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ABSTRACT
This research was initiated with a review and synthesis of infrastructure related to city
and urban growth, built infrastructure to meet transportation needs and travel demand, and role
of mass transit in reducing adverse impacts on the environment and greenhouse gas emissions.
Floods are the most frequently occurring natural disaster in the world, which so far claimed
millions of lives and resulted in billion-dollar economic costs. Built infrastructure assets in urban
and rural areas are not spared from floods’ aftermath. A major motivation for this thesis was the
2011 megaflood disaster of Thailand which devastated the green campus of Asian Institute of
Technology or AIT located north of Bangkok, a prominent higher education institution in Asia.
AIT Campus was inundated with flood water for several weeks in late October and most of
November 2011. The primary objective was to develop a geospatial decision support system for
flood disaster protection of AIT using spaceborne remote sensing satellite imagery. Pre-flood
1-m IKONOS imagery of the campus area was used to create planimetrics and geospatial
infrastructure inventory. Ground truth measurements along with site inspection photos facilitated
further flood impact analysis and creation of a detailed flood depth map of the entire AIT
Campus. Post-flood 1-m IKONOS imagery was used to estimate existing dike’s top width. The
imagery-based planimetric of the dike and related cross-section data provided by AIT were used
to conduct stability analyses of a proposed raised dike system. Other flood protection strategies
proposed in this study include concrete and composite sheet pile flood wall design. Value
engineering analysis was implemented to evaluate these flood wall protection alternatives for
ii

AIT Campus. Based on comprehensive present worth life cycle cost analysis conducted over
50-year performance period, the least costly composite fiber-reinforced plastic sheet pile flood
wall system was recommended to protect AIT Campus from future floods at US$ 1.71 million
per km. Further recommendations for future flood protection include: (1) elevated AIT access
roads and other campus area roads using composite sheet pile retaining walls and culverts and
(2) one or more buildings protected by composite sheet pile peripheral enclosures for emergency
management applications.
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LIST OF ACRONYMS
ACI

American Concrete Institute

AIT

Asian Institute of Technology

AITC

AIT Consulting

AOI

Area of interest

ASEAN

Association of Southeast Asian Nations

CMI

Crane Materials International

CO2

Carbon dioxide

CV

Coefficient of variation

DAF

Damage Assessment Factor

DEM

Digital elevation model
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ISI

Institute for Sustainable Infrastructure
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Intelligent Transportation Systems
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Life cycle cost
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Land use, land use change and forestry

MPR

Metro passenger ride
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Mass Transit Railway

NASA

National Aeronautics and Space Administration

NIR

Near infrared

NSTDA

National Science and Technology Development Agency

NZ

New Zealand

PKT

Passenger kilometers traveled

RCC

Reinforced cement concrete
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Research and Innovative Technology Administration

SDE

Storm, Debris and Erosion

SET

School of Engineering and Technology

SOM

School of Management

TU

Thammasat University
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United Nations Educational, Scientific and Cultural Organization

USDOT

U.S. Department of Transportation
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United States Geological Survey

VE

Value Engineering

VMT

Vehicle miles traveled
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CHAPTER I
INTRODUCTION
1.1

Background and Motivation
United Nations reports that the global share of urban inhabitants was 47% as of 2000, and

that it is expected to reach 60% by 2030 [1]. Today, there are more than 400 cities worldwide
with one million or more population [2]. More than half of the world’s population lives in cities
which provide job opportunities and quality life. Consequently, built infrastructure and intercity
travels affect the environment and supply of energy.
Historically, major cities are located along rivers and coastal areas. This makes them and
their populations vulnerable to natural disasters such as flood. Furthermore, natural disasters and
weather-related disasters have been occurring at an increased frequency during the last decade,
“which is thought to be the result of climate change mechanisms” [3]. Imagine a natural disaster
in an uninhabited area. It would not be called a “disaster” because no human would get affected.
However, either man-made or natural, disasters are a part of life on planet Earth.
A “disaster” is defined [4] as a hazardous event which causes (at least) one of the
following:
•

10 or more people are killed.

•

100 or more people are affected.

•

National declaration of a state of emergency.

•

Call for international assistance.
1

Five worst natural disasters in the last hundred years in the United States were extreme
weather events [5]:
•

1930-34 Dust Bowl (caused by severe drought in the Midwest)

•

1927 Great Flood of Mississippi River (caused more destruction than in 2011)

•

2005 Hurricane Katrina (the most costly disaster on the Gulf coast – Louisiana,
Mississippi)

•

2011 Tornado Outbreak (the most human loss in U.S. recorded tornado history)

•

1993 Super Winter Storm (“Storm of the Century” or “Blizzard of 1993”, which also
affected Canada and Cuba)

Furthermore, 8,960 disasters have been reported globally between 2000 and 2012 [6].
This number includes natural and other types of non-natural disasters. Transport
crashes/accidents top the list and make up of 28% with 2,490 occurrences. This is followed by
floods which make up of 23% (with 2,066 occurrences in more than 150 countries). Distribution
of these disaster events by disaster type is provided in Figure 1. These disasters killed 1,901,956
people worldwide whereas 2,834,765,440 were affected. Table 1 shows the numbers of
occurrence of these disasters. Considering the fact that transport-related accidents are
non-natural, floods have been the highest occurring natural disaster since 2000.
Since 1900, there have been more than 4,000 occurrences of floods and more than 3.4
billion people were affected [6]. Number of people affected due to floods by country is
thematically (spatially) shown in Figure 2. It can be seen that vulnerability to floods is higher
where the population is higher. For example, China and India have suffered the most human loss
during the floods between 1900 and 2012.
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0%
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3%
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0%

Figure 1. Distribution of disasters by type in the world between 2000 and 2012

Table 1. Disasters by type and their occurrence between 2000 and 2012
Disaster Type
Number of Occurrence
Complex Disasters
6
Drought
222
Earthquake (Seismic Activity)
344
Epidemic
666
Extreme Temperature
265
Flood
2,066
Industrial Accident
628
Insect Infestation
18
Mass Movement (Dry)
8
Mass Movement (Wet)
241
Miscellaneous Accident
547
Storm
1,231
Transport Accident
2,490
Volcano
72
Wildfire
156
Total

8,960

3

% Share
0.1
2.5
3.8
7.4
3.0
23.1
7.0
0.2
0.1
2.7
6.1
13.7
27.8
0.8
1.7
100.0

Figure 2. Total number of people affected from floods between 1900 and 2012

Human and economic loss caused by natural disasters is irreversible. Furthermore, these
losses are directly proportional to the vulnerability of the built infrastructure to disasters.
Technological development does not necessarily mean improvement. Needless to mention,
technology, which is man-made, did and will continue to improve. At the end of the day, what
matters is how humans appreciate and utilize technology. Disasters will not cease but the
humanity will keep on suffering unless prepared for disasters. Therefore, pre-disaster planning to
protect communities and infrastructure, disaster preparedness and mitigation remain crucial for
sustainable community development.
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1.2

Objective, Scope and Research Methodology
Key objectives of this thesis are to:
1. Review sustainable growth of cities, built infrastructure and transportation demands.
2. Create imagery-based geospatial maps for infrastructure inventory of Asian Institute
of Technology (AIT) Campus, Thailand (which was flooded in late 2011).
3. Assess flood damage using geospatial analysis of pre-flood and post-flood 1-m
satellite imagery scenes; propose a solution to protect AIT Campus from future
floods.
This thesis also reviews metro travel in the United States and global mass transit usage

for selected megacities. Role of mass transit in reducing emissions such as electric-powered
metro (including electric-powered subways, light rails, railways and buses) will be recalled.
Additionally, natural disasters around the world will be reviewed, and impacts of road
transportation and natural disasters on the built environment will be stated. Need for protection
of communities and lifeline infrastructure assets will be evaluated, and importance of remote
sensing and geospatial technologies in disaster response and emergency management will be
stressed.
United States, Turkey and Germany are chosen for comparisons of population, road
travel demand and vehicle miles traveled (VMT) trend. Significance of sustainable transportation
and built infrastructure will be pointed out. Furthermore, effects of land use and transportation on
air quality will be presented. Comparison will be made for the aforesaid countries in terms of
greenhouse gas (GHG) emission trends as well. Importance of historical landmarks will be
recalled and an example of decision support system (DSS) for built infrastructure asset
management will be introduced.
5

Research methodology is as follows:
•

Acquire high-resolution multispectral, orthorectified and pansharpened satellite
imagery of the area of interest (AOI).

•

Create subset imagery of AIT Campus using remote sensing software.

•

Create planimetrics of AIT Campus infrastructure using geospatial application
software.

•

Propose flood protection alternatives with the help of imagery-based geospatial
analysis.

•

Carry out present worth life cycle cost analysis and value engineering (VE) for
proposed flood protection alternatives, and make a recommendation for future flood
protection of AIT Campus.

Chapters 1 and 2 accomplish objective 1. Research related to objectives 2 and 3 are
presented in Chapters 3 and 4. Chapter 5 summarizes conclusions and recommendations.

1.3

Need for Sustainable Transportation and Built Infrastructure
Spatial distribution of 407 cities with 1 million or more population is shown in Figure 3

[2, 7]. Individual population of 339 cities ranges between 1 and 5 million. 41 cities out of 407
have population ranging between 5 to 10 million. 26 of them have population of 10 to 30 million.
Tokyo is the largest megacity with a population above 30 million.
Population of the U.S. increased 9.7% between 2000 and 2010 [8]. Road passenger
kilometers traveled (PKT) increased almost 20% [9]. Considering the 9.7% increase in
population, road PKT per capita dropped 15.1% during the given period. Rail PKT increased
22.5% which corresponds to a 9.2% increase of the same in per capita [9] as shown in Table 2.
6

This trend of increased city and urban population during post-World War II era is observed in
other industrialized countries. However, more megacities are emerging in developing countries
than Europe and the U.S. [1].

Figure 3. Spatial distribution of 407 cities with 1 million or more population

Turkey shows similar trend between 2000 and 2010 in terms of population and road/rail
PKT. Population increased 11.7% [10, 11] while road PKT increased 22.2% [12]. Result is 9.4%
increase in road PKT per capita. Rail PKT, however, dropped 5.8% [13, 14] while maritime PKT
increased 54% during that period [15] as shown in Table 3. Rail travel reduced, which is a
common observation in most developing countries due to emphasis on automobile traffic and
freight trucks.
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Table 2. Population, PKT and PKT per capita in the U.S. for 2000 and 2010
U.S.
Year
2010
2000

Population (millions)
308.7
281.4

% Growth (2000-2010)
% Growth (Annual)
U.S.
Year
2010
2000

9.7%
1.0%
Road
6,850,562.1
7,352,444.6

% Growth (2000-2010)
% Growth (Annual)

-6.8%
-0.7%

PKT per capita (millions)
Road
Rail
Maritime
22,188.4
187.8
2.2
26,126.1
172.0
2.0
-15.1%
9.2%
-1.5%
0.9%
PKT (millions)
Rail
Maritime
57,996.4
676.0
48,400.3
551.9
19.8%
2.0%

22.5%
2.2%

11.6%
1.2%
Total
6,909,234.5
7,401,396.8
-6.6%
-0.7%

Table 3. Population, PKT and PKT per capita in Turkey for 2000 and 2010

Year
2010
2000

Turkey
Population (millions)
75.7
67.8

% Growth (2000-2010)
% Growth (Annual)
Turkey
Year
2010
2000

11.7%
1.2%
Road
226,913.0
185,681.0

% Growth (2000-2010)
% Growth (Annual)

22.2%
2.2%

PKT per capita (millions)
Road
Rail
Maritime
2,996.6
72.5
20.7
2,738.5
86.0
15.0
9.4%
-15.7%
0.9%
-1.6%
PKT (millions)
Rail
Maritime
5,491.0
1,570.0
5,832.0
1,019.6
-5.8%
-0.6%

54.0%
5.4%

37.9%
3.8%
Total
233,974.0
192,532.6
21.5%
2.2%

Germany shows a similar trend in terms of road PKT per capita in comparison to the U.S.
Between 2000 and 2010, road PKT decreased 10.9% [16]. With 0.5% drop in population
considered [17], road PKT per capita showed a 10.5% decrease during the given period. Rail
8

PKT, on the other hand, increased 11.2% [18] which corresponds to 11.8% increase in rail PKT
per capita (Table 4). Figure 4 summarizes the PKT per capita in the U.S., Turkey and Germany.

Table 4. Population, PKT and PKT per capita in Germany for 2000 and 2010

Year
2010
2000

Germany
Population (millions)
81.8
82.2

% Growth (2000-2010)
% Growth (Annual)
Germany
Year
2010
2000

-0.5%
-0.1%
Road
980,000.0
1,100,000.0

% Growth (2000-2010)
% Growth (Annual)

-10.9%
-1.1%

PKT per capita (millions)
Road
Rail
Maritime
11,987.5
993.3
N/A
13,387.9
888.5
N/A
-10.5%
11.8%
-1.0%
1.2%
PKT (millions)
Rail
Maritime
81,206.0
N/A
73,000.0
N/A
11.2%
1.1%

N/A
N/A

N/A
N/A
Total
1,061,206.0
1,173,000.0
-9.5%
-1.0%

Population of Germany declined compared to the U.S. and Turkey. Furthermore,
transportation demand comparisons show that:
•

Road PKT increased in Turkey but declined in the U.S. and Germany. This is
apparently due to the fact that Turkey’s development is still growing.

•

Rail PKT decreased in Turkey but increased both in the U.S. and Germany. This is
probably due to recent efforts in the U.S. and Germany to reduce road-related vehicle
emission which is significantly less in rail transport [19].

•

Maritime PKT increased extensively 54% in Turkey due to daily commute in
Istanbul, Izmir and Bursa as well as other cities and historical sites along the Sea of
Marmara, Aegean Sea and Mediterranean Sea. It is worth noting that there is also a
9

significant transport of freight ships and oil tankers between Black Sea ports and Sea
of Marmara.

U.S., Turkey and Germany PKT per capita
% Growth Between 2000 and 2010

50%
40%

10-year growth (%)

30%

10-year Population Growth
9.7%

11.7%

U.S.

Turkey

37.9%

-0.5%

Germany

20%
10%

9.4%

9.2%

11.8%

N/A

0%
-10%
-20%

11.6%

-10.5%

-15.7%

-15.1%

Road

Rail

Maritime

Passenger Maritime Mile Data * 1.852 = PKT
Road Passenger Mile Data * 1.609 = PKT

Figure 4. U.S., Turkey and Germany PKT per capita % growth between 2000 and 2010

Figures 5 and 6 show population and road travel trends in the U.S. and Turkey for 1990,
2000 and 2010. During this period, population in the U.S. increased 24.1% [8, 20]. Road VMT,
on the other hand, increased 39.7% during the same period [21]. Population in Turkey increased
%34.1 [22] whereas road VMT nearly tripled [12]. Road travel has adverse impacts on the
following performance measures of mobility:
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•

Health (toxic emissions)

•

Safety (crashes)

•

Environment (GHG and other toxic emissions)

U.S. Population and Road VMT Trend
400

4,000
Population (millions)

350

3,500
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Figure 5. Population and road VMT trends in the U.S. between 1990 and 2010
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Figure 6. Population and road VMT trends in Turkey between 1990 and 2010

Hudson et al. (1997) point out that “highways, roads, and streets constitute the backbone
of transportation infrastructure” [23]. Accordingly, travel demands and VMT in the U.S. and
Turkey increased from 1990 to 2010. People need to commute daily and travel often. The road
travel, however, is not the most sustainable transportation mode. According to Uddin [24],
“Traffic accidents result in huge financial loss to the people involved and the related public
health cost is a significant part of the total societal cost. Motor vehicle exhausts and industrial
emissions, gasoline vapors, and chemical solvents as well as natural sources emit nitrogen oxides
12

and volatile organic compounds, which are precursors to the formation of ground-level ozone.”
Moreover, high concentration of ground-level ozone produces smog in summer days, which lead
to respiratory problems and worker productivity loss. “These factors and associated economic
costs to society are important in establishing public policy and decision-making for sustainable
transportation and development of communities in both industrialized and developing countries”
[24]. In conclusion, more sustainable transportation options should be sought and preferred over
road vehicle transport for a cleaner and safe environment.
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CHAPTER II
IMPACTS OF LAND USE AND NATURAL DISASTERS
2.1

Effects of Land Use and Transportation on Air Quality and GHG Emissions

2.1.1 Historical Development of Cities and Urbanization
Birth and chronological development of cities is reviewed in detail by Uddin [25]. A
summary follows:
•

Pre-Christian era, before Roman Empire (Babylon, Athens)

•

Rome (during Roman Empire)

•

Constantinople (Eastern Roman Empire/Byzantine Empire) and Chang’an (China)

•

Cities in the modern era of 1800s to mid-twentieth century (Beijing, London)

•

Post-World War II era and emergence of megacities (Tokyo, New York, London,
Paris, Chicago, Moscow and Istanbul, to name a few)

Starting from industrial revolution, there has been a pattern of migration of rural area
populations to cities and urban metro areas in quest for city jobs, education and better quality of
life. In the current 21st century, more than 50% of the population lives in cities in developing
countries. In industrialized countries, this ratio is up to 80%. Most megacities in the world are
now in developing countries [25]. This urban growth trend has resulted in construction of built
infrastructure in cities and subsequent loss of green spaces and wooded areas. As a result, there
are adverse impacts of built infrastructure on energy demand, air quality, public health, GHG
emissions and the environment.
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“The term ‘heat island’ describes built up areas that are hotter than nearby rural areas
[26]. Environmental Protection Agency (EPA) further recalls that “Heat islands can affect
communities by increasing summertime peak energy demand, air conditioning costs, air
pollution and greenhouse gas emissions, heat-related illness and mortality, and water quality”
[26]. The heat-island effect in both large and small cities, according to Uddin “is often observed
in cities where green, wooded and open spaces have been replaced by a jungle of built surfaces
of asphalt roads, concrete structures, and buildings” [27]. National Aeronautics and Space
Administration (NASA) imagery in Figure 7 shows the heat-island effect [28] in Providence,
Rhode Island, U.S.

