed to box sectional
columns with high torsional rigidity as shown in Fig. 1. Therefore, beam ends have
fork restraint by high torsional rigidity of column on lateral buckling of beams, which
is considered the rotational effect between warping and fully fixed supports [7]. Our
previous paper [6] elucidated the lateral buckling behavior for H-shaped beam with
fork restraint.

On the other hand, long span main beams may not possess the full plastic strength
due to lateral buckling, so that many lateral braces should be set up along the beams
to prevent the lateral bucking deformation [2]. When non-structural members such as
folded-roof plate are directly jointed to beams, these may be used as the continuous
braces. Our previous paper [4] clarified the lateral buckling behavior for H-shaped
beam with continuous braces when the boundary condition of beam is simple support.

In this paper, the effect of fork restraint on elastic lateral buckling load for H-
shaped beams with continuous braces is clarified. Firstly, this paper develops the
equations of elastic lateral buckling load for H-shaped beams with warping and fully
fixed supports under uniform flexural moment by the energy method. Secondly,
this paper derives the equation of elastic lateral buckling load for beams with fork
restraint by using ratio of fork restraint, which has effect between warping and fully
fixed supports. Finally, this paper elucidates the relation between fork restraint and
elastic lateral buckling load by comparing the equations with the numerical analyses
results.
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Fig. 1 H-shaped beam with
continuous braces and
beam-to-column joints

2 Numerical Analysis Model

Figure 2 presents the numerical analysis model for H-shaped beams with continuous
braces on upper flange. ABAQUS with version 6.14 is used as numerical analysis
program. H-shaped beam is consisted of four node shell elements. The continuous
braces are replaced by the lateral and rotational springs along the beam’s axis and
fork restraint of the beam ends are replaced by the rotational springs. Fixing the
rotation between upper and lower flanges at the end of the beam is corresponding to
warping fixed support. The uniform flexural moment is replaced by the axial loads
distributed to each node of the beam ends as shown Fig. 2. In this paper, it is assumed
that non-structural members are rigidly jointed to H-shaped beam.

Considering combinations of H-shaped beam and folded-roof plate regarded as
continuous braces in real space structures, our previous paper [4] clarified lateral and
rotational rigidities of the folded-roof plate distribute as follows: K g/(GK/d) < 0.1
and K, /(El/l 3) <3 [4]. In this paper, 1| is adopted as lateral slenderness ratio [5] and
the range from 160 to 280 is selected. The area which carries the compressive force
represents the accumulative area, A;. Where, [ is the length of beam, i; is secondary
radius of cross section, Iy is the sectional secondary moment of frange, Ar and Ay
are cross section of frange and web.

Fig. 2 Numerical analysis

model Rotational Springs K&

4 Node Element
Lateral Springs &/’ :

Rotational Springs &’
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Fig. 3 Relationship between column-to-beam’s strength ratio and rotational rigidity

=tz 2 A —a e (1)
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Figure 3 describes the relation between rotational rigidity of beam ends, K and
Column-to-beam’s strength ratio, M,./M,;, using actual column and beam dimen-
sions [3]. Column-to-beam’s strength ratio approximately ranges from 1.3 to 2.0 for
the real steel moment resisting frames. This is because the beams under uniform
flexural moment reach the full plastic moment earlier than columns when structures
receive seismic forces in the seismic design. Then, the plots distribute from 107 to
10°*(kN mm/rad) as shown in Fig. 3.

3 Elastic Lateral Buckling Load for Continuous Braced
H-Shaped Beam with Warping and Fully Fixed Supports

In this chapter, the equations of elastic lateral buckling load of H-shaped beams with
continuous braces under the uniform flexural moment are developed by the energy
method. The braces are assumed to be set up at upper flange and uniform flexural
moment are replaced by the axial forces of both flanges, P and P, as shown in Fig. 1.
When H-shaped beam is subjected to the uniform flexural moment as shown in Fig. 1,
two types of loading conditions are considered. One of the loading conditions, which
is called as Type A, is the case that the upper flange carries the compressive load, and
another, which is called as Type B, is that the under flange carries the tensile load.

Accordingly, the equations of lateral buckling load for beams with warping and
fully fixed supports are developed by the energy methods, and then the potential
energy, U of beam with continuous braces is expressed as the following [4]. Where,
El, is the flexural rigidity of H-shaped beam, EI" is the flexural torsional rigidity,
GK is the torsional rigidity, k, and kg are the lateral and rotational rigidity of the
continuous brace and K is the fork rigidity as shown in Fig. 1. M is the uniform
flexural moment at beam ends.
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U =

| =

1
/ |ELu?> + ETB"™ + GKB™? + Mu? + kgp* + kougldx  (2)
0

Lateral deformation, u and torsional angle, 8 are expressed as trigonometric func-
tions approximately. Where, u and g are calculated with the lateral deformation of
upper and lower flanges, u,, and uy as follows. When the boundary condition of
beam is warping fixed support, lateral and rotational deformations are expressed as
uy, B 1 in Egs. (4a), (5a). On the other hands, when the boundary condition of beam
is fully fixed support and the first lateral buckling mode, n = 1, they are expressed
as uy, B 1 in Egs. (4b), (5a). As more than the second lateral buckling mode, n = 2,
considering the boundary condition, they are expressed as u3, 8, in Egs. (4c), (5b).

Uyr + s
= —" 3
u > (3a)
Uy — Uiy
= — 3b
B p (3b)
Uy = asin gx, (4a)
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- T 2n
nmw l 2n — 1
= in—x| — < l), 4b
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l 2n
5 ( 10nm 131/
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131 20n

1y Sin(IOnrrx ~ 10_71) ((n —Dl__ Qon—13)

7l 7 n 20n
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Bi=b sin —x . (5a)

. 10nm n 107
sSin| — —_—
71 T
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1y Sin<10nnx - 10_71) ((n —DL__ (Q0n—13)

7l 7 n 20n

10nm 10n7{) ((ZOn —13)! -

X+ x <l

131 13

-1 n—1 .2
(=" " sin ( 2on

Substituting Eqgs. 4 and 5 into Eq. 2 and performing partial differentiation, the
elastic lateral buckling loads, , P, are obtained as the followings. Where, k = 1 and
2 express warping and fully fixed supports.
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Fig. 4 Relationship between o (KN/mm?)
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Figure 4 presents the relation between the elastic lateral bucking stress, o, (=
»Pr/A1) and lateral slenderness ratio, A; for H-shaped beams with continuous braces.
H-500 x 250 x 9x 16 as a narrow cross-sectional beam is selected. The boundary
conditions are warping and fully fixed supports. The black and grey curves express the
lateral bucking stress for Type A and Type B calculated from Eqs. 6-8, respectively.
The symbols show the eigenvalue analyses results. The arrows are the points to
change fromn=1ton =2 and fromn=2ton = 3.

The equations can be applied to estimate the elastic lateral buckling stress of H-
shaped beams with warping and fully fixed supports under uniform flexural moment
as the lateral bucking curves agree with the symbols of the eigenvalue analyses
results.

4 Effect of Fork Restraint on Elastic Lateral Buckling Load

Considering fork restraint by torsional rigidity of column, the elastic lateral buckling
load of H-shaped beam with continuous braces, P, is expressed as the loads between
warping and fully fixed supports in the followings [6]. Where, j = 1 and 2 express
Type A, and Type B.

Pcrz(nPZj_nPlj)f"f'nPIj (9)

7T is defined as the ratio of fork restraint of beam ends and its value ranges from
0 to 1. The value of T changes from 1 to 4, and then 7 = 1 and 4 is corresponding to
warping and fully fixed supports, respectively. s is the ratio of fork rigidity for beam
ends to flexural rigidity for compressed flange.

(10a)

(10b)
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Fig. 5 Relationship between 7
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Figure 5 presents the relation between ratio of fork restraint, T and ratio of fork
rigidity for beam ends to flexural rigidity for compressive flange, s. For Type A and
Type B, H-shaped beam with H-500 x 250 x 9x16 as a narrow cross-sectional
shape and A; = 200 is selected. The curve is drawn from Eq. (10a). The symbols
indicate the eigenvalue analyses results with different lateral rigidities, k,,, rotational
rigidities, kg, and fork rigidities, K. Where, T = 0 and 1 involve warping and fully
fixed supports, respectively. The curve of Eq. (10a) converges to 1 as s increases. It
is shown that some symbols below Eq. (10a). Then, Eq. 11 is created for reference
to Eq. (10a) so that all symbols get higher than the curve. Grey curve is drawn from
Eq. 11.

3
1+s

(1)

Figure 6 describes the relation between the elastic lateral bucking stress, o, of
H-shaped beam with fork rigidity, K. The symbols in Fig. 6 indicate the eigenvalue

Fig. 6 Relationshi'p between o (kN /mmz)
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analyses results. They use different lateral rigidity ratio, K M/(EI_,-/l3). H-500 x 250
X 9x16 as a narrow cross-sectional shape and A; = 200 are selected. The black
and grey curves express the elastic lateral bucking stress for Type A and Type B
obtained by Eq. 9, respectively. The lateral buckling stress become large as lateral
rigidity, k,, or fork rigidity, K increases. The same phenomenon such as k p increasing
is also observed. The lateral bucking curves in Eq. 9 agree with the symbols of the
eigenvalue analyses results, so that Eq. 9 is available to estimate the elastic lateral
buckling stress of H-shaped beams with fork restraint under the uniform flexural
moment.

5 Conclusion

This paper evaluates the effect of fork restraint on elastic lateral buckling load for
H-shaped beams with continuous braces. Results show the following.

1. The elastic lateral buckling loads with warping and fully fixed supports under
uniform flexural moment are developed by energy method, and can be estimated
with Eqs. 6-8.

2. Effect of fork restraint is expressed as T, which complements between warping
and fully fixed supports. The lateral buckling load with fork restraint can be
calculated by Eq. 9.

3. Itis shown that the lateral buckling stress becomes larger, as lateral rigidities, &,
rotational rigidities, kg or fork rigidity, K increases.
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Experimental Study of Reinforced )
Concrete Beams Strengthened i
by High-Strength Fiber Reinforced

Concrete

T. Hung Nguyen, Anh Thang Le, G. Phat Kha, and C. V. Duc Phan

1 Introduction

Recently, the precast concrete elements of which the steel fiber reinforced concrete
(SFRC) having the role of the formworks are the topic studying in Vietnam. The
efficiency of existing reinforced concrete structures strengthening with SFRC have
been studied by many authors [1, 3, 6, 8]. High cost of SFRC causes many limits to
carry out the application and experiment, especially in the developing countries.

In contrast to concrete, the tensile strength of SFRC could be enhanced with the
existing of steel fiber. It depends on a number of factors as mixing components,
the amount of steel fibers, mixing equipment and procedure. Steel fiber keeps the
concrete maintains the loading capacity after load reaching to the peak of load. The
tensile test could be found in various literatures [2, 11].