Figure 7. NASA image showing heat-island effect in Providence, RI (second scene from left)

In the above four-part satellite image, space view of Providence is given on the left (true
color). Second scene from left shows surface temperatures (lighter colors representing higher
temperatures). Third image from left shows the developed land (darker colors representing
denser built-up areas). Finally, image on the right is vegetation with darker colors representing
higher vegetation. This satellite image clearly demonstrates the loss of vegetation and heat-island
effect in urban and city areas.
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Uddin defines sustainability as “to meet the current needs without depleting natural
resources and compromising the ability of future generations to meet their own needs for
sustaining a comfortable quality of life” [25]. Energy demand of urbanized areas is dramatically
higher than that of rural areas. Cities are the largest consumers of natural resources [25]. As a
consequence, pollution and GHG emissions are at the highest level in these areas. Therefore,
urbanized areas and cities should be the focus of sustainability practices. Monitoring ongoing
civil construction projects is also made possible with recent technology developments such as
terrestrial laser mapping and spaceborne high-resolution satellite imagery. Institute for
Sustainable Infrastructure (ISI) launched Envision Version 2.0, “a project (sustainability) rating
system that enables civil engineers to assess their infrastructure projects and assign scores to
them with respect to a full range of objectives” [29].

2.1.2 Example of Built Infrastructure Asset Management for Landmarks
A landmark is any structure or feature which is easily recognizable and has national and
historical significance. Today, there are numerous historical and ancient landmarks still standing
in many parts of the world. These structures (national monuments, amphitheatres, temples,
chapels, monasteries, mosques, churches, synagogues and remnants of ancient sites) have
exceeded their “design” life. As a result, these structures are more vulnerable to disaster impacts.
They need regular maintenance due to their ages. Needless to say, many were destructed due to
natural disasters in the past. United Nations Educational, Scientific and Cultural
Organization (UNESCO) emphasizes that “Parts of the cultural or natural heritage are of
outstanding interest and therefore need to be preserved as part of the world heritage of mankind
as a whole” [30].
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“Over the past years we have seen heritage places and World Heritage sites increasingly
threatened not only by traditional causes of decay and development pressures but also by new
and emerging risks such as climate change and its impacts on cultural heritage through increased
flooding, droughts and coastal erosion to mention only a few” [31] reports, International Council
on Monuments and Sites (ICOMOS). Protection of historical landmark assets is vital due to the
fact that they form “an important part of a nation’s history and culture” [32]. Maintenance
remains as an indispensable component of a project or structural life cycle regardless of the
occurrence of natural disasters [32]. An inventory database is fundamental to a DSS and could be
achieved conveniently using any database and geospatial software. Table 5 presents an example
of a historical landmark inventory and condition database structure [32]. Database mentioned
here for inventory and condition inspection could serve efficiently for a DSS. This database is
the most important element of a DSS for maintenance management.
“Probability of natural disasters cannot be changed, but vulnerability of infrastructure
asset could” [32]. Hence, such a database would help for maintenance prioritization which would
easily be established once the age, maintenance need, societal importance, touristic importance,
revenue and maintenance budget items are identified for each landmark. More on infrastructure
asset management and decision support systems can be found in Hudson et al. [23].

2.1.3 Role of Mass Transit in Reducing Road Congestion and Emissions
Natural resources of the Earth are limited and constantly lessening, which is sufficient to
emphasize that they may not be sustainable. Crude oil is no exception. Uddin recalls that “Fossil
fuel sources are diminishing, greenhouse gas emissions are reaching to an extremely high level,
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and migration of people from rural areas to urban areas and mobility needs are all accelerating
these adverse impacts on the environment” [33].

Table 5. Historical landmarks inventory and condition inspection database properties
Attribute

Data Type String

Description
The administrative district/region where the landmark is
located.

AA City

Text

255

AB Site

Text

255

AC Historical Period

Text

3

A historical classification based on the era/age. Gives an
insight of how old the respective landmark would be.

AD Date Constructed

Date

4

Date when the landmark was built.

AE Material

Text

2

Construction material used for the supporting (load-carrying)
system of the landmark.

AF Function

Text

2

Defines the purpose of the landmark.

AG Disaster History

Text

2

Provides an insight of whether the landmark has seen
extensive damage in its past.

AH Last Built

Date

4

Date when the landmark was last built. Equals [AD] if not
rebuilt.

AI Last Inspected

Date

4

Date when the last inspection was carried out.

AJ Last Maintained

Date

4

Date when the landmarks was last maintained.

AK Cost ($)

Number

9

Cost related to the maintenance.

AL Condition Rating

Number

1

Condition rating of the landmark.

AM Open to Public?

Text

1

Indicates whether the landmark is being used publicly.

AN Average Daily Usage

Number

8

Average number of people utilizing the landmark in line with
its function (e.g. religious fulfilment if it is the case).

AO Number of Visitors/Year

Number

8

Total number of people visiting the landmark in a given year.

AP Year of [AO]

Date

4

Year of the visitor data given in [AO].

AR Overall Usage Rating

Text

1

Rating based on the totals of [AN] and [AO].

Name of the landmark.
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During the last decade, transport-related carbon dioxide (CO2) emissions decreased 5% in
the U.S and 6.7% in Germany, whereas increased 33.6% in Turkey [34]. Moreover, Turkey ranks
the 1st in terms of % changes in GHG emissions between 1990 and 2008. GHG Emissions in
Turkey increased 96.0% excluding land use, land use change and forestry (LULUCF), and
101.1% including LULUCF [34]. In the United States, increase in GHG emissions is 13.3% for
the former and 15.3% for the latter. On the other hand, GHG emissions decreased 22.2% in
Germany excluding LULUCF and 18.4% including LULUCF [34]. Germany performed far
better than the U.S. and Turkey in managing total CO2 emissions (with 11.7% drop) between
2000 and 2010, as shown in Figure 8 [8, 17, 35, 36, 37].
Transportation remains as one of the major sources of GHG emissions. As a matter of
fact, electric-powered rail systems with zero and very small GHG emissions are better in terms
of sustainability when compared to road vehicles. These rail track transport assets include metro,
subways, light rail systems and trams. If operated on electric power, they produce almost zero
emissions and move so many vehicles away from the roadway traffic. According to the U.S.
Department of Transportation (USDOT)’s Research and Innovative Technology Administration
(RITA); New York, Washington D.C. and Massachusetts are the top three states in the U.S.
which perform the best in terms of rail commuting [38]. Figure 9 shows percentage share of rail
commute in the U.S. by state.
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Figure 8. U.S., Turkey and Germany CO2 emissions % change between 2000 and 2010

Figure 9. Percentage share of rail commute in the U.S. (2009)
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World’s largest metro mass transit systems are Tokyo Subway, Shanghai Metro, Hong
Kong Mass Transit Railway (MTR), Beijing Subway, Guangzhou Metro, Moscow Metro, New
York City Subway, Mexico City Metro and London Underground [39]. Figure 10 shows 111
cities in five groups with respect to annual metro passenger ride (MPR) values. Tokyo (Japan)
tops the list with 3.16 billion metro passengers [40]. Threshold cities of remaining four groups
are Kobe-Osaka (Japan), Caracas (Venezuela), Lille (France) and Yekaterinburg (Russia). Table
6 shows maximum and minimum MPR for each group and lists the cities in each group. Cities
with 485 million or more annual MPR are listed in Groups 1 and 2. One can realize the reduction
in transport emissions made by the metro systems in these cities.

Annual Metro Passenger Ride (MPR)
(Millions)

4,000

11
1,828
31%

12
667
21%

42
240
46%

21
73
20%

25
26
51%

3,161
3,000
1
2,000
2

1,000

Osaka-Kobe
958

3

4

Caracas
485

Lille, 96

0

5
Yekaterinburg, 46

Figure 10. Annual subway MPR of 111 cities in five groups
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n
mean
CV

Table 6. Maximum/minimum MPR (millions) for five groups of cities
Group
Maximum
Minimum

1

2

3

4

5

3,161
1,107

958
509

485
102

96
50

46
5

Group 1

:

Tokyo, Moscow, Seoul, Shanghai, Beijing, New York City,
Guangzhou, Paris, Mexico City, Hong Kong (11)

Group 2

:

Osaka-Kobe, Cairo, Saint Petersburg, São Paulo,
Singapore, Madrid, Santiago, Prague, Taipei, Vienna, Kiev,
Berlin (12)

Group 3

:

Caracas, Delhi, Tehran, Nagoya, Buenos Aires, Athens,
Barcelona, Munich, Toronto, Rome, Milan, Stockholm,
Budapest, Montreal, Kharkiv, Busan, Minsk, Bucharest,
Washington, D.C., Nanjing, Sapporo, Baku, Chicago,
Bangkok, Manila, Hamburg, Lisbon, Kolkata, Medellin, Rio
de Janeiro, Boston, Warsaw, Chongqing, Shenzhen,
Brussels, Kyoto, Vancouver, Ankara, Daegu, Kuala
Lumpur, Fukuoka City, San Francisco (42)

Group 4

:

Lille, Philadelphia, Tbilisi, Amsterdam, Copenhagen,
Rotterdam, Atlanta, Incheon, Oslo, Wuhan, Tashkent,
Novosibirsk, Marseille, Valencia, Sofia, Recife, Helsinki,
Sendai, Istanbul, Copenhagen, Kaohsiung (21)

Group 5

:

Yekaterinburg, Porto Alegre, Los Angeles County, Belo
Horizonte, Toulouse, Dubai, Kazan, Pyongyang, Nizhny
Novgorod, Izmir, Daejeon, Naples, Turin, Hiroshima,
Miami, Gwangju, Yerevan, Tianjin, Valparaíso,
Dnipropetrovsk, Glasgow, Baltimore, Samara, San Juan,
Cleveland (25)

Figure 11 shows public transport share of subway in 16 chosen large cities [2, 40]. By
just looking at raw number of metro passengers, Tokyo ranks the 1st (Figure 10). However, Hong
Kong population has the highest percentage using metro (52.7%). New York City’s MPR (as %
of population) is less than half of Hong Kong, even though it has the highest metro ride in the
U.S. This is due to Hong Kong’s relatively small land area. Spatial distribution of 75 cities
worldwide in terms of annual MPR [40], provided in Figure 12, was created using GeoMedia
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Professional 6.1 software [41]. Tokyo, Moscow (Russia), Seoul (South Korea), Shanghai and
Beijing (China) make the top five in the list.

MPR (% of Population)
Population

50

40

40

30
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MPR (% of Population)

50

Figure 11. Public transport share of subway in chosen megacities (% of population)

Figure 12. Annual subway MPR of 75 cities (2010-2012)
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Consuming fossil fuel resources for transport causes adverse impacts on climate and
human health, all of which result in significant economic costs [42]. Therefore, electric-powered
rail should be given urgent priority not only in megacities but also in other growing cities. In
addition, biofuels and renewable energy (solar power) present alternatives to the traditional use
of finite petroleum-based fuels, and “can make an important contribution to sustainable mobility
in a modern industrial society” [42]. Efficient traffic flow could be achieved by intelligent
transportation systems (ITS) technologies.

2.2

Review of Natural Disasters and Their Impacts on the Built Environment

2.2.1 Earthquakes and Tsunamis
United States Geological Survey (USGS) is an agency for Earth sciences and disasters.
Global occurrence of earthquakes is monitored by the USGS Earthquake Hazards Program.
According to USGS, there were 36 historically significant earthquakes in Turkey between 1900
and 2011. During this period, 90,679 fatalities were reported [43]. Figure 13 shows the
distribution of the historical earthquakes in Turkey by decade [44]. Disaster and Emergency
Management Presidency under Republic of Turkey Prime Ministry also keeps the record of
seismic activities. A huge database is available due to the fact that Turkey is located in a
seismically active zone.
Total of 9,965 occurrences of earthquakes were recorded in Turkey between January 1,
1900 and May 8, 2011. These earthquakes were magnitude 4.0 or higher. Figure 14 clearly
indicates that earthquakes have been occurring in Turkey at a higher frequency for the last 40
years [45]. Most recently, Eastern city of Van was devastated on 23 October 2011 with a 7.2
magnitude earthquake where more than 100 thousand buildings collapsed [44]. Turkey is not the
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only country with tremors; Eastern United States was shaken on August 23, 2011 with
magnitude 5.8 tremor epicentered in Virginia [46]. Coastal regions face another risk together
with earthquakes: Tsunamis.
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Figure 13. Number of historical earthquakes in Turkey by decade
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Figure 14. Seismic activity in Turkey (M>4.0) between January 1900 and May 2011
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Tsunamis, “also known as seismic sea waves (mistakenly called ‘tidal waves’), are a
series of enormous waves created by an underwater disturbance such as an earthquake, landslide,
volcanic eruption, or meteorite. A tsunami can move hundreds of miles per hour in the open
ocean and smash into land with waves as high as 100 feet or more” [47]. The 9.0 magnitude
earthquake and tsunami in March 11, 2011 devastated the north east coast of Japan with the loss
of thousands of lives and destruction of a nuclear power plant (Fukushima I). Japan has not fully
recovered from this tsunami disaster [48]. What is more, Haiti was hit by tsunamis on January
12, 2010 along with a 7.0 magnitude earthquake. More than 300 thousand people were killed,
another 300 thousand were injured and more than a million were displaced [49]. Furthermore,
the 9.1 magnitude 2004 Indian Ocean earthquake which occurred in South Asia on December 26,
2004 was the third largest earthquake in the 20th century, and not surprisingly, it was followed by
a devastating tsunami that affected almost 10 countries in South Asia and East Africa. Tsunami
had caused the highest number of casualties more than ever [50]. The following coastal
earthquake disasters are also worth noting (the magnitudes are given in subsequent brackets):
•

Sumatra, Indonesia, April 11, 2012 (8.2 and 8.6), January 10, 2012 (7.2), December
26, 2006 (9.1) and July 25, 2004 (7.3)

•

Chile, March 25, 2012 (7.1)

•

Japan, March 11, 2011 (9.0 and 7.9)

•

Philippines, July 23, 2010 (7.6, 7.4 and 7.3)

•

Macquarie Island, December 23, 2004 (8.1)

•

Indonesia, November 11, 2004 (7.5) and February 7, 2004 (7.3)
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2.2.2 Coastal and Inland Floods
Ninety-six weather-related disasters occurred in the United States between 1980 and
2009 [51]. Floods alone caused more than 86 billions of cost (2002 U.S. dollars) between 1955
and 2000 [52]. During this period, Iowa, California, Louisiana and Texas suffered the most flood
damage. Geospatial map given in Figure 15 shows estimated flood damage cost by state. Coastal
floods are primarily caused by tsunamis as well as hurricanes and cyclones. Hurricane Irene
(2011), Cyclone Nargis (2008), Cyclone Gonu (2007) and Hurricane Katrina (2005) are the most
disastrous events of the near history.

Figure 15. Estimated flood damage in the U.S. between 1955 and 2000
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The 2011 Philippines flood, 2011 Thailand floods, 2011 Mississippi River floods, and
2010 Pakistan floods also caused billions of dollars in damages and hundreds of fatalities. Recent
floods in the cities of Krasnodar (Russia, July 8, 2012), Samsun (Turkey, July 5, 2012) and
Istanbul (Turkey, May 19, 2012) are also examples of inland floods. Heavy rains, surface runoff
and river overflows are the main factors that cause inland floods. Between 1900 and 2012,
around 7 million people worldwide were killed during floods [6] and millions more were
displaced. Figure 16 shows the distribution of flood-related deaths by country since 1900. China
has suffered the most casualties (6,598,121) followed by India (60,708), and Bangladesh
(52,102). A list of 10 countries with the most flood casualties is provided in Table 7.

Figure 16. Casualties worldwide due to floods (1900-2012)
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Table 7. List of 10 countries with the most casualties due to floods (1900-2012)

Country

Number of
Casualties

China
India
Bangladesh
Guatemala
Venezuela
Pakistan
Japan
Iran
Brazil
Indonesia

6,597,809
60,708
52,102
40,908
30,396
15,375
13,066
7,767
7,634
6,345

Thailand’s megaflood of October-November 2011 was declared as a national disaster by
the Thai government. About 2 million people were displaced, 903 factories were destructed
nationwide and 10 out of 26 provinces were affected [53]. It is evident that earthquakes and
floods result in huge economic and human losses. Moreover, earthquakes cannot be accurately
predicted, although USGS and other researchers are trying to monitor seismic activities along
known fault lines and improve prediction accuracy. Even though earthquake warning systems are
being used in Japan, Mexico and Taiwan and related research is in progress in the United States
[54], earthquake prediction remains uncertain. Additionally, seismic waves are travelling at very
high speeds [55] which allow communities only a little time after a warning is issued. Floods can
be predicted more accurately due to weather satellite monitoring and given the fact that rain
seasons are generally known and meteorological observations and historical records are
available. Moreover, there is enough time for action once a flood warning is issued. After all,
adverse impacts of natural disasters are not limited to economic and human losses. Biodiversity
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and the environment also face a big risk. Therefore, protection from natural disasters is
fundamental in avoiding lives, economic losses and ecological destruction.

2.2.3 Protection of Communities and Lifeline Infrastructure Assets
Flood disasters can cause catastrophic failures which would necessitate expensive
reconstruction strategy and “disrupt transport infrastructure and mobility need for emergency
management” [56]. Assessment of vulnerability and training of disaster resilient communities are
vital in mitigation actions. “Population settlements in hazard prone locations expose large
numbers of people to risk due to disastrous failures of lifeline infrastructure including
transportation networks, as seen during the aftermath of Hurricane Irene in August 2011 that
impacted vast areas north of Georgia all the way to New England” [51]. In the past hundred
years, economic costs caused by floods are estimated in billions of dollars as shown spatially in
Figure 17 [6]. China, United States and Thailand top the list. It is also observed in Figure 17 that
island countries (Australia, Japan, United Kingdom etc.) and countries bordering seas/oceans
(India, Italy, North Korea, Pakistan etc.) are at higher range of flood damage costs.
“Flooding hazards are inevitable due to terrain and soil conditions, torrential rain for
longer duration” and they have direct and repeated impact on infrastructure assets and human
lives, and result in damage to lifeline infrastructure and economic losses [56]. Table 8 lists top
ten countries with the biggest economic losses due to floods between 1900 and 2012 [6].
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Figure 17. Flood damage related cost by country (1900-2012)

Table 8. Top 10 countries with the most flood damage (1900-2012)
Estimated Damage
(million US$)

Country
China
* United States
Thailand
India
Italy
North Korea
United Kingdom
Pakistan
Germany
Australia

170,058
56,237
44,801
35,802
23,341
17,531
16,154
14,968
14,110
13,184

* United States flood related damage cost
does not include hurricanes and coastal
flood disasters.
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Floods, as the most destructive among all natural disaster types, can happen anywhere,
and result in costly and irreversible impacts. Either economic or societal, the losses are huge and
must be avoided at all costs with careful land use planning, mitigation and protection. Disaster
histories, records, technology and know-how are available. It is more a matter of how effectively
people utilize these for mitigation purposes. Remote sensing and geospatial technologies are vital
for mitigation and flood protection, which are reviewed in the next section.

2.3

Remote Sensing and Geospatial Technologies to Expedite Emergency Management

2.3.1 Review of Remote Sensing Sensors and their Capabilities
Spaceborne and airborne remote sensing technology offers many advantages (compared
to traditional ground-based surveying methods) such as digital collection and storage of data,
shorter times for data collection and analysis, more coverage area and less constraints in
topographic and weather operating [57]. Additionally, “the availability of cost-competitive,
high-resolution, multispectral satellite imagery provides tremendous opportunities for analyzing
infrastructure inventory, land use/land cover and traffic volume, as well as assessing
environmental and post-disaster conditions” [57]. Examples of utilization of satellite imagery
include Hurricane Katrina damage estimate [58] and ITS project for Karachi, Pakistan [59].
Figure 18 shows the first remote sensing photo from space. Taken by a rocket-borne
camera in 1946, it was a “grainy, black-and-white” photo [60]. High altitude flying aircrafts were
used in the 1960s by the U.S. to spy on Russia’s nuclear facilities. These missions provided
snapshot images which were not georeferenced. Figure 19 shows how far remote sensing
technology has evolved since then. Taken by Landsat 5 satellite of NASA, this 15-m ground
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resolution imagery shows the sediment in New York Harbor following Hurricane Irene in
August 2011. White patches are clouds, and Earth’s curvature is barely noticeable in Figure 18.

Figure 18. First remote sensing photo of Earth from space
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Figure 19. Landsat 5 image dated August 31, 2011 showing aftermath of Hurricane Irene
[Credit: USGS/NASA Earth Observatory/Robert Simmon]
“Color generally correlates with the amount and type of sediment: lighter green and tan
areas have more suspended silt and sand than dark blue waters. Brown waters likely indicate
more mud or leaf tannins from inland runoff; the Passaic River in New Jersey is an example”
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[61]. Satellite imagery and aerial photos provide the “big picture” and are of great importance to
decision makers, engineers and planners. The public can also enjoy the benefits of looking at an
AOI from space using web-based Google Earth capabilities [62]. Convenience of satellite
imagery not only helps in infrastructure management but also in other disciplines such as
environmental studies, hydrology, hydroscience, forestry, geological engineering and disaster
monitoring. Technical specifications/capabilities of commercially available Earth observation
satellites are summarized in Table 9. IKONOS imagery was the first commercial source of 1-m
satellite imagery. High-resolution spaceborne and airborne imageries/photos provide excellent
base maps for DSS when accompanied with geospatial mapping and analysis.

2.3.2 Geospatial Mapping for Infrastructure Inventory and Emergency Management
Infrastructure inventories provide all relevant information handy and are indispensable
DSS components. For an efficient emergency management system, quantitative and spatial
information/data in the aftermath of natural disasters are needed. These information/data require
“advanced applications of imagery analysis and geographical information system (GIS) to
visualize the physical location and specific attributes of the infrastructure assets and other land
use classifications” [51].
Information management usually requires large amount of information/data to be
processed. Geospatial mapping is a powerful visualization tool. Extensive amount of geographic
data and non-geographic information can be presented conveniently using geospatial mapping.
For example, Figure 17 shows non-geographic cost data in a geospatial map. This powerful
technique significantly facilitates inventory and condition assessment; it can be applied to almost
any geographical location in the world. Last but not least, any type of information (attributes)
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can be spatially presented to expedite comprehension. Geospatial mapping and geospatial
analysis use remote sensing imagery data and spatial analysis tools to enhance DSS functions.

2.3.3 Geospatial Analysis for Disaster Risk Mapping of Built Infrastructure
Traditional GIS applications using low-resolution imagery are not sufficient to provide
accurate data for engineering analyses and DSS tools. In addition, “natural disasters, such as
earthquakes and tsunamis, and man-made disasters require fast response to save lives and
emergency maintenance to repair to damaged infrastructures” [84]. Hence, GIS databases and
geospatial analysis are essential in visual display of the inventory data of built infrastructure and
disaster assessment [84]. Next chapter (Chapter III) presents the geospatial analysis pursued in
this thesis to assess pre-flood built infrastructure and post-flood damage at Asian Institute of
Technology (AIT) Campus in Rangsit (Pathum Thani Province), north of Bangkok, Thailand
[85].
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DigitalGlobe

4 (off-nadir)
3.2 (at nadir)

0.5 - 1.0

-

1 (off-nadir)
0.8 (at nadir)

1, 2, 3, 18

15

N/A

-

1.5

2.5, 5, 10

2

-

0.5

4

-

-

-

14

7

5

3

-

4

4

-

4

-

4

0.34

8

8

1

4

0.25 - 0.34

0.46, 0.52

0.5

0.61, 0.65

0.5 (off-nadir)
0.41 (at nadir)

TIR (6): 60
Others (1-5, 7): 30
VNIR: 15
SWIR: 30

5

22

6

2.5, 5, 10, 20

2

1.36

1.64 (at nadir)

0.99 - 1.38

1.85, 2.07

N/A

2.44, 2.62
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DigitalGlobe

QuickBird (aka Quickbird 2)

[63]

Resolution
Spatial (m)
Spectral
(bands)
Multispectral
Panchromatic

Satellite

REF

Owner

3-5

-

-

2.5

16

16

1, 5.5

2-3

-

2-3

1

-

1

-

3

1 - 5.4

1.1, 3.7

1.7, 5.4

2.4 - 5.9

Temporal (days)

2007
2009

Mono: 111 x 112 (6 strips)
Stereo: 51 x 112 (3 pairs)
Mono: 138 x 112 (8 strips)
Stereo: 63 x 112 (4 pairs)

-

Wdth/length up to
600/1000

-

5-9

-

-

60

185

13.8 x 13.8 (off-nadir)
11.3 x 11.3 (at nadir)

-

-

5 x 10, 10 x 10, 30 x 50, 100 x 150

-

185 x 185

-

-

77

60 x 60

-

24 x 24

-

Single pass up to 100 x 100

-

15.2 x 15.2 (at nadir)

2001

16.8 x 16.8 (single area)
16.8 x 360 (strip)

1999

-

2015*

2007

1999

1999

2008

2009

2012* and 2013*

2002

2004

-

2011

2013*

2008

2014*

Year Launched

Footprint (km x km)

60 (at nadir)
Max. strip length 600.

-

-

20

-

-

-

16.4 (at nadir)

-

-

Swath width (km)

Table 9. Comparison of Earth observation satellites

CHAPTER III
IMAGERY-BASED INFRASTRUCTURE INVENTORY AND FLOOD DAMAGE
ESTIMATE
3.1

Pre-flood Geospatial Inventory and Post-flood Inspection of AIT Campus Infrastructure

“Asian Institute of Technology (AIT) based in Bangkok is a major contributor of higher
education to Thailand, Association of Southeast Asian Nations (ASEAN) region and the
world…Since its establishment in Bangkok in 1959 as SEATO Graduate School, AIT has
supported and granted MS and PhD degrees to over 19,000 selected students in Asia and
worldwide from 88 countries. AIT is a successful model of post-graduate higher education
institution serving Asia and other developing countries in the world for achieving capacity
building and self reliance goals” [85].
3.1.1 History of AIT 2011 Floods
Torrential rains in Thailand (Figure 20) initiated a severe flood in October-November
2011. In some provinces of Bangkok, flood water flow rate was the highest of the past 50 years.
Five major tropical storms early this year was behind the disaster that hit Bangkok with rainfall
and runoff volumes close to a 100-years return period [53].
Thai government declared the flood as a national disaster. Death toll was 815 and more
than 13 million people were affected and as of December 1, 2011, economic loss was estimated
by the World Bank as US$ 45.7 billion, most of which was due to devastation in manufacturing
industry [86]. AIT Campus in the north of Bangkok was not spared from the immense flooding.
Entire campus was inundated with flood water for several weeks.
Since mid-October 2011, AIT officials have been informing AIT Alumni about
day-to-day flood water progression from north to south towards AIT Campus, Rangsit and
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Bangkok. They also emailed campus photos (Figure 21-23) to AIT Alumni and asked for advice
to protect AIT Campus and facilities/laboratory equipment from flood water hazards [87]. More
information and Uddin’s advice to AIT Administration (based on 2005 Hurricane Katrina
disaster) are available elsewhere [53].
Later, on the invitation of AIT President, Uddin visited AIT Campus and documented his
inspection, assisted by the AIT Consulting (AITC) Staff [88], in follow up reports to AIT
Campus Rebuilding Committee [89]. There was noticeable damage in the first floors of almost
all campus buildings. Photos in Figures 21-23 show the AIT Campus inundated during October
20 through most of November 2011.

Figure 20. Thailand and its surrounding countries
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Figure 21. East side of AIT Campus [Credit: AIT Staff]

Figure 22. AIT Main Gate on October 22, 2011 [Credit: AIT Staff]
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Figure 23. AIT Main Gate and access road [Credit: AIT Staff]

3.1.2 Site Map of AIT Campus, Thailand
Site map of AIT Campus was provided to Uddin on December 19, 2011 by AITC, during
his visit to AIT Campus soon after the flooding. This raster image, as given in Figure 24, is a
GIS map that was created by AITC [90]. Map features include roads, buildings, water bodies and
land parcels of the campus. Also it shows canals (klongs) but no footprints of levees (dikes),
main access road, and highway on the east side of the campus. This GIS map is also missing
trees, sports facilities and names of other academic/research institutions.
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Figure 24. AITC GIS Map [Credit: AIT Consulting]

AIT GIS Map is a raster image. Due to fact that raster images are not georeferenced, the
image is registered as an “interactive image” in GeoMedia Professional 6.1 in order to carry out
planimetrics work. More on registration process and planimetrics are provided in Appendix B
[91].

3.1.3 AITC GIS-based Geospatial Map (Preliminary Geospatial Planimetric Map)
As mentioned in the preceding section, preliminary geospatial planimetric map was
pursued in a previous study [91, 92] using GeoMedia Professional 6.1 [41]. Geospatial map
created using AITC’s GIS raster map shows pre-flood condition of AIT and includes landmarks,
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educational buildings, residential buildings, sports structures, other structures, road center lines,
inland water bodies and open areas as shown in Figure 25. Again, this geospatial map does not
show trees, dikes, highway on the east side (Figure 21), main access road (Figure 23) and
location of neighboring institutions. Campus feature inventory and built-up areas based on the
pre-flood geospatial map (created from AITC GIS Map) are given in Table 10. According to this
preliminary study, total AIT Campus area is calculated as 1.13 km2 with built-up area occupying
29.3% of the total area. As noted in this table, footprints of many features were not available in
the AITC GIS raster image used to create the preliminary geospatial map (Figure 25).

Table 10. AIT Campus built-up area based on preliminary geospatial planimetric map
Footprint Area
2

Inventory Item (Feature)

(m )

% of Total
AIT Area

Educational Building

54,471.6

4.8

Residential Building

30,734.1

2.7

Sports Structure

149,091.0

13.2

Structure (other)

9,824.5

0.9

Road

63,999.6

5.6

Dike

*

Golf Course

*

Inland Waterbody (ponds, fountains)
Total Built-up Area

24,390.9

2.2

332,511.7

29.3

Grass

*

Tree

*

Klong (along the campus boundary)
Dirt Track

(not pursued)
*

Open Area

800,615.4

70.7

Total Open Area

800,615.4

70.7

Total AIT Area

1,133,127.1

100.0

* These features were not available from the AITC GIS raster image.
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44
Figure 25. AIT Campus planimetrics before 2011 floods

3.1.4 Post-flood Inspection of AIT Campus After October-November 2011 Floods
Uddin and AITC Staff inspected the AIT Campus on December 19, 2011 for flood marks
and flood damage [93]. Inspected features are as follows: AIT Main Gate (which will be referred
to as AIT Gate from now on) and adjacent area on the east side of gate security office, New
Zealand (NZ) Faculty House 1, Road Sign Post (1st), Interlab Building, Dormitory D,
Administration Building, AIT Globe, AIT Conference Center, Road Sign Post (2nd), Pulp and
Paper Building, GIS Laboratory, Electrical Substation 11, School of Management (SOM), AIT
Library, School of Engineering and Technology (SET), and Fountain. In most instances, flood
marks on the outside and inside the inspected structures were measured and recorded [93]. These
inspected features are incorporated into the preliminary geospatial inventory map of the campus
for this research study, as shown in Figure 26. More analysis and discussion on the post-flood
inspection are provided in Section 3.3 using a comprehensive geospatial planimetric map created
in this research.

Figure 26. AIT Campus planimetrics showing features inspected on site after 2011 floods
(December 19, 2011)
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3.1.5 Checking Spatial Accuracy of Pre-flood Geospatial Map
In order to assess the spatial accuracy of pre-flood geospatial map, new planimetrics
needs to be done using high-resolution multispectral satellite imagery. After initial contacts with
GeoEye (for IKONOS imagery), East View Geospatial, Inc. was approached to acquire 1-m
IKONOS imagery. The AOI was AIT Campus in Rangsit in the north of Bangkok, Thailand. An
imagery set consisting of pre-flood and post-flood scenes was requested. Figure 27 shows the
requested area with the corner coordinates used for the shape file of the scene. The coordinates
were acquired in Google Earth [62]. The first IKONOS archived imagery set of pre-flood
(December 18, 2010) imagery and post-flood (November 4, 2011) imagery was acquired on May
21, 2012. This is referred to as “first” imagery set.

3.1.6 Planimetrics Comparison between 1-m IKONOS Imagery and AITC GIS-based
Preliminary Geospatial Map
(a) Comparison with planimetrics created from “first” set of IKONOS imagery
Planimetrics of AIT Campus features [91] was done using AITC’s GIS Map (preliminary
geospatial map) which lacked several features. In order to investigate whether this planimetrics
could be used for ground truth purpose, its spatial accuracy was accessed using scientific
methods (inferential statistics), after creating geospatial planimetrics on 1-m IKONOS
multispectral satellite imagery scene of December 18, 2010 (from the “first” set of imagery) for
comparison. The purpose of this comparison was to establish a ground truth prior to 2011
flooding based on a detailed and accurate geospatial planimetric map of AIT Campus. Three
building footprints were randomly selected (Administration Building, SOM and AIT Library).
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Lon
Lat

3.00 km

Figure 27. Requested AOI (Google Earth)

After creating the planimetrics of the three building footprints from 1-m “first” imagery,
statistical test of significance was conducted. Null hypothesis is that there is zero difference
between the means of the calculated planimetrics areas in “first” 1-m IKONOS imagery and the
means of calculated planimetrics areas in AITC GIS-based preliminary geospatial map.
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μ1:

Population mean of planimetrics area of built infrastructure (based on “first” 1-m
IKONOS imagery of December 2010)

μ2:

Population mean of planimetrics area of built infrastructure (based on preliminary
geospatial map)

H0, Null hypothesis: μ1 − μ2 = 0
H1, Alternative hypothesis: μ1 − μ2

0

Sample 1, X1: Planimetrics of randomly selected building areas (based on “first” 1-m
IKONOS imagery of December 2010)
Sample 2, X2: Planimetrics of randomly selected building areas (based on preliminary
geospatial map)
Sample 1 size, n1 = 3
Sample 2 size, n2 = 3
Each sample group has “n – 1” independent deviation from the group’s mean value.
Hence, number of degrees of freedom is:
(n – 1) + (n – 1) = 2n – 2 = 2 · 3 – 2 = 4
Formulas used for standard deviation, pooled standard deviation and t-statistic are given
in Equations 1, 2 and 3, respectively [94]. One-tailed t-test will apply. tcritical limits at α = 0.05
with 4 degrees of freedom is –2.132 < tcritical < +2.132, and t-statistic is calculated based on the
following assumptions:
•

Normally distributed populations from where the two samples are drawn

•

Homogeneity of variance of the two populations
(This implies that variance of population of Sample 1 is equal to variance of
population of Sample 2)
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SX

Pooled standard deviation,

t-statistic, t =

∑ X

s

Standard deviation,

X

X

(1)

SX

SX

δ

(2)

(3)

Results are provided in Table 11. Calculated t-statistic value, –0.133, is within
–2.132 < t < +2.132. In other words, there is no statistically significant difference between the
sample means of planimetrics from preliminary geospatial map and planimetrics created from 1m IKONOS “first” pre-flood imagery. Therefore, null hypothesis cannot be rejected and these
two planimetrics of building areas are statistically similar. Hence, the preliminary planimetrics of
buildings could be used for 1-m IKONOS imagery without creating duplicate planimetrics.
However, the “first” IKONOS imagery set was missing vital spectral pixel reflectance
data for one band that will be needed for future research. After contacting, East View Geospatial,
Inc. provided a “second” set of 2010 and 2011 IKONOS imagery for the same AIT Campus area
on June 1, 2012. The second imagery set has all required spectral band data attributes for both
pre-flood (December 18, 2010) and post-flood (November 4, 2011) scenes.
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Table 11. Area planimetrics comparison of “first” 1-m IKONOS imagery and AITC GIS-based
preliminary geospatial map
Sample
No.