The reinforcement concrete beams strengthened by a SFRC layer at the bottom of
beams can exhibit the better the structural performance [1, 3, 5, 6, 8, 9]. Besides, it is
also reported that SFRC enhances flexural behavior of the beam, increased stiffness,
and reduced crack widths. SFRC could serve as protection function for reinforcement
due to its low-water permeability [5]. There were experiments carried out by other
researches in order to measure the bonding strength between the ordinary concrete
and SFRC [4, 7, 10].
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Fig. 1 Detailing of the RC beams and the concrete-SFRC composite beams

The article is a study of the behavior and performance of reinforcement concrete
beams strengthened by an SFRC layer in the beam’s tension zone. Several conven-
tional concrete grades combined with the same type of SFRC and steel reinforcement
in a beam were tested in the laboratory. The bending strength and performance of
the beam were observed and discussed in the paper.

2 Experimental Investigations

2.1 Test Program

Experiments were carried out for exploring the flexural behavior of the composite
beams having SFRC. The characterizations of concrete, SFRC and steel reinforce-
ment were considered before the bending test. The beams bending were performed
on four groups of the intermediate-scale beams by the 4-point bending tests (Fig. 1).

2.2 Mixtures and Material Properties

All beams were reinforced with the same manner. Longitudinal reinforcement of
@16 mm placing in the lower part, reinforcement of @12 mm placing in the upper
part. The rebar stirrups of @6 mm were arranged at equally distances along the beam
as shown in Fig. 1. Average yielding strength of steel rebar (f;y) is 300 MPa and
modulus of elasticity (Eg) is 200 GPa. In the study, steel fibers (1.6% by volume)
with the tensile strength (fp, ) of 135 MPa were used for the SFRC mixture. Fiber
length (I¢) is 35 mm; diameter (d¢) is 0.55 mm, and the ratio (I¢/dy) is 64. The elastic
modulus of steel fiber (Eg,s) is 200 GPa (Fig. 2a). The composition in the concrete
is presented in Table 1. M20, M25 and M30 are the abbreviation of concrete grade
corresponding to the strength class of 20, 25 and 30 MPa, respectively. M80-Fibers
is the abbreviation of the concrete with the steel fibers having the strength class of
80 MPa.

The material composition used in SFRC is shown in Fig. 2. In which silica fume
(Fig. 2e) and plasticizer (Fig. 2f) are additive for enhancing strengthen and worka-
bility of the concrete mixture. The compressive strengths of conventional concrete
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(b)

(d) (e) (H

Fig. 2 SFRC materials: a Steel fibers, b Aggregate, ¢ Fine sand from Binh-Dinh province, d Fly
ash, e Silica fume, f Plasticizer

Table 1 Compositions of conventional concrete and SFRC

Materials Quantity (kg/m?)
M20 M25 M30 M80—Fibers (SFRC layer)

Cement 297.0 346.0 378.0 690.0
Aggregate 5 x 10 1050.0
Aggregate 10 x 20 1164.8 1150.8 1142.4

Sand 522.0 501.0 477.0 310.0
Water 195.0 195.0 195.0 195.0
Fly ash 35.0
Silica fume 80.0
Plasticizer 16.5
Steel fibers—Dramix 3D 40.0
Compressive strength (MPa) 22.4 29.2 334 87.0

and SFRC were tested at the age of 28 days. Average values of compressive strength
are presented in Table 1. In generally, the compressive strengths were satisfied the
strength requirements of the corresponding concrete grade.
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Table 2 The concrete grades Beam type | Beam Concrete HPFRC
of beams .
description normal
Type 1 B1-CC20 M20
Type 2 B2-20 M20 M80—Fibers
Type 2 B3-25 M25 M80—Fibers
Type 2 B4-30 M30 M80—Fibers

2.3 Preparing Specimens

SFRC was placed in the tension zone of beams. The concrete grades of beams are
summarized in Table 2. Each type of cross section had two beams. The conventional
RC beams and the composite beams of SFRC were cast in the laboratory as shown in
Fig. 1. There were two types of the beam section with and without 10 cm thickness
of SFRC layer (Fig. 1). The concrete grades of the beams are summarized in Table 2.
In the composite beams, SFRC was placed in the tension zone. Each type of cross

section had at least two beams.

3 Experimental Results

3.1 Deflection

Figure 3 shows the curves of the relationship between load and deflection at mid-span
of the beams. It can be seen that there is a difference in mid-span displacement of

120
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= 70
g
= 60 X B4-30
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= 40
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10
5 5 15 25 35

Beam deflection (mm)

Fig. 3 Load and deflection at the mid-span of a beam
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the beams with and without SFRC. The elastic modulus of reinforcement concrete
beams having SFRC is the same and higher than the elastic modulus of conventional
reinforcement concrete beams. As increasing the grade of the concrete in the beam’s
upper part from 20 MPa, 25 MPa, and 30 MPa, the bending load capacity of the beam
increases 17.7%, 20.0% and 40.2%, respectively, comparing to the conventional
reinforcement concrete beam. The difference between the beams of B2-20 and B1-
CC20, the same concrete grades, is 17.7%. It indicates that the bearing capacity of
the reinforced concrete beam increases significantly with the strengthening of SFRC.