Planimetric Feature

1

Administration Building

2

SOM

3

AIT Library

IKONOS
"first"
X1

AITC
GIS Map
X2

3,447.7

Difference (%)
2

2

353,192.5

72,972.0

-1,949.8

4,502,459.6

3,801,590.1

1,679.6

2,333,561.8

2,821,168.1

(X1 -X2 )/X1

X1 - X1mean

X2 - X2mean

3,325.6

3.5

594.3

270.1

731.5

1,105.7

-51.2

-2,121.9

4,381.0

4,735.1

-8.1

1,527.6

(X1 - X1mean ) (X2 - X2mean )

2

(Footprint area in m )
Mean (Xmean )

2,853.4

3,055.5

-18.6

Sum (∑X)

8,560.2

9,166.4

-55.7

SX

1,895.9

1,829.7

CV (%)

66.4

59.9

Variance

3,594,606.9 3,347,865.1

Difference in
Variance for
X1 and X2

246,741.8

2

∑(Xi - Xmean )

7,189,213.9

6,695,730.2

28.8

SX

1,895.9

1,829.7

-155.2

SX 1 X 2

1,863.1

t

-0.133

(b) Comparison with planimetrics created from “second” set of IKONOS imagery
The above steps above are repeated for planimetrics of the same three buildings created
from the “second” 1-m IKONOS 2010 imagery, and for comparison with the AITC GIS-based
preliminary geospatial map. Null hypothesis is that there is zero difference between the means of
the calculated planimetrics areas in “second” 1-m IKONOS imagery and the means of calculated
planimetrics areas in AITC GIS-based preliminary geospatial map. Same three building samples
are used for comparison of accuracy.
μ1:

Population mean of planimetrics area of built infrastructure (based on “second”
1-m IKONOS imagery of December 2010)

μ2:

Population mean of planimetrics area of built infrastructure (based on preliminary
geospatial map)

H0, Null hypothesis: μ1 − μ2 = 0
H1, Alternative hypothesis: μ1 − μ2

0
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Sample 1, X1: Planimetrics of randomly selected building areas (based on “second” 1-m
IKONOS imagery of December 2010)
Sample 2, X2: Planimetrics of randomly selected building areas (based on preliminary
geospatial map)
Sample 1 size, n1 = 3
Sample 2 size, n2 = 3
Each sample group has “n – 1” independent deviation from the group’s mean value. So,
number of degrees of freedom is:
(n – 1) + (n – 1) = 2n – 2 = 2 · 3 – 2 = 4
Once again, one-tailed t-test will apply. tcritical limits at α = 0.05 with 4 degrees of
freedom is –2.132 < tcritical < +2.132. t-statistic is calculated based on the following assumptions:
•

Populations of both samples are normally distributed.

•

Variance of population of Sample 1 is equal to variance of population of Sample 2.

Results are provided in Table 12. Calculated t-statistic value, –0.130, is within
–2.132 < t < +2.132. In other words, there is no statistically significant difference between the
sample means of planimetric area in preliminary geospatial map and planimetric area using 1-m
IKONOS “second” pre-flood imagery. Therefore, null hypothesis cannot be rejected.
However, the above t-tests may not be valid due to the following reasons:
•

Means of sample difference for the three building samples are –18.6% (Table 11) and
–16.0% (Table 12). Coefficient of variation (CV) is –155.2% (Table 11) and –152.0%
(Table 12). Both of these are rather large.

•

Variances of both sets of samples (from two different planimetrics of “first” and
“second” imagery sets) are very large and the differences in the variance values are
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246,741.8 (Table 11) and 102,655.8 (Table 12) which are large. This violates the
equal variance assumption.

Table 12. Area planimetrics comparison of “second” 1-m IKONOS imagery and AITC
GIS-based preliminary geospatial map

Sample
No.

Planimetric Feature

1

Administration Building

2

SOM

3

AIT Library

IKONOS
"second"
X1

AITC
GIS Map
X2

3,473.5

3,325.6

4.3

613.9

270.1

376,873.2

72,972.0

772.8

1,105.7

-43.1

-2,086.8

-1,949.8

4,354,734.2

3,801,590.1

4,332.5

4,735.1

-9.3

1,472.9

1,679.6

2,169,434.4

2,821,168.1

Difference (%)
(X1 -X2 )/X1

X1 - X1mean

2

X2 - X2mean

2

(X1 - X1mean ) (X2 - X2mean )

2

(Footprint area in m )
Mean (Xmean )

2,859.6

3,055.5

-16.0

Sum (∑X)

8,578.8

9,166.4

-48.1

∑(Xi - Xmean )

6,901,041.9

6,695,730.2

SX

1,857.6

1,829.7

24.4

SX

1,857.6

1,829.7

CV (%)

65.0

59.9

-152.0

SX 1 X 2

1,843.7

t

-0.130

Variance

3,450,520.9 3,347,865.1

Difference in
Variance for
X1 and X2

102,655.8

2

Additionally, the spatial accuracy of the preliminary geospatial map (based on AITC GIS
Map) is not reliable as compared in Figures 28 to 33. Consequently, decision was made for
creating 2010 IKONOS imagery-based geospatial planimetrics. This is important for the overall
AIT flood damage assessment research, because these accurate planimetrics maps will be used as
the ground truth for the subsequent research related to imagery-based supervised classification
[58]. More discussions on the 1-m IKONOS satellite imagery analysis are presented in the next
section.
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Figure 28. Administration Building footprints on 1-m IKONOS “first” 2010 imagery
(AITC GIS Map footprint is shown with violet)

Figure 29. Administration Building footprints on 1-m IKONOS “second” 2010 imagery
(AITC GIS Map footprint is shown with violet)
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Figure 30. SOM footprints on 1-m IKONOS “first” 2010 imagery
(AITC GIS Map footprint is shown with violet)

Figure 31. SOM footprints on 1-m IKONOS “second” 2010 imagery
(AITC GIS Map footprint is shown in violet)
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Figure 32. AIT Library footprints on 1-m IKONOS “first” 2010 imagery
(AITC GIS Map footprint is shown with violet)

Figure 33. AIT Library footprints on 1-m IKONOS “second” 2010 imagery
(AITC GIS Map footprint is shown in violet)
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3.2

High-resolution Multispectral Imagery Scenes from 2010 and 2011
AITC GIS Map lacks two very important features: Dikes and trees. Dikes are critical for

this research as they currently constitute the flood protection of the campus from flood waters.
Trees are fundamental component of the environment and contribute significantly to the rich
ecology and biodiversity of the AIT Campus. Therefore, it was necessary to obtain
high-resolution satellite imagery which could be used to create detailed planimetrics features. As
described in the previous section, two sets of 1-m satellite imagery were acquired for this
research.

3.2.1 Comparison of Accuracy of Two Sets of 1-m IKONOS Imagery
Pre-flood 1-m pansharpened IKONOS imagery is dated December 18, 2010. Post-flood
1-m pansharpened IKONOS imagery is from November 4, 2011 – during Thailand’s megaflood.
Imagery scenes of the requested AIT Campus area were provided by the IKONOS imagery
vendor in two segments: “first” set was received on May 21, 2012 and “second” set on June 1,
2012. Consequently, there were four imageries for the AOI as follows:
•

Pre-flood (December 18, 2010) imagery scene received on May 21, 2012 – “first”

•

Post-flood (November 4, 2011) imagery scene received on May 21, 2012 – “first”

•

Pre-flood (December 18, 2010) imagery scene received on June 1, 2012 – “second”

•

Post-flood (November 4, 2011) imagery scene received on June 1, 2012 – “second”

It was observed that these four imageries do not match each other. The “first” imagery set
included reflectance data only for 3 bands (Blue, Red and Green). It lacked the 4th band data for
near infrared (NIR). Moreover, corner coordinates were not exactly same. These imagery sets
with their corner coordinates and linear side measurements are displayed in Figures 34-37. The
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ERDAS IMAGINE 2011 Version 11.0 imagery analysis software [95] was used for this purpose.
Comparison of coordinates and geometries for the evaluation of spatial accuracy is shown in
Table 13.

Lon
Lat

100.58879153
14.04734354

4.62 km

Lon
Lat

100.63155575
14.09542972

Lon
Lat

100.63167138
14.04734328

5.32 km

100.58879484
14.09543007

5.32 km

Lon
Lat

4.63 km

Figure 34. Pre-flood 1-m IKONOS AIT 2010, “first” imagery
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4.68 km

Lon
Lat

100.63205915
14.09544872

Lon
Lat

100.63173795
14.04702034

5.36 km

100.58876086
14.09569651

5.36 km

Lon
Lat

Lon
Lat

100.58848554
14.04726813

4.67 km

Figure 35. Pre-flood 1-m IKONOS AIT 2010, “second” imagery
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4.62 km

Lon
Lat

100.63155627
14.09542972

Lon
Lat

100.63167181
14.04734405

5.32 km

100.58879484
14.09543013

5.32 km

Lon
Lat

Lon
Lat

100.58879147
14.04734437

4.63 km

Figure 36. Post-flood 1-m IKONOS AIT 2011, “first” imagery
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4.67 km

Lon
Lat

100.63204251
14.09544140

Lon
Lat

100.63170294
14.04703075

5.36 km

100.58876201
14.09570755

5.36 km

Lon
Lat

Lon
Lat

100.58847751
14.04727854

4.67 km

Figure 37. Post-flood 1-m IKONOS AIT 2011, “second” imagery
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Table 13. Coordinate and geometry comparison of the “first” and “second” imagery sets for
spatial accuracy evaluation

Imagery's
Corner

"first"
May 21 Imagery Set
2010
2011

"second"
June 1 Imagery Set
2010
2011

"second" imagery metadata
June 1 Imagery Set
2010
2011

(measured in ERDAS IMAGINE)

(measured in ERDAS IMAGINE)

East View Truth

Map Scale

NW

Lon
Lat
NW - SW Linear Distance (km)
% difference with EastView Truth

SW

Lon
Lat
SW - SE Linear Distance (km)
% difference with EastView Truth

SE

Lon
Lat
SE - NE Linear Distance (km)
% difference with EastView Truth

NE

Lon
Lat
NE - NW Linear Distance (km)
% difference with EastView Truth

1:23217
100.58879484
14.09543007
5.32
0.75
100.58879153
14.04734354
4.63
0.86
100.63167138
14.04734328
5.32
0.75
100.63155575
14.09542972
4.62
1.07

1:23217

1:23217

100.58879484
14.09543013
5.32
0.75

100.58876086
14.09569651

1:23217
100.58876201
14.09570755

5.36
0.00

100.58879147
14.04734437
4.63
0.86

100.58848554
14.04726813

5.36
0.00
100.58847751
14.04727854

4.67
0.00

100.63167181
14.04734405
5.32
0.75

100.63173795
14.04702034

4.67
0.00
100.63170294
14.04703075

5.36
0.00

100.63155627
14.09542972
4.62
1.07

100.63205915
14.09544872

5.36
0.00
100.63204251
14.09544140

4.68
-0.21

4.67
0.00

(from metadata file of June 1 imagery)
100.58879075
14.09572189
5.36
100.58845641
14.04732100
4.67
100.63170176
14.04703297
5.36
100.63204520
14.09543282
4.67
-

100.58879075
14.09572189
5.36
100.58845641
14.04732100
4.67
100.63170176
14.04703297
5.36
100.63204520
14.09543282
4.67
-

In line with significant differences between “first” imagery set and the IKONOS
metadata values (Table 13), a decision was made in favor of 1-m IKONOS “second” imagery set
due to the following reasons:
•

No NIR band is available for 1-m IKONOS “first” imagery set (without this band, the
imagery cannot be employed in future research using spectral reflectance analysis).
Note that supervised classification research using pre- and post-flood imagery sets is
not within the scope of this thesis.

•

No metadata is available for 1-m IKONOS “first” imagery set. It is assumed that the
metadata provided for “second” imagery set is correct.
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•

Percent difference in linear side measurements between “first” imagery set and
metadata is within 0.75-1.07% range, however, 0.00-0.21% for “second” imagery set.

Subsequently, “second” (June 1, 2012) imagery set (which will be referred to as 1-m
IKONOS imagery from now on) is considered appropriate for further detailed planimetrics and
flood damage mapping.

3.2.2 Detailed New Planimetrics Based on Pre-flood 1-m IKONOS Imagery
The selected 1-m IKONOS imagery of 2010 is compared in Figures 38, 39 and 40 at
1:10000, 1:5000 and 1:2000 map scales, respectively. The imagery scene covers a total area of
25 km2. For the planimetrics and geospatial analysis, subset imagery of 1-m IKONOS imagery
scene was created in ERDAS IMAGINE 2011 Version 11.0 [95].

Figure 38. 1-m IKONOS (2010) imagery of AIT at 1:10000 map scale
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Figure 39. 1-m IKONOS (2010) imagery of AIT at 1:5000 map scale

Figure 40. 1-m IKONOS (2010) imagery of AIT at 1:2000 map scale
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Table 14 shows the coordinates of the subset imagery from December 18, 2010. Figure
41 and Figure 42 show the subset images of December 2010 and November 2011, respectively.
Imagery analysis workflow for creating a subset image is provided in Appendix C.

Table 14. Corner coordinates of subset image (December 18, 2010)
Subset Image Corner
Upper Left
Lower Left
Lower Right
Upper Right

Longitude

Latitude

100:35:48.8739
100:35:48.8739
100:37:26.5676
100:37:26.5676

14:05:20.6577
14:04:15.4074
14:04:15.4074
14:05:20.6577

On the south of AIT Campus is Thammasat University (TU). National Science and
Technology Development Agency (NSTDA) neighbors AIT on the west. A highway is running
from north to south, along the east dike of the campus.
Dark mossy/navy colored areas observed in Figure 42 are flooded areas. Notice the AIT
sports field at the center of the image in Figure 41. It cannot be clearly spotted in Figure 42 due
to the fact that it is completely inundated with flood water, like campus roads and many other
areas. Similarly, bright green pond on the left of the image in Figure 41 is dark blue in Figure 42.
Some other contrasts are observed, which indicate the severity and extent of flood inundation of
AIT Campus area compared to adjacent areas.
•

There is no standing water on the highway and several industrial/commercial
facilities (east of AIT Campus), because apparently these are built on 2-3 m fill
(Figure 41). Some flood water drained away to the land between the highway and
AIT east dike, which can be seen in Figure 21.
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•

Roads and parking areas of TU are seen in Figure 41 on the south side of TU/AIT
access road. However, these are under flood water on November 4, 2011 (Figure 42).
The depth of flood water is under 1 m at TU Campus and some of this flood water
drained away to the TU/AIT access road and AIT Campus (Figures 22 and 23).

•

Similarly, there is shallow flood water on the NSTDA Campus (south west of AIT).
Most of this flood water drained to AIT Campus.

Figure 41. Subset image of 1-m IKONOS imagery (2010)
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Figure 42. Subset image of 1-m IKONOS imagery (2011)

Subset image of 2010 scene was registered in GeoMedia Professional 6.1 [41] with the
coordinates (Table 14). New planimetrics were created from the entire AIT Campus and includes
the following built infrastructure features: Landmarks, educational buildings, residential
buildings, sports structures, commercial/residential mixed, dikes, klongs, inland water bodies,
golf course, trees, grass, dirt tracks, fence, minor road pavements, major road pavements and
highway pavements. Final planimetric map is shown in Figure 43 which provides a detailed GIS
map of AIT infrastructure inventory.
The klong is continuous around the AIT Campus, even though this is not observed in
Figure 43. It looks as if the klong is interrupted by dirt tracks and part of AIT roads. For
example, there is a culvert below the road at the gate area [90], and the klong flows freely
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underneath the road. In order to reflect this view, these features are displayed on top of the klong
in GeoMedia Professional 6.1. The AIT klongs and bordering dikes were built about 40 years
ago for draining rain/flash flood water from the campus and protecting the entire campus from
possible inflow of floodwater from outside AIT boundaries. This klong/dike flood protection
system served AIT well since the 1970s when the campus was constructed [90]. However, like
many other sites and Bangkok itself could not escape the disaster of Thailand’s megaflood of
October-November 2011 [93]. Furthermore, Figure 43 shows the planimetrics of the highway on
the east of AIT Campus, TU/AIT access road, NSTDA Campus area, and dike around NSTDA.
These features are also labeled.
The dike around the AIT/NSTDA area continues at the west side, however, it is out of
subset imagery’s coverage area. Therefore, it has been extended with the coordinates taken from
ERDAS IMAGINE 2011 Version 11.0, as provided in Table 15. AIT Campus infrastructure
planimetrics overlapping 1-m IKONOS imagery is shown in Figure 44, which also displays the
extended dike on the west.

Table 15. Extended dike checkpoint coordinates
Dike Extension
Checkpoint

Longitude

Latitude

1
2
3
4
5
6
7
8
9
10
11
12
13
14

100:35:43.0278
100:35:40.6008
100:35:39.3417
100:35:37.1154
100:35:35.6921
100:35:36.8052
100:35:38.2468
100:35:39.1045
100:35:39.9074
100:35:41.3490
100:35:42.0607
100:35:43.5023
100:35:46.8235
100:35:47.7724

14:04:43.6590
14:04:41.9071
14:04:41.3232
14:04:40.7210
14:04:40.4108
14:04:39.6809
14:04:38.2028
14:04:35.9947
14:04:35.7393
14:04:36.1955
14:04:35.6663
14:04:33.4765
14:04:34.2977
14:04:34.3707
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Figure 43. AIT Campus infrastructure planimetrics (pre-flood ground truth)

Figure 44. AIT Campus planimetrics with extended dike overlapping 1-m IKONOS 2010
imagery
It is noteworthy that AIT Campus has lots of green and open areas, as well as trees and
wooded areas. In comparison, the TU Campus and NSTDA areas are mostly filled with buildings
and pavements. Hence, AIT is still a great example of well planned campus with respect to
sustainable development, which has lesser heat-island impacts and energy demand compared to
the neighboring educational/research institutions.

3.2.3 Infrastructure Inventory of AIT Campus
Geospatial analysis tools are used to calculate geometrical attributes of the built
infrastructure. Total AIT Campus area is calculated as 1.37 km2 with 0.43 km2 of built-up area
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(31.7% of total campus area). Breakdown of AIT Campus infrastructure inventory and developed
areas are given in Table 16. Key infrastructure assets are:
•

Total building areas

: 6.8%

•

Total road areas

: 4.0%

•

Total dike area

: 9.2%

•

Total “open” areas

: 77.7% (including golf course and inland water bodies)

Table 16. AIT Campus infrastructure inventory and total built-up area
1-m IKONOS Imagery
Footprint Area
2

Preliminary Map
(Table 10)

% of Total
AIT Area

% of Total
AIT Area

Inventory Item (Feature)

(m )

Educational Building

55,426.8

4.0

4.8

Residential Building

29,610.2

2.2

2.7

7,697.6

0.6

13.2

Sports Structure

32,817.0

2.4

0.9

Road

54,635.7

4.0

5.6

Dike

126,498.7

9.2

-

Golf Course

109,941.8

8.0

-

18,832.8

1.4

2.2

435,460.6

31.7

29.3

Grass

477,069.7

34.8

-

Tree

352,927.5

25.7

-

Klong

104,960.3

7.7

(not pursued)

1,138.0

0.1

Total Open Area

936,095.5

68.3

70.7

Total AIT Area

1,371,556.1

100.0

1.13

%

km

Commercial & Residential Mixed

Inland Waterbody (ponds, fountains)
Total Built-up Area

Dirt Track

2

m
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The right column of Table 16 shows the planimetric data from the preliminary geospatial
map. It is interesting to observe that the preliminary planimetrics created using the AITC GIS
Map are overestimating buildings, roads and inland water bodies. The total campus area is
underestimated in the preliminary geospatial map by about 17.5%. It can be concluded that the
1-m imagery-based geospatial map provides more detailed and accurate AIT Campus
infrastructure inventory and it will be useful for flood mitigation and future development
planning.

3.3

Imagery-based Flood Mapping and Damage Assessment

3.3.1 Flood Damage Estimate Based on Site Inspection and Geospatial Analysis
AIT Campus was inspected on December 19, 2011 by Uddin and AITC Staff [93]. Field
inspection and flood mark measurements have been invaluable in terms of ground truth after the
flood water was pumped out in the first week of December 2011. Below is an excerpt from
Uddin’s post-flood inspection report for AIT Campus [93]:
“…the inundated AIT Campus had floodwater depth much higher than the road adjacent
to Thammasat University (TU). The site inspection on December 19, 2011 clearly
showed that the multistoried buildings of TU were constructed on higher fill on the south
side of the road separating both campus sites. The floodwater line stain mark on outside
wall of the first TU building across the road was 1.5 m high and the floodwater line stain
mark entering the ground floor was only 0.58 m. This 58 cm floodwater height on the
ground floor of the TU building is significantly lower (one-third) than the floodwater line
mark height of mostly 1.5 m on the inside ground floor of inspected AIT buildings. This
indicated the severity of flood water damage to AIT buildings. The AIT buildings showed
floodwater line mark mostly 1.7-2.4 m on the outside walls. Moreover, the flood water
drained from a higher elevation on TU campus to the AIT Campus on the north side.
Additionally, a more elevated primary highway (Klong Luang) along the east side of AIT
Campus acted as a dam and intensified flooding of the low-lying AIT Campus. This
highway was not overtopped by floodwater, as stated by AIT staff. These drastic
topographic changes due to increased impervious area with new construction as well as
high fills around the AIT Campus make the 40 years old flood models of the AIT
Campus obsolete. During the last two or three decades extensive construction of newly
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buildings and infrastructure took place in Rangsit area mostly on higher fills.
Consequently, the AIT dikes (flood walls) designed and erected on the basis of the 1970′s
topographic mapping could not hold floodwater flowing at 10 kmph during the
devastating flood of October 2011. Collection of new topographic mapping data in and
around AIT Campus will be important to consider for long-term planning and flood
mitigation for the AIT Campus to protect the campus infrastructure from future floods.”
Site observations provided excellent information with regards to geospatial analysis
undertaken in this thesis. Photos taken on December 19, 2011 show the aftermath of the flooding
in AIT and clearly demonstrate the devastation in the first floors of the inspected buildings.
Flood mark measurements were also taken during the inspection. Some site photos are shown in
Figures 45-55 (Credit: Uddin). Photos taken inside the buildings show extensive mold growth
and visible signs of damage to vinyl tiles (Figures 50 and 53). All library books on the ground
floor (first floor) were destroyed by +2 m standing water inside the building (Figure 54).

Figure 45. AIT Gate
72

Figure 46. NZ Faculty House 1

Figure 47. Road Sign Post (1st)
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Figure 48. Interlab Building

Figure 49. Dormitory D
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Figure 51. Road Sign Post (2nd)

Figure 50. Administration Building

Figure 52. AIT Globe
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Figure 53. SOM Auditorium

Figure 54. AIT Library
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Flood mark heights were recorded at 20 locations. Flood mark heights were measured on
the outside walls of the buildings from the adjacent ground [93] as well as inside the buildings.
Top of the TU/AIT Access Road pavement is assumed as the reference elevation (0.00 m). Flood
mark height ranges between 0.76 m (measured at the AIT Gate) and 2.75 m (measured at the NZ
Faculty House 1). Inspected features and measured flood mark heights are given in Table 17.
Flood mark heights are spatially shown in the planimetric map (Figure 55).

Table 17. Inspected features and measured flood mark heights
Feature Name
TU/AIT Access Road
AIT Gate
NZ Faculty House 1
st

Road Sign Post (1 )
Interlab
Dormitory D
Administration Building
AIT Globe
AIT Conference Center
nd

Road Sign Post (2 )
Pulp & Paper Building
GIS Laboratory
Electrical Substation 11
SOM
AIT Library
SET
Fountain
Open Area (near the AIT Gate)
Golf Course
West Dike Breach
TU

Feature ID

Measured Flood
Mark (m)

F00
F01
F02
F03
F04
F05
F06
F07
F08
F09
F10
F11
F12
F13
F14
F15
F16
F17
F18
F19
F20

0.00
0.76
2.75
1.75
1.88
1.76
1.51
1.87
1.59
1.84
2.00
2.10
2.27
1.70
2.00
2.00
2.00
1.90
2.50
2.60
2.08
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Remarks

Estimated
Estimated
Estimated

Figure 55. Inspected features and measured flood mark heights

In addition to Figure 55, a flood depth map is created using the measured flood mark
heights (Table 17). The road on the south has the lowest flood water depth. This road is built on
the south side dike. Therefore it is at a relatively higher elevation. Depth of flood is the highest in
the klong and inland water bodies (Figure 56). Figure 57 shows the flood depth spatial map
overlapping the pre-flood planimetric map. From spatial map of flood depth (Figure 56), flooded
areas are calculated as shown in Table 18. Total flooded area is 1.27 km2 and total flood water is
estimated as 789.6 million gallons. About 93% of campus area is flooded as analyzed in Figure
56, except some dikes on the north, west and east sides.

78

Figure 56. Spatial map of flood depth in AIT Campus

Figure 57. Spatial map of flood depth overlapping the pre-flood planimetric map
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Table 18. Flooded areas in AIT Campus with respect to flood severity
Flood
Severity

Flood Depth
Range (m)

Flooded Area

1

0.50 or less

33,813.6

2.5

16,906.8

2

0.50 - 1.50

889.1

0.1

889.1

3

1.50 - 2.25

239,569.6

17.5

449,193.0

4

2.25 - 2.50

667,058.8

48.6

1,584,264.7

5

2.50 - 3.00

205,263.7

15.0

564,475.2

6

> 3.00

124,439.8

9.1

373,319.4

1,271,034.6

92.7

2,989,048.1

Totals

Flooded Area
(% of Total AIT Area)

2

(m )

2

(1.27 km )

Flood Water Volume
3

(m )

(789.6 million gallons)

Notes:
Flood depth assumed 0.5 m for volume calculation for flood severity level 1.
Flood depth assumed 3.0 m for volume calculation for flood severity level 6.

These vector maps can be exported to AutoCAD. Together with digital elevation model
(DEM) of the area, these can be conveniently used in all sorts of engineering analyses such as the
design of elevated access roads, design of peripheral enclosure, surface runoff, mitigation plans
and so forth.

3.3.2 Flood Damage Assessment Using Wodajo’s Flood Damage Cost Model
Wodajo introduced an “aggregate disaster related economic cost model as a function of
built-up area” [58], as shown in Equation 4. This approximate damage cost is based on 2005
Hurricane Katrina flood damage assessment in New Orleans and Mississippi Gulf Coast.
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Y = 84,856 X – 496,308

(4)

where Y = Total economic cost, US$ per km2 of sample area (for major and catastrophic severity
levels combined); and X = Built-up area, % (pre-disaster).

Using Equation 4,
Y = 84,856 · 31.7 – 496,308 = US$ 2,197,818 per km2 for AIT Campus area
Total economic cost due to flooding at AIT Campus is as follows:
2,197,817.65 · 1.37 = US$ 3,014,430

It should be noted that the 3 million U.S. dollars cost calculated above for AIT Campus
does not include the following:
•

Suspension of ongoing academic year and temporary relocation of classes

•

Repair of dikes

•

Mold and water damage to building interiors

•

Ecological damage

•

Facility/laboratory equipment

•

Books, journals, dissertations, theses etc.

•

Psychological and social factors, and trauma (“being on a campus that is not safe”)

3.3.3 Review of Flood Damage Assessment Rating
Wodajo’s flood damage assessment methodology, “Storm, Debris and Erosion” (SDE)
estimate, developed in 2009 has four severity levels [58]. The guide of Federal Emergency
Management Agency (FEMA) for estimating percent damage of non-residential properties has
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five levels of substantial damage estimate (“SDE”) category [96]. It is based on flood water
depth and cracks in observed buildings. Based on a review of the above two methodologies, a
flood damage estimate methodology is introduced in this thesis using Damage Assessment
Factor (DAF). The DAF is defined using five levels of severity, based on flood inundation depth,
cracks on the outside walls and inside the first floor of the structure. Flood damage is expressed
as percentage of area/building observed, whereas crack area is expressed as percentage of total
wall or floor area (Table 19). The proposed DAF rating can be assigned on the basis of flood
damage area only, cracking area only, or a combination of both. The DAF rating for AIT
Campus is 5 (catastrophic). About 93% of AIT Campus area was flooded. The campus was not
inhabitable for several months even after flood water was completely pumped out and the
campus was in dry condition. This was necessary due to the extensive damage to all floors,
partition walls, ceiling tiles and mold hazard.

Table 19. DAF rating methodology
Damage
Type

1
(Negligible or none)

Damage Assessment Factor (DAF)
2
3
4
(Minor)
(Significant)
(Major)

5
(Catastrophic)

Flood

0-5%

5-25%

25-50%

50-75%

> 75%

Cracks

0

< 5%

5-10%

10-50%

> 50%

3.3.4 Need for Protecting AIT Campus From Future Floods
AIT Campus was inundated for about six weeks (from late October through November
2011). Not only 0.31 km2 of built infrastructure (except dike) was entirely inundated with 1.5-3
m flood water, but also the aquatic life was harmed. In addition, the ecology and biodiversity of
the beautiful green AIT Campus was threatened.
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Thailand’s 2011 megaflood caused AIT dike to breach at five locations [87]. This can
also be observed in 1-m IKONOS post-flood imagery scene of November 4, 2011. Figure 58
shows the breached section of the west side dike. All five breached sections are shown in the
flooded map of AIT Campus (Figure 59). Possibility of future floods is always there and
protective measures should be sought to protect AIT Campus from future flood disasters.

Figure 58. West dike breach in 2011 Thailand megaflood

Figure 59. Breached sections of AIT dikes overtopped by flood water on October 20-21, 2011
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CHAPTER IV
PROTECTION OF AIT CAMPUS FROM FUTURE FLOODS
4.1

Flood Protection Strategies for AIT Dikes

4.1.1 Assessment of Dike Width and Length Using Planimetrics and Post-flood Imagery
An average dike width is estimated by geospatial analysis in order to assess dike
strengthening needs. Pre-flood widths are measured on campus planimetrics and 1-m IKONOS
2011 imagery is used to measure dike widths during the peak flooding condition in early
November 2011. AIT dikes on the pre-flood geospatial map are marked in 20 locations, with 5
markers on each side of the campus dike (Figure 60). Width measurements using geospatial
geometry analysis are provided in Table 20.

Figure 60. Marker locations for dike width assessment
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Table 20. Average dike width calculation

Estimated Dike Width (m)
Campus Dike Dike Marker

Based on 2010
Imagery Planimetric

Based on 2011
Imagery (ERDAS)

North side

01

22.7

2.12

North side

02

23.1

1.90

North side

03

23.3

2.04

North side

04

26.1

1.98

North side

05

28.9

2.22

West side

06

27.1

3.28

West side

07

25.8

3.05

West side

08

19.0

3.37

West side

09

19.6

2.85

West side

10

19.6

3.80

South side

11

25.7

2.06

South side

12

27.8

2.29

South side

13

27.0

3.09

South side

14

24.1

2.06

South side

15

17.8

3.02

East side

16

51.6

2.00

East side

17

44.9

2.00

East side

18

35.4

1.03

East side

19

38.2

0.97

East side

20

37.1

1.93

Mean (Xmean )
Sum (∑X)
SX
CV (%)

28.2
564.8
8.9
31.6

2.4
47.1
0.7
31.6
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Even with high-resolution satellite imagery, measuring true width of the dike is
problematic due to the fact that dike feature is exposed to weather and environmental effects. In
addition, grass has grown on most parts of the dike. This can be observed in 1-m IKONOS
imagery of 2010. Soil erosion has degraded side slopes. AIT dike was built more than 40 years
ago [87]. Hence, CV of 31.6% is acceptable. It is worth noting that the two estimations have the
exact same CV.
Dike length is calculated along the center line. Figure 61 shows dike sections used to
measure length (3 in north and east sides, and 2 in west and south sides). Total center line length
of the dike is calculated as 4,693 m or 4.7 km (Table 21).

Figure 61. Dike center lines for total length assessment
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Table 21. Total dike length calculation
Dike Section Length (m)
Based on AITC
GIS Map

Based on 2010
Imagery Planimetric
(outside edge of dike)

% Difference

Dike Centerline
Length (m)

N1

1,319.6

1,392.6

5.2

1,374.4

N2

39.1

41.5

5.8

42.2

N3

380.2

430.0

11.6

418.1

W1

163.3

237.1

31.1

228.5

W2

133.5

169.4

21.2

-

W3

289.6

271.6

-6.6

-

W4

216.7

195.4

-10.9

-

W5

78.6

75.4

-4.2

-

W6

324.8

388.1

16.3

373.0

S1

1,435.3

1,339.1

-7.2

1,351.2

S2

35.3

63.9

44.8

24.5

E1

20.4

61.2

66.7

81.9

E2

23.4

46.9

50.1

43.0

E3

869.1

790.3

-10.0

756.2

Campus Dike
Section

Total Dike Length
Mean (Xmean )
Sum (∑X)
SX
CV (%)

380.6
5,328.9
477.5
125.4

4,693.0

393.0
5,502.5
459.5
116.9

4.1.2 Strengthening of the Existing Dike Flood Wall
Strengthening the existing AIT dike is one way to enhance the flood protection of the
campus and it has been proposed by AIT [87]. Estimated top width of the existing dike was 2.4
m in the previous section. For calculations in this chapter, top width of 2.5 m and height of 2.0 m
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are used for the existing dike. Dimensions of the proposed raised dike flood wall are shown in
Figure 62, as follows:
•

Top width: 4.00 m (with 0.5 m of lateritic, compacted and paved surface)

•

Height: 3.75 m (from natural ground to the top of the paved surface)

•

Base width: 10.50 m (on natural ground)

•

Side slope ratio: Approximately 1 : 1.15 (run : rise)

The proposed dike height is based on the peak flood height observed during 2011 flood in
AIT Campus and neighboring areas. The cross-section area of existing dike is 8.50 m2. Overall
cross-section area of the proposed dike is 19.69 m2. Therefore, required earthwork quantity is
11.19 m2 per meter of dike. In other words, 11.19 m3 of compacted cubic meter (ccm) of dike
material is required per meter of the new dike. Some fill material is available around the existing
dikes. As reported, extra fill material was dumped to raise dike height by 1 m before the 2011
floods [87].

Figure 62. Strengthened dike cross-section
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(a) Dike Stability Analysis under Undrained Conditions
Slope stability checks are done in order to check and validate the proposed dike design.
Schematic of strengthened dike for slope failure analysis is shown in Figure 63. Slope angle (β)
for proposed dike is 49° as shown in Figure 64. Terzaghi et al. (1996) points out for under
undrained conditions that “if β is smaller than 53°, the type of failure depends on the value of the
depth factor nd and at low values of nd, also on the slope angle β” [97]. Depth factor, nd is 1 due
to the fact that the dike is assumed directly sitting on a firm base. Equation 5 expresses the
relation between the critical slope height, stability factor, shear strength and unit weight of dike
material. Corresponding stability factor Ns for a slope angle of 49° and depth factor of 1 is
approximated as 5.75 [97].