3.2 Crack Patterns

As the crack occurring, there is the difference in the crack pattern of beams with and
without SFRC. As shown in Fig. 4, it could be said that the SFRC had a significant
effect upon the crack propagation. The distances between cracks of beams with SFRC
are closer than that of beams without SFRC. There is the phenomenal that the steel
fiber was pulled out the concrete matrix.

In the Fig. 4, B4-30 shows fewer cracks than beams of B2-20, and B3-25 in the
lower part of conventional concrete layer. This indicates that the bonding of the
various concrete grades with the SFRC layer may cause the difference in the crack
pattern.

On the other hand, it could be seen that there are more cracks in the SFRC
layer. The phenomenon of sliding between the two layers of concrete that may cause
the number of cracks in the SFRC part is more than the number of cracks in the
normal concrete. Besides, there is the phenomenal of restart crack in the conventional
concrete layer. The crack does not go through the contact face. The crack in the
conventional concrete layer starts at a distance away from the crack in the SFRC
layer.

Figure 4 also shows that B1-CC20, B2-20, B-25 and B4-30 have the number of
cracks of 16, 15, 16 and 14, respectively. The maximum crack widths measured on the
specimens of B2-20, B-25 and B4-30 are 9.6 mm, 8.7 mm, and 6.5 mm, respectively.
This indicates that the higher the grade of concrete combined with SFRC, the more
the decreasing crack width of a reinforcement concrete beam.

3.3 Curvature and Ductile of Beams

At the working load values (under 70 KN), Fig. 3 shows that all curves of B2-20, B3-
25 and B4-30 beams are above that of B1-CC20. The curvature of strengthen SFRC
beams might less than that of the conventional beam. It could be explained that the
beams strengthened with SFRC are stiffer than the beam of traditional concrete due
to the higher elastic modulus of the SFRC layer. The effect of SFRC could be seen
easy in Fig. 3.
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Fig. 4 Cracking patterns of different type of tested beams at failure load: a B1-CC20, b B2-20,
¢ B3-25 and d B4-30

At the ultimate load level, the curvatures of the reinforcement concrete beams with
SFRC are higher that of conventional reinforcement concrete beams. The beams with
SFRC at the tension zone could maintain the load carrying capacity and increasing
vertical deformation due to the ductile ability of the SFRC. This led the curvature of
the composite beams with SFRC is higher that of the normal concrete beam.

Due to the limit of LVDT of 50 mm, the displacement of the beams cannot be
measured up to 50 mm. The relationship curve of load and displacement went down
as shown in Fig. 3. B1-CC20 cannot maintain the bearing load after the displacement
above 45 mm. On the other hands, the reinforcement concrete beams with SFRC can
maintain the bearing load up to the vertical displacement of 150 mm (Fig. 5). Thus,
the curvatures of beams with SFRC are higher than the curvature of conventional
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Fig. 5 The curvature of B2-20

beams without SFRC. It could be said that the ductility of the beam increases as the
beam is strengthened by an SFRC layer.

3.4 Layer Separation

The phenomenon of slippage at the contact face between conventional concrete and
SFRC could be observed easily (Fig. 4). The gap between two concrete layers of the
beams of B2-20, B3-25 and B4-30 are 4.1 mm, 3.9 mm and 3.5 mm, respectively.
Those gaps are measured at the mid-span of the beam. The beams have the higher
the load-bearing capacity leading the smaller the gap between two concrete layers of
the beam. Gaps may be caused by difference in the stiffness of various layers. The
stiffness of SFRC layer is higher than that of conventional concrete layer.

4 Conclusions

The experimental results show the efficiency in loading capacity of the compos-
ite beams between the conventional concrete and SFRC. Besides, there are some
conclusions related to the behavior and performance of beams:

e The performance of beams having the SFRC layer could also be enhanced as
bending. The composite beams have the increased stiffness, and the crack widths
reduced. SFRC layer could help the reinforcement concrete beams increasing both
the curvature at the ultimate load level and the ductile.

e The behavior of the beam is affected significantly by concrete’s grade working
with SFRC. The performance of B4-30 is better than the performance of B2-20
and B3-25. Thus, the closer the grade of conventional concrete to the concrete
grade of SFRC, the better performance of the bending beams could be observed.

e The phenomenon of slippage at the contact face between conventional concrete
and SFRC could be observed easily in every case of beams having the SFRC layer.
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Strain Rates
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1 Introduction

Ultra-high-performance fiber-reinforced concretes (UHPFRCs) have demonstrated
superior mechanical properties, in comparison with normal concrete (NC) and high-
performance fiber-reinforced concrete (HPFRCs), including very high compressive
strengths, tensile strengths, shear strength, tensile strain capacities, energy absorption
capacities, and strain-rate dependent [7, 14, 15]. These properties favor the enhance-
ment of the resistance of civil infrastructure, buildings, especially military structures
to extreme loads, such as seismic, impact, and blast loads [4, 5, 12, 13]. However,
the initiation and propagation of crack in UHPFRCs, which is a key and complex
mechanism leading to failure of structures, is still very little information both at static
and high strain rates.

Several researchers have been investigated the cracking process in plain con-
crete as well as FRC using several methods such as high-speed camera [3], acoustic
emission [1], digital image correlation [17], and a strain gauge or crack gauge [17].
However, it is still very little information about the crack velocity in UHPFRCs,
in comparison with plain concrete and fiber reinforced concrete [10]. Mindess [3]
using a high-speed camera system measured the crack velocity in plain concrete
under a drop-weight impact loading. [1] reported that the formation and growth of
cracks in plain concrete could be detected by the acoustic emission technique. The
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crack velocity in fiber reinforced concrete (FRC) under different loading rates was
measured by the bonded strain gauges technique by Zhang et al. [17]. Pyo et al. [10]
measured the crack speed in UHPFRCs reinforced 0.0, 0.5, and 1.0 vol.-% short
smooth fibers by using the DIC technique.