H

N

Hc :

Critical height of slope

Ns :

Stability factor

su :

Mobilized undrained shear strength

γ

Saturated unit weight

:

(5)

Saturated unit weight for the dike clay fill material (γ1) is assumed 115 pcf (18.1 kN/m3).
Undrained shear strength (cohesion, c1) is assumed 650 psf (31.1 kN/m2). In addition, zero angle
of friction (φ) is used. Accordingly, soil type is classified as medium clay [98]. For clays with 0
friction angle, shear strength equals cohesion intercept, c1 [97]. Using Equation 5, critical height
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of the dike slope is calculated as 9.88 meters. Proposed height, 3.75 m is less than critical height,
therefore proposed dike dimensions satisfy this first check.

Figure 63. Schematic of strengthened dike for slope failure

Figure 64. Dike slope angles
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(b) Slope Stability Analysis
This method is generally used for short-term stability checks [99]. For depth factor (nd)
equals 1, “failure occurs along a slope circle” [97]. Furthermore, Terzaghi et al. (1996) recall that
“if a slope failure occurs, the critical circle is usually a toe circle that passes through the toe” B
as shown in Figure 65 [97]. Point G is the centroid of triangle AFB with its weight W1 acting on
point G. Point H and W2 are the centroid and weight of the circular segment AJB. Center of the
slope circle is point O with a radius of |OB| = |OA| = 4.65 m and θ = 76°. Distance between
points O and H can be calculated using Equation 6 [100]. To calculate the area of the circular
segment, Equation 7 can be used conveniently [100]. Lengths of |OL| and |LJ| are 3.67 m and
0.98 m respectively, and they form the radius (R) of the circle. Factor of safety (FS) is calculated
using Equation 8 [99].

|OH| =

R

θ

θ

θ

(6)

= 4.06 m

R |LJ|

Area of circular segment = R cos

FS against rotation =

R

R

M

D

M
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|LJ|

– R

=

2R|LJ|

R θ
.

W

.

W

|LJ|

(7)

(8)

Figure 65. Circle for slope failure
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π
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·

.

N

= 3.14

A factor of safety of 3.14 against rotation is a conservative and satisfactory value. Dike
dimensions and assumed clay properties satisfy this second check as well. Hence, it can be
concluded that the proposed dike design is applicable. However, it is strongly recommended that
the critical circle be further assessed by trial and error, and also that a smaller FS against rotation
be considered for further design calculations.
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4.1.3 Flood Wall Design Using Sheet Pile Panels
A flood wall is another option for flood protection as was the case of the existing AIT
dike built to protect AIT Campus. Flood wall design is done with the consideration of “cantilever
sheet pile penetrating clay” as shown in Figure 66. Sheet pile wall is erected on the outside edge
of the dike’s top surface. Active earth pressure (pa) and passive earth pressure (pp) are given in
Equations 9 and 10 (101). These pressure values are calculated at depth z below the dike’s top
surface. It should be noted that φ = 0 for clay material used in the fill and for clay subsoil. Unit
weight (γ2) of the natural ground (base/foundation) is assumed 16 kN/m3 with the cohesion
intercept (c2) of 31.1 kN/m2. Dike section on the left-hand side of the sheet pile is ignored for a
more conservative design (Figure 66). In this figure, L0 is 1 m which provides free standing
safety margin and is not used in the analysis. The sheet pile’s portion, L1 above natural ground,
is 3 m (supporting the dike fill). The design objective is to find penetration depth D below the
natural ground level.

Figure 66. Cantilever sheet pile penetrating clay
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Rankine active pressure coefficient (Ka) and Rankine passive pressure coefficient (Kp)
equal 1 for φ = 0 as shown in Equations 9 and 10 [97].

Ka

tan2 45

φ

Kp

tan2 45

φ

2

2

=1

(9)

=1

(10)

Pressure exerted by the dike to the sheet pile,
P1 =

L

= 81.4 kN/m2

Active earth pressure (from right to left) at depth z>3 m,

pa

γ L1

γ z – L1

K

K

2c

(11)

pa = 16z – 55.9

Passive earth pressure (from left to right) at depth z>3 m,

pp

γ2 z – L1

Kp

2c

K

pp = 16z + 14.2

Net lateral pressure at depth z,
p6 = pp – pa = 70.1 kN/m2
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(12)

At the bottom of the sheet pile,
p

(from right to left)
p

γ L1

γ D

from left to right) = γ D

2c = 16D + 116.5

2c = 16D – 62.2

Therefore, net pressure at the bottom of the sheet pile,
p7 = p

= 178.7 kN/m2

–p

Theoretical penetration depth (D) is expressed in terms of cohesion, saturated unit
weight, dike height and active pressure of dike (to the sheet pile wall) and calculated using
Equation 13 [101].

D 4c

γ L1

P P

2DP

γL

0

(13)

Pressure diagram of the sheet pile wall – dike system is given in Figure 67. Maximum
bending moment, Mmax is calculated using Equation 14 [101], where z ′ is equal to P1/p6.
Equation 13 is solved for D and theoretical penetration depth is calculated as 3.58 m.

M

P z

z

128.77 kNm

where z1 is the distance from P1 to the natural ground surface and z is the depth below the
natural ground surface.
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(14)

Figure 67. Pressure diagram (kN/m2)

FS of 1.4 is applied and design penetration depth of 5.00 m is proposed. Total sheet pile
length is equal to L0 + L1 + D = 1 + 3 + 5 = 9 m. For 4,000 psi compressive strength of concrete
(27,579.04 kN/m2), flexural strength, σall is estimated by the American Concrete Institute (ACI)’s
empirical equation (Equation 15), where K is equal to 8.4 (for psi units).

σ

K 4,000psi

(15)

= 531.26 psi = 3,662.93 kN/m2

Section Modulus =

M

= 0.0352 m3 of concrete per meter of wall

Section Modulus, S =

Therefore, sheet pile wall thickness, t = 0.15 m
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=

·

= 0.0352

Design section is shown in Figure 68. Minimum required reinforced cement concrete
(RCC) sheet pile thickness is calculated as t = 0.15 m. For a conservative design, 0.2 m design
thickness is used.

Figure 68. Design cross-section of sheet pile flood wall

The final dimensions proposed for the precast RCC sheet pile panel are 2 m wide, 9 m
deep and 0.2 m thick. This conservative panel thickness will provide additional FS due to higher
section modulus.
Seepage remains as a risk to earthen structures. However, the sheet pile wall is designed
for a conservative penetration depth of 5 m, which should protect the flood wall system against
seepage problem. Monitoring and condition assessment of the raised dikes should be conducted
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throughout its service life on annual basis, as a part of “AIT Flood Wall DSS” framework
proposed in this research.

4.2

Project Life Cycle Cost Analysis and VE for Flood Protection Alternatives
Each flood protection alternative needs to be evaluated using VE approach. In the VE

approach, innovative alternatives can be proposed subject to no compromise on dike/flood wall
function (to protect from flood water damage) and safety (failure of dike/flood wall system
causing damage). Life cycle cost (LCC) analysis is an integral part of the VE approach. The
calculation of LCC includes initial construction cost and maintenance costs throughout the
project life. Initial construction cost alone is not adequate for selecting an alternative within the
proposed “AIT Flood Wall DSS.”
Subsequently, LCC analysis is performed for four alternatives for a design/performance
period of 50 years (n). Cost of capital (i) is assumed as 5.0% annual discount rate. Construction
cost estimates and present worth LCC analyses are carried out as per Peurifoy et al. [102] and
Uddin [103]. The detailed LCC analysis results are provided in Appendix E. The following flood
protection alternatives are proposed:
•

Alternative 1: Strengthening and Raising Dike to +3.75 m (Figure 62)

•

Alternative 2: Precast RCC Sheet Pile Flood Wall (with steel H-piles to support sheet
pile panels – Figure 68)

•

Alternative 3: Precast RCC Sheet Pile Flood Wall (without steel H-piles)

•

Alternative 4: Composite Fiber-reinforced Plastic (FRP) Sheet Pile Flood Wall (FRP
panels driven in the ground to the desired penetration depth of 5 m at 3-4 times higher
installation production rate compared to RCC panels)
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4.2.1 Alternative 1: Strengthening and Raising the Existing Dike
As shown in Figure 62 (Section 4.1), cross-section of the proposed dike is 16.20 m2
larger than the existing dike cross-section. This would require additional dike material to be
filled and compacted to suit technical requirements. Swell factor for fill material (clay) is
assumed as 0.74 [102]. In addition, geosynthetic/geogrid mat should be applied to the side slopes
to protect the dike from weather conditions and erosion due to rain/flood. Annual maintenance
cost is assumed 15 % of the initial construction cost. Catastrophic failure is anticipated at the end
of each 25-year period.
Initial construction cost is estimated as US$ 2,276,468 (Table 22). Present worth life
cycle maintenance cost is US$ 6,233,855. Rebuilding the dike twice due to catastrophic failure
adds another US$ 870,764 (present worth). Finally, total present worth LCC of Alternative 1 is
calculated as US$ 9,381,087. This estimate does not include economic costs associated with the
disruption caused by catastrophic failures in the life cycle period.
If the maintenance is needed once every two years, then the life cycle maintenance
present worth cost is reduced US$3,011,127. As a result, the total present worth life cycle cost
drops to US$ 6,158,360.

4.2.2 Alternative 2: Precast RCC Sheet Pile Flood Wall (with Steel H-Piles)
Precast RCC sheet pile flood wall (2 m wide x 9 m deep x 0.2 m thick) with steel H-piles
to support correct penetration operation is the second alternative. This would require an increase
of 7.90 m2 in the existing dike cross-section. First, 14 m-long steel H-piles, driven into the dike
below the firm base (natural ground), are mainly for guidance and alignment of RCC sheet pile
panels. This sheet pile panel flood wall would increase the flood wall stability as well due to
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their length (extending down to 5 m below the sheet pile wall). Expansion joints are to be
constructed every 500 m using 9 m-long neoprene seal strip. The joints are protected from water
intrusion by 5-cm galvanized steel strip on each face of the adjoining panels. Finally, flood wall
is finished with concrete capping (0.3 m x 0.3 m) along the entire length of the wall.
Maintenance is anticipated every 5 years at 10% of the initial construction cost. Construction
cost estimate for Alternative 2 is provided in Table 23. The initial construction cost is US$
9,434,223. Present worth life cycle maintenance cost is US$ 3,116,937. Total present worth LCC
of Alternative 2 is calculated as US$ 12,551,160.

4.2.3 Alternative 3: Precast RCC Sheet Pile Flood Wall (without Steel H-Piles)
Third alternative, which is also precast RCC panels, does not include steel H-piles.
Instead, it is cast with a recess on one side and a protrusion on the opposite side (Figure 69). This
design replaces the need for H-piles. Moreover, it would shorten overall project duration. Other
cost streams are calculated similar to Alternative 2 costs. The initial construction cost is
calculated as US$ 8,135,044 (Table 24) whereas present worth life cycle maintenance cost is
US$ 2,687,707. Finally, total present worth LCC is US$ 10,822,751.

Figure 69. Cross-section of precast RCC sheet pile wall (typical)
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A1-IN-07
A1-IN-08
A1-IN-09
A1-ST-02
A1-ST-03
A1-CO-01
A1-CO-02
A1-CO-03
A1-ST-04
A1-CO-04
A1-TC-00

A1-IN-05
A1-IN-06

A1-IN-03
A1-IN-04

A1-IN-01
A1-IN-02

A1-WS-01
A1-WS-02
A1-ST-01

A1-MA-01
A1-MA-02

Item No.

Calculations

Strengthen the dike by increasing its dimensions.
Provide geosynthetics to the slopes.
Material
Fill material (including top surface material)
16.2 m2 x 4,693.0 m / 0.74
Geosynthetics
9.9 m x 4,693.0 m
Installation/Workmanship
Earthworks (fill and compaction for dike and top layer)
Lay geosynthetics
Subtotal of direct costs
Indirect costs
Material taxes
State/province sales tax
County/city sales tax
Labor taxes
Social security tax
Unemployment tax
Insurance
Workman's compensation insurance
Contractor's liability insurance
Overhead
Assumed as a lump sum
Job overhead
percentage due to
Office overhead
insufficient information
Overall indirect costs
20%
Subtotal of indirect costs
Total direct and indirect costs
Add-ons
Contingency
5%
Profit
10%
Subtotal of add-ons
Performance bond
1%
Total cost

Description

102,675.23
46,576.70

102,675.23
46,576.70

Quantity

m
2
m

3

3

m
2
m

Unit

5.00
0.50

10.00
1.50

Unit Cost
(US$)

1,096,617.34

1,026,752.30
69,865.04

Material

Table 22. Construction cost estimate for Alternative 1

513,376.15
23,288.35
536,664.50

Installation/Workmanship

Cost (US$)

97,996.91
195,993.82
293,990.73
22,539.29
2,276,468.22

326,656.37
326,656.37
1,959,938.20

513,376.15
23,288.35
1,633,281.84

1,026,752.30
69,865.04

Total
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A1-IN-07
A1-IN-08
A1-IN-09
A1-ST-02
A1-ST-03
A1-CO-01
A1-CO-02
A1-CO-03
A1-ST-04
A1-CO-04
A1-TC-00

A1-IN-05
A1-IN-06

A1-IN-03
A1-IN-04

A1-IN-01
A1-IN-02

A1-WS-01
A1-WS-02
A1-ST-01

A1-MA-01
A1-MA-02
A1-MA-03
A1-MA-04
A1-MA-05

Item No.

Calculations

Material
0.74
Fill material (including top surface material)
7.9 m2 x 4,693 m /
Steel H-pile
14.0 m x
73.1 kg/m x 2,348
0.2 m-thick reinforced concrete precast sheet pile wall
2.0 m x
9.0 m x 2,347
Expansion joint
10
Concrete cap
0.3 m x
0.3 m x 4,693.0
Installation/Workmanship
Earthworks (fill and compaction for dike and top layer)
RCC sheet pile construction (all inclusive)
Subtotal of direct costs
Indirect costs
Material taxes
State/province sales tax
County/city sales tax
Labor taxes
Social security tax
Unemployment tax
Insurance
Workman's compensation insurance
Contractor's liability insurance
Assumed as a lump sum
Overhead
Job overhead
percentage due to
insufficient information
Office overhead
Overall indirect costs
20%
Subtotal of indirect costs
Total direct and indirect costs
Add-ons
Contingency
5%
Profit
10%
Subtotal of add-ons
Performance bond
1%
Total cost

Increase existing dike section. Construct reinforced concrete
precast sheet pile walls with 14 m-long steel H-piles driven for
guidance and alignment. Provide expansion joint at every 500
m. Finish with concrete capping.

Description

ea
ea
no.
m
50,100.95
42,246.00

50,100.95
2,402.94
42,246.00
10.00
422.37

Quantity

3

m
2
m

m

3

m
no.

2

3

m
ton

Unit

5.00
50.00

10.00
300.00
75.00
500.00
25.00

Unit Cost
(US$)

4,405,901.67

501,009.46
720,882.96
3,168,450.00
5,000.00
10,559.25

Material

Table 23. Construction cost estimate for Alternative 2

250,504.73
2,112,300.00
2,362,804.73

Installation/Workmanship

Cost (US$)

406,122.38
812,244.77
1,218,367.15
93,408.15
9,434,222.98

1,353,741.28
1,353,741.28
8,122,447.68

250,504.73
2,112,300.00
6,768,706.40

501,009.46
720,882.96
3,168,450.00
5,000.00
10,559.25

Total
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A1-IN-07
A1-IN-08
A1-IN-09
A1-ST-02
A1-ST-03
A1-CO-01
A1-CO-02
A1-CO-03
A1-ST-04
A1-CO-04
A1-TC-00

A1-IN-05
A1-IN-06

A1-IN-03
A1-IN-04

A1-IN-01
A1-IN-02

A1-WS-01
A1-WS-02
A1-ST-01

A1-MA-01
A1-MA-02
A1-MA-03
A1-MA-04

Item No.

Increase existing dike section. Construct reinforced concrete
precast sheet pile walls. Provide expansion joint at every 500
m. Finish with concrete capping.
Material
Fill material (including top surface material)
0.2 m-thick reinforced concrete precast sheet pile wall
Expansion joint
Concrete cap
Installation/Workmanship
Earthworks (fill and compaction for dike and top layer)
RCC sheet pile construction (all inclusive)
Subtotal of direct costs
Indirect costs
Material taxes
State/province sales tax
County/city sales tax
Labor taxes
Social security tax
Unemployment tax
Insurance
Workman's compensation insurance
Contractor's liability insurance
Overhead
Job overhead
Office overhead
Overall indirect costs
Subtotal of indirect costs
Total direct and indirect costs
Add-ons
Contingency
Profit
Subtotal of add-ons
Performance bond
Total cost

Description

m

0.3 m x

1%

5%
10%

/
x
x

Assumed as a lump sum
percentage due to
insufficient information
20%

0.3

m
m

7.9 m2 x 4,693
2.0 m x
9.0

Calculations

0.74
2,347 ea
10 no.
4,693 m
50,100.95
42,246.00

50,100.95
42,246.00
10.00
422.37

Quantity

m
2
m

3

m

3

3

m
2
m
no.

Unit

5.00
40.00

10.00
80.00
500.00
25.00

Unit Cost
(US$)

3,896,248.71

501,009.46
3,379,680.00
5,000.00
10,559.25

Material

Table 24. Construction cost estimate for Alternative 3

250,504.73
1,689,840.00
1,940,344.73

Installation/Workmanship

Cost (US$)

350,195.61
700,391.21
1,050,586.82
80,544.99
8,135,043.94

1,167,318.69
1,167,318.69
7,003,912.13

250,504.73
1,689,840.00
5,836,593.44

501,009.46
3,379,680.00
5,000.00
10,559.25

Total

4.2.4 Alternative 4: Composite FRP Sheet Pile Flood Wall
Fourth alternative is composite FRP sheet pile flood wall. Composite FRP material is one
of the emerging innovative technologies in materials science. Composite FRP materials are
lighter-weight, structurally sound and non-corrosive. Figure 70 shows the use of composite sheet
piles installed in place of RCC sheet piles along U.S. Route 98 in Florida to protect the highway
from hurricane flood damages [56, 104].

Figure 70. Construction of composite sheet piles along U.S. Route 98, Florida
[Credit: Kurt Lieblong]

Composite Z-profile UC-95 is chosen for the proposed FRP sheet pile wall construction
[105]. This FRP product is manufactured by Crane Materials International (CMI) based in
Georgia, U.S. The following are relevant structural properties of CMI’s UC-95.
•

Allowable Moment: 216.84 kN·m/m

•

Section Modulus: 0.003145 m3/m

•

Moment of Inertia: 6.787 x 10-4 m4/m

•

Thickness: 0.0137 m

•

Section Depth/Width: 0.432 m / 0.762 m
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An increase of 8.50 m2 is required in dike cross-section (FRP sheet panel thickness
ignored). Initial construction cost estimate for FRP sheet pile flood wall is provided in Table 25.
Initial construction cost is US$ 7,014,015. Maintenance is anticipated every 10 years at 10% of
initial construction cost, which totals a present worth cost of US$ 1,018,035. Finally, the total
present worth LCC is calculated as US$ 8,032,049.

4.2.5 Recommended Strategy for Flood Wall Alternative
The total present worth LCC for four alternatives is summarized as follows:
•

Alternative 1:

US$ 9,381,087 (or US$ 1,998,953 per km of dike)

•

Alternative 2:

US$ 12,551,160 (or US$ 2,674,443 per km of dike)

•

Alternative 3:

US$ 10,822,751 (or US$ 2,306,148 per km of dike)

•

Alternative 4:

US$ 8,032,049 (or US$ 1,711,496 per km of dike)

Based on the LCC analysis and efficiency of the installation operation, Alternative 4
(FRP sheet pile panel wall) is recommended for protection of AIT Campus from future floods.
Alternative 1 is considered as the base alternative. The recommended alternative is 13.2% less
costly compared to the base Alternative 1 considering total life cycle cost. Present worth LCC
analysis of all alternatives is summarized in Table 26.
It should be mentioned that initial construction durations are not taken into account in
comparing alternatives. However, FRP (Alternative 4) can be installed 3-4 times faster than RCC
panels because FRP is light-weight in comparison to RCC. Needless to say, faster installation
will result in shorter construction project duration which is generally preferred by contractors
and provides incentive to use innovative FRP technology.
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Description

Installation/Workmanship
A1-WS-01 Earthworks (fill and compaction for dike and top layer)
A1-WS-02 FRP sheet pile construction (all inclusive)
A1-ST-01
Subtotal of direct costs
Indirect costs
Material taxes
A1-IN-01 State/province sales tax
A1-IN-02 County/city sales tax
Labor taxes
A1-IN-03 Social security tax
A1-IN-04 Unemployment tax
Insurance
A1-IN-05 Workman's compensation insurance
A1-IN-06 Contractor's liability insurance
Overhead
A1-IN-07 Job overhead
A1-IN-08 Office overhead
A1-IN-09 Overall indirect costs
A1-ST-03
Subtotal of indirect costs
A1-ST-04
Total direct and indirect costs
A1-CO-01 Add-ons
A1-CO-02 Contingency
A1-CO-03 Profit
A1-ST-04
Subtotal of add-ons
A1-CO-04
Performance bond
A1-TC-00
Total cost

Increase existing dike section. Construct composite fiberreinforced plastic sheet pile walls.
Material
A1-MA-01 Fill material (including top surface material)
A1-MA-02 CMI UC-95 (Z-profile) composite fiber-reinforced plastic
sheet pile (inclusive of anchors, caps, tie-rods and walers)

Item No.

m
m

1%

5%
10%

Assumed as a lump sum
percentage due to
insufficient information
20%

8.50 m2 x 4,693
0.76 m x
9.0

Calculations

/
x

0.74
6,159 ea

53,906.08
42,237.05

53,906.08
42,237.05

Quantity

3

m
2
m

2

m
2
m

Unit

5.00
25.00

10.00
75.00

Unit Cost
(US$)

3,706,839.59

539,060.81
3,167,778.78

Material

Table 25. Construction cost estimate for Alternative 4

269,530.41
1,055,926.26
1,325,456.67

Installation/Workmanship

Cost (US$)

301,937.78
603,875.55
905,813.33
69,445.69
7,014,014.52

1,006,459.25
1,006,459.25
6,038,755.51

269,530.41
1,055,926.26
5,032,296.26

539,060.81
3,167,778.78

Total

Table 26. LCC cost summary
Alternative

LCC Item

1

2

3

4

Construction

US$ 2,276,468

US$ 9,434,223

US$ 8,135,044

US$ 7,014,015

Maintenance

US$ 6,233,855

US$ 3,116,937

US$ 2,687,707

US$ 1,018,035

Rebuild

US$ 870,764

-

-

-

Salvage

-

-

-

-

Total LCC

US$ 9,381,087

US$ 12,551,160

US$ 10,822,751

US$ 8,032,049

LCC / km of dike

US$ 1,998,953

US$ 2,674,443

US$ 2,306,148

US$ 1,711,496

Construction Cost / km of dike

US$ 485,077

US$ 2,010,276

US$ 1,733,442

US$ 1,494,569

Notes:
No salvage value considered in LCC analysis.
Maintenance for Alternative 1 at the end of each year, at 15% of initial construction cost.
Maintenance for Alternatives 2 and 3 at the end of every 5 year, at 10% of initial construction cost.
Maintenance for Alternative 4 maintenance at the end of every 10 year, at 10% of the initial construction cost.

4.3

Protecting Important AIT Campus Roads and Academic Buildings

4.3.1 Elevated Access Road and Abandoning Faculty Houses Nearby AIT Gate
Accessing a disaster scene during disaster events remains crucial for providing assistance
and emergency management. Roads are the primary means of access and transport during
disasters. In the case of a flood at AIT Campus, access to and from the campus will not be
possible as long as road pavement elevations are below the crest level of 2011 peak floods. This
type of 100-year megaflood can occur again. Hence, critical sections of the campus roads need to
be reconstructed and elevated at least 2-2.5 m above the current road level. This could be done
by erecting retaining walls using composite FRP sheet piles for both sides of the new access
roads with interconnecting culverts for free flow of rain water and draining flood water.
However, AIT Gate is located near the klong on the south. There is a culvert beneath the
gate area pavement/embankment on the south side klong as reported by AIT Staff [90]. This
critical section should also be designed as elevated road with proper intersection design with
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TU/AIT access road. Furthermore, residential areas on the south of the campus (west of AIT
Gate) are located on a relatively lower (>2.5 m) elevation than the surrounding areas and as a
result they are more prone to flood inundation. Therefore, abandoning two or more residential
building areas would help reduce future disaster impacts. Figure 71 shows the proposed plan of
elevated roads and abandoning residential areas within AIT Campus.

Figure 71. Proposed elevated access road, abandonment of nearby houses and FRP enclosure

4.3.2 FRP Enclosure for Flood Protection of Buildings
A building with elevated peripheral FRP enclosure can be used as an emergency
assembly point, which is an important component of emergency preparedness plan. Figure 72
shows an example of such FRP wall to protect a coastal residential property [104]. It is proposed
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to construct FRP sheet pile walls around a chosen building, such as the Interlab (Figure 71). FRP
enclosure retaining wall should rise up to the elevated access road level with adequate parking
area between building and the road. It is further recommended to use ground floor area of
Interlab for classrooms so that it can be easily used for emergency response operations, and
sheltering residents and students in case of emergencies.

Figure 72. Composite FRP sheet pile wall to protect a residential area in Florida
[Credit: Kurt Lieblong]

Finally, it should be noted that there are various profiles and sections of FRP sheet piles,
designed and manufactured to suit specific applications, such as coastal flood protection,
protection (of earthen structures) against seepage, retaining walls etc. Hence, the selection of
FRP sheet pile type/profile should be done with respect to desired stiffness/rigidity. For example,
two FRP sheet pile sections are shown in the left-bottom of Figure 72. The right FRP sheet pile
cross-section has more rigidity compared to the left sample.
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CHAPTER V
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
5.1

Summary of Research Accomplished
As rural area population migrates to cities worldwide, city growth and urbanization

necessitate more built infrastructure for lifeline services, mobility, energy, health and buildings.
More travel demand and congestion on roads are affecting the environmental sustainability.
Consequently, air pollution and vehicle emissions threaten public health and the environment.
Hence, sustainability of the environment and fossil fuel-based economy emerge as critical issues
facing the society today. Electric-powered rail technology for mass transportation in many cities
worldwide was reviewed and found more sustainable in comparison to single-occupancy vehicle
travel on roads.
Natural disasters are occurring more frequently, costing lives and infrastructure
destruction. Spaceborne remote sensing and geospatial technologies are available for worldwide
coverage at affordable prices for managing built infrastructure assets and implementing decision
support systems for disaster assessment, mitigation, infrastructure protection and community
resilience preparedness. Geospatial analysis was utilized to estimate the flood damage at
inundated AIT Campus caused by the late October-November 2011 floods in Thailand.
Geospatial planimetric inventory and flood mapping were undertaken using pre-flood (December
18, 2010) and post-flood (November 4, 2011) 1-m IKONOS satellite imagery of the AIT Rangsit
Campus in Pathum Thani, North of Bangkok. Campus planimetric map was created using

110

pre-flood 1-m imagery and onsite information as ground truth. Geospatial maps of infrastructure
inventory of AIT Campus were created and built-up areas were calculated.
Four flood wall alternatives for flood disaster protection were proposed, designed and
evaluated using value engineering approach. Recommendations are based on the present worth
life cycle cost analysis. Composite FRP sheet pile panel/dike flood wall system is recommended
as the least costly alternative based on present worth life cycle cost analysis. Moreover, this
innovative flood wall technology also offers efficiency of installation operations. Furthermore,
importance of campus roads above flood crest level is recognized during flood emergencies. For
this purpose, elevated access road and important connecting roads within the campus are
proposed. Finally, an elevated FRP peripheral enclosure is recommended for one or more
buildings connected to the elevated access road, which can be used as an emergency assembly
area for shelter and emergency operations.

5.2

Conclusions
Key findings are as follows:
•

Highways, roads and streets are fundamental to transportation infrastructure which
has been transport focus in the last 60 years. However, road travel is not the most
sustainable transportation mode due to its reliance on fossil fuels and adverse impacts
on health, safety and the environment. Electric-powered rail mass transit systems
consume less or no fossil fuel, produce zero emissions and perform better in terms of
sustainability measures of greenhouse gas reduction.

•

This study reviewed natural disaster records worldwide and the study shows that
floods have been the highest occurring natural disaster since 2000 (23% of the overall
111

occurrences) with 2,066 occurrences in more than 150 countries. Loss of human lives
is reported in millions and economic costs are in billions of U.S. dollars. Therefore,
vulnerability of communities and infrastructure assets to floods must be minimized at
all costs, because human and economic costs are irreversible.
•

Flood disasters are not incorporated as a structural design parameter for lifeline
infrastructure and buildings unlike earthquakes and blast impacts. This simply
explains the extreme importance of flood disaster mitigation and protection, need for
disaster resilient communities, and updated geospatial maps to expedite emergency
management. Fortunately, spaceborne remote sensing satellite imagery and geospatial
analysis offer reliable solutions and, therefore, their pre-disaster mapping application
is vital for any kind of assessment.

•

IKONOS 1-m satellite imagery-based geospatial maps created using GeoMedia
Professional 6.1 software provide more detailed and accurate AIT Campus
infrastructure inventory. These are useful for flood mitigation and future
infrastructure development planning and flood protection.

•

The geospatial flood map created in this research shows that about 93% of the AIT
Campus area was flooded up to 3 m depth except some parts of the dikes on the north,
west and east sides of the campus.

•

An average dike width was assessed using the planimetrics created from the 2010 and
2011 imagery sets and by spatial analysis in ERDAS IMAGINE 2011 Version 11.0
software. Results yielded same coefficient of variation. This clearly indicates that the
planimetrics accomplished on 1-m IKONOS satellite imagery are accurate. These
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measurements and other available data for AIT dike were used to design and evaluate
enhanced flood wall alternatives for future flood protection.
•

The proposed DAF rating scale for damage assessment of flood can be assigned on
the basis of flood damage area only, cracking area only, or a combination of both.
Based on the geospatial assessment of DAF rating combined with field post-flood
inspection ground truth data, the entire AIT Campus suffered catastrophic flood
damage.

•

GeoMedia Professional 6.1 and ERDAS IMAGINE 2011 Version 11.0 (Intergraph
Corporation) are user-friendly geospatial analysis and remote sensing application
software, which were used in this research.

•

Natural disasters such as earthquakes, tsunamis, coastal and inland floods occur
regardless and they cannot be avoided. After all, vulnerability of the built
infrastructure assets and communities to natural disasters can indeed be lessened by
careful planning and thoughtful designs such as flood protective design.

•

Importance of clean transport technologies and disaster preparedness towards a more
sustainable and livable environment is imperative to support civilization on the Earth.

5.3

Recommendations
•

For reliable flood mitigation, protection and development of future infrastructure, a
detailed terrain digital elevation map should be prepared for AIT Campus and
surrounding areas.
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•

For the design of flood wall alternatives, friction angle (φ) and cohesion intercept (c)
should be given utmost attention due to the fact that they are two very important soil
strength properties for the dike soil as well as the natural ground foundation soil.

•

In the case of dike stability analysis, best critical circle for slope of failure should be
obtained by further trial and error.

•

Dike and sheet pile flood wall designs assumed no surcharge load such as traffic, live
load etc. Live traffic loads are vital design parameters and should be considered in
determining the penetration depth of sheet pile panels in the natural ground.

•

It is recommended to implement light-weight non-corrosive composite FRP sheet pile
panels for: (1) sheet pile/dike flood wall system to protect from future floods, (2)
elevated roads, and (3) flood protective elevated peripheral enclosure around one or
more buildings for disaster emergencies.

•

Given the fact that natural disasters will happen, disaster mitigation and emergency
planning are crucial. Therefore, it is recommended that pre-disaster infrastructure
inventory maps should be prepared and emergency management should be practiced
worldwide, because natural disasters know no boundaries.

•

The methodologies developed for flood damage assessment and flood protection of
AIT Campus area are available for application in other educational/industrial/
residential sites in any flood-prone area.
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APPENDIX A
A. 1-m IKONOS Satellite Imagery and Geospatial Maps of AIT
A.1

1-m IKONOS Satellite Imagery

A.2

Geospatial Maps of AIT
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A.1.1 1-m IKONOS satellite imagery (December 18, 2010)

131

A.1.2 1-m IKONOS satellite imagery (November 4, 2011)
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A.2.1 AIT Campus planimetrics after 2011 floods (showing site photos)
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A.2.2 AIT Campus infrastructure over 1-m IKONOS imagery of December 18, 2011
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A.2.3 Spatial map of flood depth at AIT Campus with built infrastructure
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APPENDIX B
B. Examples of Workflow in GeoMedia Professional 6.1
B.1 Highlighting Thailand on the World Map
B.2 Displaying Thailand and Neighboring Countries
B.3 Registering Interactive Image – AITC GIS Map
B.4 Preliminary Geospatial Planimetric Map of AIT
B.5 Useful Tips
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B.1 Highlighting Thailand on the World Map
Steps provided in this section apply to GeoMedia Pro 6.1. Users are strongly encouraged
to create a work file.
i.

Open a blank GeoWorkspace

ii.

Warehouse > New Connection…
Browse World.mdb Access database (B.1.1) and click OK. Notice the connection
name is Access Connection 1.

B.1.1 Establishing a new connection in GeoMedia Pro 6.1 using “World” Access database
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iii.

Legend > Add Legend Entries…
Pick “Country” under Access Connection 1.

iv.

View > Fit All

v.

View > North Arrow

vi.

View > Scale Bar (B.1.2)

B.1.2 Country feature shown in the Map Window with North Arrow and Scale Bar inserted

vii. Warehouse > Feature Class Definition… > New > …
Area feature class named “TH_Highlight” is defined.
viii. Insert > Feature…
Insert the feature using a rectangular placement. This is an arbitrary rectangle but
within the borders of Thailand.
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ix.

Analysis > Spatial Query…
Select features in “Country”
which “contain” features in TH_Highlight” (B.1.3)

Once the buffer is created within Thailand borders, edit the properties of the selected
area and fill it with a color, which is only Thailand in this case. A snapshot is given in B.1.4.
Text attributes are defined for Antarctica, Arabic Sea, Atlantic Ocean, Indian Ocean,
Pacific Ocean and for the title of the map. They are then placed on the map accordingly. B.1.5
displays Thailand highlighted on the world map.

B.1.3 Spatial Query to select Thailand on the world map
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B.1.4 Thailand selected and filled with a color

B.1.5 Thailand shown highlighted on the world map
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B.2 Displaying Thailand with Neighboring Countries
Steps provided in this section apply to GeoMedia Pro 6.1. Users are strongly encouraged
to create a work file.
i.

Warehouse > Feature Class Definition… > New…
Area feature class named “Buffer_TH” is created.

ii.

Insert > Feature…
Insert the feature in Buffer_TH and using a rectangular placement. This is again
an arbitrary rectangle drawn to include Thailand and its adjacent countries and seas.

iii.

Analysis > Spatial Intersection…
Select features in “Country” which “touch” features in “Buffer_TH” (B.2.1).

B.2.1 Spatial Intersection to select Thailand and adjacent areas

Text feature is defined for each country name and surrounding seas separately (for
convenience) and inserted on to respective locations (B.2.2).
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B.2.2 Thailand and its surrounding countries
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B.3

Registering Interactive Image – AITC GIS Map
Steps provided in this section apply to GeoMedia Pro 6.1. Users are strongly encouraged

to create a work file.
B.3.1 shows the longitude and latitudes for the point feature. The coordinates were taken
from the Google Earth. B.3.2 shows these landmark points on the AIT GIS Map.