The aim of this study is to propose method to investigate crack velocity and
the effect of fiber reinforcement and applied strain rates to the crack velocity in
UHPFRCs.

2 Experimental Program

2.1 Material and Specimen Preparation

The composition of matrix mixture and compressive strength of the ultra-high-
performance concrete (UHPC) matrix was shown in Table 1. The fiber reinforcement
is 2.0 vol.-% smooth steel fiber with the diameter is 0.2 mm and the length is 19 mm.

The mixing and curing procedure of UHPFRCs specimens can be found in [4,
8]. In their experiment, the average compressive strength of 50 mm cubic UHPC
specimens was 184 MPa [4]. The cement, silica fume, silica powder, and silica sand
were dry-mixed for 10 min. Water was then added to the dry mixture at intervals of
2-3 min. The water and superplasticizer then were gradually poured into the mixture
and continuously mixed before steel fibers were added into the mixture by hand. The
specimens were then stored in a laboratory at room temperature during 48 h prior to
demolding and were cured in a hot water tank at 90 & 2°°C for 3 days. Two layers
of polyurethane were sprayed on the surfaces of dry specimens for crack detection.
All specimens were tested in a dry condition at the age of 28 days.

Twenty-four prism specimens were cast and tested as shown in Fig. 1. The size of
specimen is 50 x 50 x 210 mm?. Before testing, a notch with 10 mm in depth and
2 mm in width was made at the bottom of specimen. Stone powder was sprayed on
the surface of specimen at static test, while the random speckle patterns were used
for those at high strain rates tests, respectively.

Table 1 The composition of UHPC matrix by weight ratio

Cement Silica Silica Silica Super-plasticizer | Water Compressive
(Type I) fume sand powder strength
(MPa)

1 0.25 1.10 0.30 0.067 0.2 184
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Fig. 1 Schematic of the specimen

2.2 Test Setup and Procedure

Three-point bending specimen was installed in the Universal Test Machine (UTM)
and the Improve—Strain Energy Frame Impact Machine (I-SEFIM) to investigate
the crack velocity in UHPFRC specimens at different strain rates. The displacement
speed of the UTM was 1 mm/min and the applied forced was measured by a load
cell placed inside the machine as shown in Fig. 2.

Fig. 2 Three-point bending test at static rates
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Fig. 3 Three-point bending test at high strain rates

A three-bending test setup was installed into the I-SEFIM to do the test at high
strain rates as shown in Fig. 3. The applied load speed into the specimen could be
changed by using difference coupler and energy frame. A combination of 800 kN
coupler and high strength steel energy frame, which could generate an estimated
theoretical impact velocity of 13.83 m/s [9] was used in this study. Two dynamic
strain gauges were glued on the transmitter bar and connected to a Data Acquisition
(DAQ) system to measure the applied load, while a high-speed camera system was
used to measure the displacement of UHPFRC specimens. The detail of I-SEFIM
can be founded in [9].

2.3 Measuring the Crack Velocity in UHPFRCs

The frequency of the high-speed camera was set to at 2.500 frames per second and a
resolution of 128 x 88 pixels to capture images of the specimen during static tests,
while those of high strain rate tests were 100,000 frames per second and the resolution
of 160 x 80, respectively. The images captures by the camera were analyze using
the EDAs and the DIC technique to obtain the initiation and propagation of crack in
UHPFRCs.

The DIC is an optical and non-contact technique in measuring the displacement of
an object of interest. The fundamental algorithm of the DIC technique is comparing
two digital images, capture by the high-speed camera before and after deformation.
The underlying theory of DIC technique can be referred in [11].

The crack velocity using the DIC technique can be calculated according to Eq. (1).

n YGL; —YGL;_;

Crack velocity = ll—'_i"l (1)
n —
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Where ygy is the coordination in the y-axis of a strain gauge i (GL;); t; is the time
of strain increase continuously at strain gauge GL;; n is the number of gauges.

The cracking velocity in UHPFRCs was also calculated by using the EDAs tech-
nique as can see in Fig. 5. The underlying theory of EDAs could be found in [2].
Two EDAs (Canny and Prewit algorithms) in an image processing program (MAT-
LAB) were used in this study. The images are firstly post-processed to detect the
boundary and tip of the crack. The length of crack in each image was measured by
an image reading technique in MATLAB. Then, the crack velocity was calculated

§ DIC arca

(H-a)2

Crack path |
—————— ﬁ‘M — —
I " Neutral axis ]

I GLi

(H-a)2

_____--;;-b|-'- Notch

direction
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Crack propagate
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a) Captured image b) Canny algorithm ¢) Prewit algorithm

Fig. 5 Calculating the crack speed using the different EDAs
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by dividing the difference between the crack lengths of two continuous images with
the increment time between them.

3 Results and Discussions

The crack velocity (v) in UHPFRC:s calculated according to the DIC and EDA meth-
ods are listed in Table 2. Whereas the number in parentheses is the standard deviation
values (SD). Generally, the value of v measured by the EDAs technique was smaller
than those by the DIC technique, owing to the difficulty in detecting a very fine crack
boundary at the tip of the crack. As can see in Table 2, the v according to the DIC
techniques of UHPC and UHPFRC at static rate is 5.64 and 0.0019 m/s increased to
738.82 and 496.91 m/s at highs train rates. Whereas, those value of the EDA tech-
nique is 4.56 and 0.0017 m/s at static rate and 554.12 and 496.91 m/s at high strain
rates.