B.3.1 Coordinates used for registering AIT raster image
Ref. Building

Relative Location

Longitude

Latitude

1

AIT Library

Upper Right Corner

100:36:41.93 E 14:4:45.85 N

2

AIT Physical Plant

Lower Right Corner

100:36:40.84 E 14:4:47.39 N

3

AIT Academic Building South

Lower Left Corner

100:36:43.16 E 14:4:45.56 N

4

AIT Physical Plant

Upper Leftmost Corner

100:36:38.65 E 14:4:48.53 N

B.3.2 Landmark coordinates marked on the AIT GIS Map (source points)
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The result was not satisfactory as can be seen in B.3.3. This was due the fact that the
chosen landmark points were in close proximity of each other. In other words, they were not
distinct enough. Consequently, the north arrows of GeoMedia Pro 6.1 and the AITC GIS Map
did not properly align.

B.3.3 AIT GIS Map raster image registered

New landmark points were needed. This time, four points were selected as distinct as
possible. One point which was previously used (AIT Library Upper Right Corner) was kept as
the fifth landmark. B.3.4 shows the new landmark points and their coordinates. They are shown
on the GIS map in B.3.5.
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B.3.4 New landmark points for image registration

Ref. Building

Relative Location

Longitude

Latitude

1

AITCC

Upper Right Corner

100:36:53.53 E

14:4:46.21 N

2

AIT International School

Upper Left Corner

100:36:18.93 E

14:4:35.99 N

3

Greenhouse (unit at north west)

Upper Left Corner

100:36:39.44 E

14:4:59.94 N

4

Building on the South*

Upper Leftmost Corner

100:36:16.40 E

14:5:00.95 N

5

AIT Library

Upper Right Corner

100:36:41.93 E

14:4:45.85 N

*Of the 2 no. buildings on the top left of the GIS Map

B.3.5 New landmark (source) points shown on the GIS raster image during registration
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Inserted image is displayed in B.3.6. Residuals in the final registration are acceptable
(B.3.7). Attention: Residuals in seconds (d:m:s) may represent hundreds of meters of difference.

B.3.6 AITC GIS raster image inserted (target points are circled red)

B.3.7 Residuals in the final registration
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Coordinates of the landmarks were taken from Google Earth. B.3.8 shows the previous
(unsuccessful landmarks) with yellow, the final landmarks with cyan “pins”. B.3.9 shows the
registration complete.

B.3.8 Initial and final landmark points (shown with yellow and cyan pins, respectively)

B.3.9 AIT GIS Map successfully registered in GeoMedia Pro 6.1
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B.4

Preliminary Geospatial Planimetric Map of AIT
Steps provided in this section apply to GeoMedia Pro 6.1. Users are strongly encouraged

to create a work file.
Educational institution properties, residential buildings, sports structures, other
(unknown) structures, inland water bodies, minor road center lines and landmarks are the scope
of this planimetrics. Therefore, point, line and area features will suffice. B.4.1 shows
educational institution property planimetrics in progress.

B.4.1 Educational institution property planimetrics in progress

Insert > Feature option gives several options on how to insert the area feature. Point by
point method is shown in B.4.2. Once the feature is finalized, Edit geometry option gives the
opportunity to amend the geometry with convenience (B.4.3).
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B.4.2 Inserting area feature with Point by point method

B.4.3 Editing geometry of an area feature
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Line feature is used to mark the center lines of the campus roads (B.4.4). Point by point
placement method is employed. Available menu options (right click on map window) include
Remove Last Vertex which is a convenient way of undoing, and fortunately allows the user to
go back all the way to the first point.

B.4.4 Line feature is used to mark the road center lines

AIT Globe will be shown also as a landmark. For this purpose, a point feature is defined
using the following coordinates:
Lat:

14:04:43.15 N

Lon: 100:36:50.42 E
Google Earth image showing the landmark is given in B.4.5. Finalized vector map of the
campus is shown in B.4.6.
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B.4.5 AIT Globe’s coordinates are taken from Google Earth (point shown with a white pin)

B.4.6 Vector map of AIT Campus
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B.5

Useful Tips
•

Establishing a connection is the very first step in working with GeoMedia
Professional 6.1. To begin, browse your hard drive and locate World.mdb (Microsoft
Access Database).

•

Always create a work file and do not use the original imagery.

•

Ensure regular backup copies.

•

Display order tab of the legend allows the user to manage the order of the features in
map and layout windows. Top feature in the legend appears completely visible (not
obstructed with any other feature). In other words, a feature in the map/layout
window is covered by the features which are listed before itself in the legend.

•

Make sure not to remove the mouse while inputting coordinates for point features.

•

If you are not sure what is going on or think that you are lost, just press Esc.

•

You can always come back and edit the feature geometry after that feature is inserted.

•

Remove Last Vertex is a convenient way to remove any vertex including the very
first (short cut key is Backspace).
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APPENDIX C
C. Examples of Workflow in ERDAS IMAGINE 2011 Version 11.0
C.1 Orthorectifying Raw Imagery
C.2 Creating Multispectral Imagery Using Raw Imagery
C.3 Pansharpening Orthorectified Multispectral Imagery
C.4 Exporting TIFF as JPEG
C.5 Creating Subset Image
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C.1 Orthorectifying Raw Imagery
Steps provided in this section apply to ERDAS IMAGINE 2011 Version 11.0. Users are
strongly encouraged to create a work file.
Raster > Geometric Calibration > Orthorectify without GCP... (“Orthorectify the
selected image with the selected sensor model to a resampled image in the output projection
system. E.g. transform a NITF image with RPCs to an ortho image”).
Geo Correction Input File screen opens. Files of Type should match the input file’s
extension. Browse to “blue” raw image and click OK (C.1.1). Set Geometric Model screen
opens. Select your geometric model, IKONOS in this case (C.1.2).

C.1.1 Geo Correction Input File screen
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C.1.2 Set Geometric Model screen

IKONOS Model Properties screen opens. Under the Parameters tab, browse and locate
the RPC file (.txt). Provided that all relevant files are within the same working folder, this would
automatically select the RPC text file for the current band (blue raw image in this case). No
changes made to Chipping and Projection tabs. Notice the projection is geographic with World
Geodetic System (WGS 84) datum. Notice also that vertical datum is WGS 84. Click Apply
(C.1.3).
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C.1.3 IKONOS Model Properties screen

Resample screen opens. Make sure that Resample to output file? option is clicked and
Update Calibration not. This would allow the user to keep the original file untouched. Define
requested output file name together with Files of Type. Click OK (C.1.4). Nearest Neighbour is
employed as Resample Method.
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C.1.4 Resample screen

The steps given above orthorectifies the raw image. It is worth noting that
orthorectification is done for each band/layer individually. Repeat the steps for the remaining
bands (green, red, NIR and panchromatic).
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C.2 Creating Multispectral Imagery Using Raw Imagery
Steps provided in this section apply to ERDAS IMAGINE 2011 Version 11.0. Users are
strongly encouraged to create a work file.
Raster > Spectral > Layer Stack... (“Stack multiple (usually single) images as
bands/layers into a single output multi-band image file. Examples of when this is commonly
used include IKONOS multispectral imagery delivered as separate TIFF or NITF files (one band
per file) or to combine multiple derivate image features (texture, independent components, and
so forth) into a single multi-band image to improve classification accuracy”).
Layer Selection and Stacking window opens. In the Input File: (.img), browse and
locate your orthorectified blue image. Image is 1-layer, so click Add. Next, repeat the aforesaid
step for green, red and near infra-red orthorectified images. Notice that each image/file has 1
band only. Add them in the given order (B, G, R and NIR). Define your output file. Click OK
(C.2.1). We now have a multispectral image with 4 bands.

C.2.1 Layer Selection and Stacking window
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C.3 Pansharpening Orthorectified Multispectral Imagery
Steps provided in this section apply to ERDAS IMAGINE 2011 Version 11.0. Users are
strongly encouraged to create a work file.
Raster > Pan Sharpen > Subtractive Resolution Merge... (“Fast, user friendly and
radiometrically accurate technique for merging Pan with MS data from the Quickbird, IKONOS
or FORMOSAT satellites”). Subtractive Resolution Merge window opens (C.3.1).

C.3.1 Subtractive Resolution Merge window

In MS input Image File box, browse and locate your multispectral image which was
created in the last section. In Pan input Image File, browse to the orthorectified pan image
161

which was created in the previous section. Click OK. ERDAS IMAGINE 2011 Version 11.0 will
run a series of analysis and operations. Close when finished. The Process List screen is shown in
C.3.2.

C.3.2 Process List screen

162

C.4 Exporting TIFF as JPEG
Steps provided in this section apply to ERDAS IMAGINE 2011 Version 11.0. Users are
strongly encouraged to create a work file.
i.

Manage Data > Export Data…

ii.

Export window opens. Select JFIF (JPEG) in the Format menu.

iii.

Browse and locate your input image in the Input File: (*.img) menu.

iv.

Browse where you want the output file to be saved and name it in Output File:
(*.jpg) menu.

v.

Click OK.

vi.

Export JFIF Data window opens. Set the Quality as 100 as shown in C.4.1 (notice
this is the maximum value).

vii. In Export Options, select which layers you wish to included in the output image.
viii. Click OK.

C.4.1 Export JFIF Data window
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C.5 Creating Subset Image
Steps provided in this section apply to ERDAS IMAGINE 2011 Version 11.0. Users are
strongly encouraged to create a work file.
Raster > Subset & Chip > Create Subset Image…
Subset window opens (C.5.1). Browse and locate your input image in the Input File:
(*.img) menu. Browse where you want the output file to be saved and name it in Output File:
(*.jpg) menu. In the Subset Definition box, define 2 or 4 corner coordinates of the area of
interest. For rectangular areas, two corners would suffice (upper left and lower right). In the
Output Options box, select all the layers of the original imagery. Click OK.
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C.5.1 Subset window

165

APPENDIX: D

166

APPENDIX D
D. Penetration Depth for Cantilever Sheet Piles Penetrating Clay
D.1

Penetration Depth for Cantilever Sheet Piles Penetrating Clay
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D.1.1 Penetration depth for cantilever sheet piles penetrating soft clay

Unit weight, undrained cohesion and theoretical penetration depth
for soft clays (φ = 0)
Saturated Unit
Weight (γs)
U.S.
pcf
100
105
110
115
120
100
105
110
115
120
100
105
110
115
120
100
105
110
115
120
100
105
110
115
120
100
105
110
115
120

Undrained Cohesion
(s)

SI
3

kN/m
15.7
16.5
17.3
18.1
18.9
15.7
16.5
17.3
18.1
18.9
15.7
16.5
17.3
18.1
18.9
15.7
16.5
17.3
18.1
18.9
15.7
16.5
17.3
18.1
18.9
15.7
16.5
17.3
18.1
18.9

U.S.
psf

SI
2

kN/m
12.0
12.0
12.0
12.0
12.0
14.4
14.4
14.4
14.4
14.4
16.8
16.8
16.8
16.8
16.8
19.2
19.2
19.2
19.2
19.2
21.5
21.5
21.5
21.5
21.5
23.9
23.9
23.9
23.9
23.9

250
250
250
250
250
300
300
300
300
300
350
350
350
350
350
400
400
400
400
400
450
450
450
450
450
500
500
500
500
500
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Theoretical
Penetration Depth
(D)
U.S.
SI
ft
m
4.9
4.9
5.0
5.0
5.1
4.8
65.9
95.6
168.5
623.3
27.9
32.4
38.3
46.3
57.9
20.2
22.5
25.2
28.4
32.4
16.2
17.7
19.3
21.2
23.3
13.8
14.8
16.0
17.2
18.6

1.50
1.51
1.52
1.53
1.54
1.45
20.09
29.15
51.36
190.00
8.51
9.88
11.67
14.11
17.64
6.16
6.85
7.67
8.66
9.88
4.95
5.39
5.89
6.46
7.11
4.21
4.52
4.87
5.25
5.68

D.1.2 Penetration depth for cantilever sheet piles penetrating medium clay

Unit weight, undrained cohesion and theoretical penetration depth
for medium clays (φ = 0)
Saturated Unit
Weight (γs)
U.S.
SI
3
pcf
kN/m
110
115
120
125
110
115
120
125
110
115
120
125
110
115
120
125
110
115
120
125
110
115
120
125
110
115
120
125
110
115
120
125
110
115
120
125
110
115
120
125
110
115
120
125

17.3
18.1
18.9
19.6
17.3
18.1
18.9
19.6
17.3
18.1
18.9
19.6
17.3
18.1
18.9
19.6
17.3
18.1
18.9
19.6
17.3
18.1
18.9
19.6
17.3
18.1
18.9
19.6
17.3
18.1
18.9
19.6
17.3
18.1
18.9
19.6
17.3
18.1
18.9
19.6
17.3
18.1
18.9
19.6

Undrained Cohesion
(s)
U.S.
SI
2
psf
kN/m
500
500
500
500
550
550
550
550
600
600
600
600
650
650
650
650
700
700
700
700
750
750
750
750
800
800
800
800
850
850
850
850
900
900
900
900
950
950
950
950
1,000
1,000
1,000
1,000

23.9
23.9
23.9
23.9
26.3
26.3
26.3
26.3
28.7
28.7
28.7
28.7
31.1
31.1
31.1
31.1
33.5
33.5
33.5
33.5
35.9
35.9
35.9
35.9
38.3
38.3
38.3
38.3
40.7
40.7
40.7
40.7
43.1
43.1
43.1
43.1
45.5
45.5
45.5
45.5
47.9
47.9
47.9
47.9
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Theoretical
Penetration Depth
U.S.(D)
SI
ft

m

16.0
17.2
18.6
20.2
13.8
14.7
15.8
16.9
12.3
13.0
13.8
14.7
11.1
11.7
12.4
13.1
10.2
10.7
11.3
11.9
9.5
10.0
10.4
10.9
8.9
9.3
9.7
10.2
8.4
8.8
9.1
9.5
8.0
8.3
8.6
9.0
7.6
7.9
8.2
8.5
7.3
7.6
7.9
8.1

4.87
5.25
5.68
6.16
4.21
4.49
4.81
5.15
3.74
3.97
4.21
4.47
3.39
3.58
3.77
3.98
3.12
3.28
3.44
3.62
2.90
3.03
3.18
3.33
2.72
2.84
2.97
3.10
2.56
2.67
2.79
2.90
2.43
2.53
2.64
2.74
2.32
2.41
2.51
2.60
2.22
2.31
2.39
2.48
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APPENDIX E
E. Present Worth LCC Analysis for AIT Flood Protection Alternatives
E.1

Present Worth LCC Analysis for AIT Flood Protection Alternatives
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E.1.1 Equations and notation used for LCC analysis
P = a present single amount of money
F = a future single amount of money, after n-periods of time
A = Uniform end-of-period payments or receipts continuing for a duration of n periods

P = A x USPWF

Uniform Series Present Worth Factor (USPWF) =

P=

F

Present Worth Compound Amount Factor (PWCAF) =

C : Construction
M : Maintenance
R : Rebuild
P : Present
F : Future
Cost of capital, i = 5.0%
Analysis period, n = 50 years
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LCC (US$)
LCC / km of dike (US$)

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

2,276,468.22

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

341,470.23

2,276,468.22

9,381,087.24
1,998,953.17

1
F

2
F

3
F

4
F

5
F

6
F

7
F

8
F

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F

0
P

341,470.23

n (years)

341,470.23

C M M M M M M M M M M M M M M M M M M M M M M M M R M M M M M M M M M M M M M M M M M M M M M M M M R

2,276,468.22

LCC Item

870,763.89

6,233,855.13

M

R

2,276,468.22

C

Present Worth LCC Analysis for Alternative 1
Strengthening and Raising Dike to +3.75 m

E.1.2 Present Worth LCC Analysis for Alternative 1
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LCC (US$)
LCC / km of dike (US$)

4
F

12,551,160.46
2,674,442.89

6
F

7
F

8
F

M

M

M

M

M

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F

M

943,422.30
943,422.30

M

943,422.30
943,422.30

M

943,422.30
943,422.30

M

943,422.30
943,422.30

9,434,222.98

n (years)

3
F

943,422.30
943,422.30

5
F

2
F

943,422.30
943,422.30

M
1
F

943,422.30
943,422.30

0
P

943,422.30
943,422.30

C

943,422.30
943,422.30

LCC Item

-

3,116,937.48

M

R

9,434,222.98

C

943,422.30
943,422.30

Present Worth LCC Analysis for Alternative 2
Precast RCC Sheet Pile Flood Wall (with Steel H-Piles)

E.1.3 Present Worth LCC Analysis for Alternative 2
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LCC (US$)
LCC / km of dike (US$)

4
F

10,822,750.53
2,306,147.57

6
F

7
F

8
F

M

M

M

M

M

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F

M

813,504.39
813,504.39

M

813,504.39
813,504.39

M

813,504.39
813,504.39

M

813,504.39
813,504.39

8,135,043.94

n (years)

3
F

813,504.39
813,504.39

5
F

2
F

813,504.39
813,504.39

M
1
F

813,504.39
813,504.39

0
P

813,504.39
813,504.39

C

813,504.39
813,504.39

LCC Item

-

2,687,706.60

M

R

8,135,043.94

C

813,504.39
813,504.39

Present Worth LCC Analysis for Alternative 3
Precast RCC Sheet Pile Flood Wall (without Steel H-Piles)

E.1.4 Present Worth LCC Analysis for Alternative 3
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LCC (US$)
LCC / km of dike (US$)

0
P

n (years)

8,032,049.35
1,711,495.71

C

7,014,014.52

LCC Item

-

1,018,034.83

M

R

7,014,014.52

C

1
F

2
F

3
F

4
F

5
F

6
F

7
F

8
F

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F

M

701,401.45
701,401.45

M

701,401.45
701,401.45

M

701,401.45
701,401.45

M

701,401.45
701,401.45

M

701,401.45
701,401.45

Present Worth LCC Analysis for Alternative 4
Composite FRP Sheet Pile Flood Wall

E.1.5 Present Worth LCC Analysis for Alternative 4
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