The effect of fiber reinforcement and applied loading speed on the crack velocity
in UHPFRC is showed in Fig. 6. The crack velocity increased as the applied loading
speed increased in both UHPC and UHPFRCs. The crack velocity of UHPC spec-
imens increased from 5.46 to 738.82 m/s as the loading speed increased from 1.67
x 1073 to 13.83 m/s. Those of UHPCs are 0.0019 and 552.12 m/s, respectively.
The increase of cracking velocity as the applied loading speed increased has been
reported by several researchers [6, 10]. In addition, the fiber reinforcement signifi-
cantly slowed down the crack velocity in the UHPFRCs at both static and high strain
rates. The crack velocity decreased from 5.64 to 0.0019 as the fiber reinforcement
was 2 vol.-% smooth steel fiber at static and from 738.82 to 552.12 m/s at high strain
rates. This decrease velocity in UHPFRCs can be attributed to the interfacial bond
stress between fiber and matrix, which delayed the formation and propagation of
cracks [16].

Table 2 Crack velocity according to DIC and EDA methods

Series Loading speed Crack velocity, v, (DIC) Crack velocity, v, (EDA)
m/s m/s m/s

UHPC-S 1.67 x 1073 5.64 (2.8%) 4.56 (0.22)

UHPC-h 13.83b 738.82 (80.3) 554.12 (26.7)

UHPFRC-S 1.67 x 107> 0.0019 (0.00081) 0.0017 (0.00069)

UHPFRC-h 13.83P 552.12 (51.3) 496.91 (45.2)

2The number in parentheses stand for Standard Deviation (SD)
bTheoretical speed [9]
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4 Conclusions

The effect of fiber reinforcement and applied strain rates on the crack velocity in
UHPFRCs was experimentally investigated. Based on the results of this study, the
following conclusions can be drawn:

The cracking velocity in UHPFRC can be measured by using the high-speed
camera system combination of the DIC and EDA techniques, even though the
DIC technique showed better results.

The applied strain rates made strong influences on the crack velocity in the
UHPFRC:s: the crack velocity increased as the applied strain rate increased.

The fiber reinforcement significantly slowed down the crack velocity in the
UHPFRC:s at both static rates and high strain rates.

Acknowledgements This research is funded by Vietnam National Foundation for Science and
Technology Development (NAFOSTED) under grant number 107.01-2019.03.
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Modeling of Reinforced Concrete Beam m
Retrofitted with Fiber Reinforced L
Polymer Composite by Using ANSYS

Software

Trong Toan Khong, Quoc Tinh Tran, and Van Trinh Do

1 Introduction

Reinforced concrete (RC) structures damaged due to various reasons and in most
of the cases damage occurred in the form of cracks, concrete crushing, and large
deflection, etc. Some various factors which are causes of these deteriorations, such
as high load, corrosion of reinforcement, earthquake, environmental effects and acci-
dental impacts on the structure. Therefore, repairing and improvement have become
an important challenge for the reinforced concrete structures in recent years. It’s very
necessary to have techniques that can have low costs and fast processing time. Exter-
nally bonded fiber reinforced polymers (FRP) is a common technology which highly
need for repair and strengthening of reinforced concrete structures. The FRP can be
used to increase the shear and flexural capacities, provide confinement and ductil-
ity to compression structural members. The most popular type of FRP in industry is
made with carbon, aramid or glass fibres. The major advantage of the retrofitting is to
strengthening the structures for life safety and protection of the structures. Therefore,
the existing structures be retrofitted to improve their performance in any condition
and to avoid large scale damage to life and property.

Currently, FRP materials have been widely used to increase the flexural and shear
capacity of RCC members. The main advantages of FRP sheet over steel plate are its
low weight, high strength and noncorrosive property. In the light of above discussion,
the only analytical tool which done the retrofitting modelling and able to calculate
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Fig. 1 Typical beam
dimensions

Fig. 2 Quarter beam for
model

the nonlinear behaviour of the structural members and also free from all the above
flaws is Finite element method.

This study focuses on analysing the behaviour of RC beams retrofitted with
different FRP by using ANSY'S program.

2 FRP Retrofitting

FRP sheets can be used for strengthening of RC members in flexure, shear and
confinement. And there are some different warping types of externally bonded FRP
are used to improve the strength of RC beams as details: (a) bonding FRP sheet on
side of the beam; (b) bonding FRP on both sides and the tension face of the beam
and (c) bonding FRP to the bottom of the beam. In the direction of fibres FRP has
maximum strength, so they can be oriented with different angles with respect to the
axis of beam in order to prevent the formation and propagation of shear cracks.
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Fig. 3 Details of position of the steel reinforcements

3 Geometry

The geometry of the beam was proposed by Saifullah et al. [1] will be used in this
research and are shown in Figs. 1, 2 and 3. A quarter of the beam was used for
modelling because of the symmetry of the beam and saving computer resource.

4 Finite Element Modelling in ANSYS

ANSYS Work Bench version 15 was used to model and analysis. Solid 65 elements
were represented for the concrete and Link 8 element was used to model for all the
steel reinforcement. In another hand, no need to be analyzed, so all the steel plates at
the support and under the load will be modeled by Solid45 elements. Furthermore,
FRP sheet was modeled by Solid45 elements (Fig. 4). Table 1 was the list of elements
were used on this modelling.



298 T. T. Khong et al.

CYT 1 00 OO (rrrm) 'L

s00 00

Fig. 4 Working model in ANSYS

Table 1 E'lement types for Material Element types
each materials

Reinforced concrete Solid65

Plate and support Solid45

Steel reinforcement Link8

FRP Solid45

5 Material Properties

5.1 Concrete

All the input data for material properties of concrete which must to import into
ANSYS as: Young modulus (E.), Ultimate uniaxial compressive strength (f'.), Ulti-
mate uniaxial tensile strength (f;;), Poisson’s ratio (1), Shear transfer coefficient (8,),
Compressive uniaxial stress-strain relationship for concrete (Table 2).

Table 2 Material properties

Y dulus, E 26,457.52 MP:
of the RC concrete OUig mModu7us, Be a

Poisson ratio, 0.25

Shear transfer coefficients for an open crack, | 0.3

Cl.

Shear transfer coefficients for a closed crack, | 1

C2

Uniaxial tensile cracking stress, C3 3.7

Uniaxial crushing stress (positive), C4 22.4
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Table 3 Material properties

X Linear isotropic
of the Steel reinforcement i

Young modulus, E. 200,000 MPa
Poisson ratio, p 0.30
Bilinear isotropic

Yield strength 410 MPa
Tangent modulus 20 MPa

5.2 Steel Reinforcement

The steel reinforcing bars grade 60 were used for this working model. Elastic modulus
and yield strength of the steel reinforcement were given in Table 3.

Aiming to avoid the stress distribution and convergence easier; in the finite element
models, steel plates were added at support locations and loading points. An elastic
modulus equal to 200,000 MPa and Poisson’s ratio of 0.3 were used for the plates.

5.3 FRP Sheet

About the FRP composites, it was very important in the finite element models and
effected on the results. So many input data must to be import into ANSYS as follows:
Number of layers, Thickness of each layer, Orientation of the fiber, Elastic modulus
in three directions (Ey, Ey and E,), Shear modulus for three planes (Gyy, Gy, and
Gyz) and Poisson’s ratio for three planes (Vxy, Vy, and vy,).

Table 4 shows the material properties assigned for the FRP materials—AFRP,
CFRP and GFRP laminates used for the study.

I;‘:’;; ;Rg[:ﬁ:fl Properties  pyoperties CFRP GFRP
E, (MPa) 165,000 21,000
E, (MPa) 9650 7000
E, (MPa) 9650 7000
Gyy (MPa) 5200 1520
Gy, (MPa) 5200 2650
G (MPa) 3400 1520
by 0.3 0.26
byz 0.3 0.3
Wax 0.45 0.26
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Fig. 5 Deformation shape of control beam

Fig. 6 Cracking development of control beam

6 ANSYS Solution

Two-point loading and supports are assigned to the beam then the deformation shape
and crack pattern for the beams (control to FRP retrofitted) are obtained from ANSYS
Work Bench as follows (Figs. 5, 6,7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22,23, 24 and 25).

7 Results

Table 5 shows load and deflection at failure of control beam and beams with different
combinations of FRP.
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Fig. 7 Deformation shape of CFRP (sides and bottom)

Fig. 8 Crack pattern of CFRP (sides and bottom)
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Fig. 9 Deformation shape of CFRP (parallel sides)
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Fig. 10 Crack pattern of CFRP (parallel sides)
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Fig. 11 Deformation shape of CFRP (bottom)

Fig. 12 Crack pattern of GFRP (bottom)

8 Results

Load-Deflection Curve is linear with a sharp slope up to 40-50 kN. The graph changes
its nature after first cracking i.e. its slope is changed continuously. The location of
initiation of the diagonal tension cracking of concrete in curves is in between the 1st
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Fig. 14 Crack Pattern of GFRP (sides and bottom)
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Fig. 16 Crack pattern of GFRP (parallel sides)

Fig. 17 Deformation shape of GFRP (bottom)

Fig. 18 Crack pattern of GFRP (bottom)

cracking loads and steel yielding loads. This crack is observed from concrete cracks
and crushing plots which is within 80—110 kN.

The load-deflection graphs for the beams from control to FRP retrofitted are
plotted as follows (Figs. 19, 20, 21, 22, 23, 24 and 25).
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Fig. 19 Load deflection graph comparing CFRP, GFRP
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Fig. 20 Load deflection graph comparing CFRP bonded along bottom and sides, parallel sides and
bottom
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Fig. 21 Load deflection graph comparing GFRP bonded along bottom and sides, parallel sides and
bottom only
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Fig. 22 Load deflection graph comparing CFRP layer of 6, 4 and 2 mm
9 Conclusions

The main objective of the project is to study the effect of CFRP and GFRP on
retrofitting and to find out the best wrapping technique among the nine models of each
FRP. Also, to study the effect of thickness of FRP sheet and to study the performance
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Fig. 24 Load deflection graph comparing CFRP with different layers

of the beam when FRP provide in layers. Also to check the combination of CFRP

and GFRP over a single beam.
From the results of the present study, the following conclusions were made:

e RC beam retrofitted with FRP has more load carrying capacity than control beam.

e When RC beam is wrapped with carbon fiber reinforced polymer (CFRP), load
carrying capacity is increase by 10%.

e When warped with GFRP load carrying capacity is increased by 5%.
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Table 5 Results

Specimen FRP layer Angle of fiber Load at failure Deflection at
thickness (mm) | orientation (°) (kN) failure (mm)

Control beam 6 0 276.46 102.97

CFRP (sides and | 6 0 304.10 101.73

bottom)

CFRP (parallel 6 0 290.44 91.72

sides)

CFRP (bottom) 0 286.24 78.71

GFRP (sides 0 290.44 82.17

and bottom)

GFRP (parallel | 6 0 278.88 71.30

sides)

GFRP (bottom) | 6 284.12 90.10

CFRP (sides and | 4 296.76 85.95

bottom)

CFRP (sides and | 2 0 290.42 100.83

bottom)

CFRP (sides and | 6 90 308.36 106.55

bottom)

CFRP (sides and | 2 layersof 3mm | 0 343.90 91.96

bottom)

CFRP (sides and | 3 layersof 2mm | 0 338.54 82.86

bottom)

CFRP, GFRP 3layersof 2mm | O 312.52 86.67

(sides and

bottom)
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e CFRP with 6 mm thickness takes maximum load.

e FRP layer with 90° fibre orientation is more superior. Its load carrying capacity
is increase by 11.54%.

e If the overall thickness of FRP provided in different layers, the load carrying
capacity can be increased by about 22-25%.

e The combination of CFRP and GFRP warped along a beam increases the load
carrying capacity by 13% but it is less than the increment when CFRP provided
in layers.

e Crack width and crack propagation get reduced for strengthen beam.

e It can be concluded that the strength of the RC beam is increased by retrofitting
with fiber reinforced polymers.
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1 Introduction

In the steel framed structural analysis, there are two common methods: plastic hinge
(PH) and distributed plasticity (DP). For the PH method [7, 10—12], two plastic hinges
are assumed to be appeared only at two ends of beam-column members when the
yielding criteria obtains. This method is simple and efficient in the computational
time but in some cases the accuracy is not satisfy. Otherwise, the distributed plasticity
[1, 3,5, 6, 8, 9] can be obtained the higher accuracy depending on beam-column
methods, shell element methods, or solid element methods. This method can consider
directly initial residual stresses and yielding along the member length. An advanced
analysis at least must consider geometric nonlinearity and yielding of materials,
besides residual stresses, geometric imperfections, panel zones, etc., should be taken
into accounting. Nowadays, the powerful development of computer technology and
science permits that big data problems can be solved in a short time so that the safety
of buildings is more concerned by structural design engineers.

In this work, the authors employ SF established on the beam-column finite element
method for developing two plastic hinge and plastic fiber methods for nonlinear
analysis of 3D frames. This paper presents briefly the procedures and algorithms
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developed successfully by Nguyen et al. [5, 7, 8, 11]. A nonlinear analysis package
is created for estimating strength and behavior of 3-D steel structural frames under
static loadings and seismic excitations. The software might be utilized in practical
engineering analysis and design problems in Vietnam and all over the world. This
software is suitable for solving framed structures in more efficiency that commercial
software such as ABAQUS, ANSYS, etc.

2 Nonlinear Inelastic Beam-Column Formula

2.1 Plastic Hinge Approach (PHA)

For capturing the effects of axial force on bending moments, SFs are utilized aim to
optimize models and analysis time [4, 7]. One element is only utilized for tracing
the P — § phenomena correctly.

It is assumed that the plastic hinges only appear at element ends. The gradual
plasticity of plastic hinges due to bending effects and residual stress is defined to
be the material nonlinearity. The plasticity since residual stress is considered by
adopting the CRC tangent elastic modulus and the gradually yielding due to bending
is captured by a curve function [7, 10]. For more information, the readers should
read the cited sources. In several problems, the plastic hinge method can capture
accurately the static and dynamic behaviour of steel frames. However, when the
axial force is large, yielding along members occurs, the plastic hinge approach do
not predict accurately more. In these cases, we should use the plastic fiber approach.

2.2 Plastic Fiber Approach (PFA)

For monitoring distributed plasticity on the beam-column member length, a fibre
approach is developed from Nguyen’s work [5, 8]. Fibre beam-column members
are meshed into several watched sub-sections through some integration monitoring
points along the length. Watching sub-sections are divided into several small fibres
as shown in Fig. 1. Using hot-rolled structural steel, initially residual stress value is
assigned to steel fibers as pre-stresses. To get more knowledge, researchers should
read cited sources.

3 Static and Dynamic Nonlinear Solutions

For static problems, the GDC algorithm invented by Yang and Shieh [13] prove to be
the best effective and robust algorithm for solving nonlinear equations considering
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Fig.1 Meshing of element cross-section and fiber states

static problems of framed structures with multiple snap-back and snap-through points
because of the method’s efficiency and numerical stability. In this software, the GDC
algorithm is developed for solving static problems of steel framed structures.

For dynamic problems, an algorithm using combination of the Newmark method
[2] and the Newton-Raphson balance scheme is employed aim for solving equilibrium
equations of steel framed structures [4, 10] because the Newmark method family
possesses second-order accuracy and unconditional numerical stability.

4 Verification

Based on the proposed formulations and algorithms, a second-order inelastic analysis
software is developed. The pre- and post-procedures are developed using language
C++, while the solver is written in FORTRAN language. Procedure of the proposed
package includes three stage as shown in Fig. 2: pre-procedure, solver and post-
procedure. The proposed software can simulate both nonlinear static and dynamic
behavior of 3D steel frames by using one element per member.

The Orbison six-story 3D steel fra